
FAKULTÄT FÜR NATURWISSENSCHAFTEN
UNIVERSITÄT ULM

Investigation of the function
of the IKK2/NF-κB-pathway in

c-MYC-induced lymphomagenesis

DISSERTATION
zur Erlangung des Doktorgrades (Dr. rer. nat.)

an der Fakultät für Naturwissenschaften

der Universität Ulm

vorgelegt von

Kay Oliver Klapproth
aus Marburg

2009



2

Dekan: Prof. Dr. Axel Groß

Erstgutachter: Prof. Dr. Thomas Wirth

Institut für Physiologische Chemie

Universität Ulm

Zweitgutachter: Prof. Dr. Klaus-Dieter Spindler

Allgemeine Zoologie und Endokrinologie

Universität Ulm

Drittgutachter: Prof. Dr. Dirk Eick

Institut für Klinische Molekularbiologie und Tumorgenetik

GSF-Forschungszentrum für Umwelt und Gesundheit, München

Tag der Promotionskolloquiums: 25. März 2010

Die Arbeiten im Rahmen der vorliegenden Dissertation wurden im Institut für

Physiologische Chemie der Universität Ulm durchgeführt und von Herrn Prof. Dr.

Thomas Wirth betreut.



TABLE OF CONTENTS

3

TABLE OF CONTENTS
SUMMARY .............................................................................................................6

ZUSAMMENFASSUNG..........................................................................................8

1 INTRODUCTION ...........................................................................................10

1.1 The c-MYC transcription factor...............................................................10

1.1.1 Structure and function .....................................................................11
1.1.2 MYC regulated genes......................................................................14

1.2 MYC in cancer........................................................................................16

1.2.1 MYC-induced malignant transformation ..........................................16
1.2.2 MYC-induced apoptosis ..................................................................17

1.3 The NF-κB transcription factor................................................................19

1.3.1 Structure and function .....................................................................19
1.3.2 NF-κB regulated genes ...................................................................23

1.4 NF-κB in lymphomas ..............................................................................24

1.5 Burkitt´s lymphoma (BL) .........................................................................26

2 MATERIAL AND METHODS ........................................................................30

2.1 Cell lines and cell culture........................................................................30

2.1.1 Cell lines used in this study .............................................................30
2.1.2 Culture conditions............................................................................31
2.1.3 Doxycycline treatment and NF-κB activation...................................31
2.1.4 Stimulation with anti-CD40 ..............................................................31

2.2 Retroviral transductions..........................................................................31

2.2.1 Retroviral vectors and producer cell lines........................................31
2.2.2 Transient transfection of producer cell lines ....................................32
2.2.3 Retroviral transduction of lymphoma cells.......................................33

2.3 Tumor transplantation and in vivo competition assay.............................33

2.4 Conditional expression of NF-κB modulators in human cell lines...........34

2.4.1 Vectors ............................................................................................34
2.4.2 Transfections...................................................................................35

2.5 Viable cell counts and apoptosis detection.............................................36



TABLE OF CONTENTS

4

2.6 Fas surface expression ..........................................................................36

2.7 Stimulation with anti-Fas antibodies .......................................................36

2.8 Knockdown of caspase-8 .......................................................................37

2.9 Exogenous expression of CFLAR...........................................................37

2.10 Immunoblot analysis and electrophoretic mobility shift assay.............38

2.10.1 Protein extracts ...............................................................................38
2.10.2 Immunoblotting................................................................................38
2.10.3 Electrophoretic mobility shift assay .................................................39

2.11 Gene expression profiling ...................................................................40

2.11.1 Sample preparation .........................................................................40
2.11.2 Affymetrix Gene Chip ......................................................................40
2.11.3 Data analysis...................................................................................40

2.12 RNA-isolation and RT-PCR ................................................................41

2.12.1 RNA preparation..............................................................................41
2.12.2 RT-PCR...........................................................................................41
2.12.3 Quantitative PCR.............................................................................41

2.13 Specific materials................................................................................42

2.13.1 Chemicals........................................................................................42
2.13.2 Reagents and materials ..................................................................43
2.13.3 Cell culture ......................................................................................44
2.13.4 Buffers.............................................................................................45

3 RESULTS......................................................................................................48

3.1 NF-κB activity in MYC-dependent murine lymphoma cells.....................48

3.1.1 A transgenic mouse model for conditional MYC expression ...........48
3.1.2 Basal and induced NF-κB activity in MYC-driven lymphoma cells ..50
3.1.3 Influence of MYC expression on NF-κB activity ..............................52

3.2 Modulation of NF-κB activity in murine lymphoma cells .........................54

3.2.1 Retroviral modulation of NF-κB activity ...........................................54
3.2.2 Effects of NF-κB modulation on growth and viability .......................57

3.3 CD40-mediated NF-κB activation in murine lymphoma cells..................61

3.4 Inhibition of NF-κB in an in vivo competition assay ................................64



TABLE OF CONTENTS

5

3.5 Modulation of NF-κB activity in BL cells .................................................66

3.5.1 A conditional expression system for NF-κB modulators ..................66
3.5.2 Effects of NF-κB modulation on growth and viability .......................69

3.6 CA-IKK2-induced apoptosis in BL cells ..................................................73

3.6.1 Inhibition of caspase activity............................................................73
3.6.2 Role of CFLAR in CA-IKK2-induced apoptosis................................74
3.6.3 Role of caspase-8 in CA-IKK2-induced apoptosis...........................75

3.7 Specificity of CA-IKK2-induced apoptosis ..............................................77

3.8 NF-κB dependency of CA-IKK2-induced effects in BL cells ...................78

3.8.1 Inhibition of NF-κB activity in the presence of CA-IKK2 ..................78
3.8.2 NF-κB inhibition in CA-IKK2 expressing Ramos..............................80

3.9 CD40-mediated NF-κB activation in BL cells..........................................83

3.10 Gene Expression profiling of CA-IKK2 expressing Ramos .................85

3.10.1 Regulation of antigen presentation and cell adhesion genes ..........87
3.10.2 Regulated genes involved in cell cycle progression ........................89
3.10.3 Regulated genes involved in apoptosis ...........................................90

3.11 Fas-induced apoptosis in BL cells.......................................................91

3.11.1 Fas surface expression following CA-IKK2 expression ...................91
3.11.2 Fas sensitivity of BL cells following CA-IKK2 expression ................93
3.11.3 NF-κB dependency of Fas-induced apoptosis.................................94
3.11.4 Effects of neutralizing anti-FasL on CA-IKK2-induced apoptosis ....95

4 DISCUSSION ................................................................................................97

5 ABBREVIATIONS....................................................................................... 110

6 REFERENCES ............................................................................................ 113

PUBLICATIONS AND POSTERS ...................................................................... 127

ERKLÄRUNG..................................................................................................... 129

ACKNOWLEDGEMENTS .................................................................................. 130

CURRICULUM VITAE........................................................................................ 131



SUMMARY

6

SUMMARY

Deregulation of the c-MYC (MYC) transcription factor is found in many cancers

and is well acknowledged for promoting cell growth and proliferation. However,

MYC overexpression also induces apoptosis, which represents an efficient

safeguard mechanism against unrestricted growth. Therefore abrogation of the
apoptotic response is a crucial event in MYC-driven tumorigenesis. NF-κB is a

transcription factor that is frequently connected to apoptosis evasion in tumor cells.
Prosurvival activity of NF-κB is essential for many hematological malignancies like

Hodgkin´s lymphoma (HL), diffuse large B-cell lymphoma (DLBCL), mucosa

associated lymphoid tissue (MALT) lymphoma, multiple myeloma (MM) and many

others. For Burkitt´s lymphoma (BL), a malignancy caused by overexpressed MYC
in B-cells, the contribution of the NF-κB pathway for growth and survival of the

tumor cells remained elusive.

In the present study it could be demonstrated, that in MYC-driven murine B-cell
lymphomas and human BL the activation of NF-κB is impaired. In lymphoma cell

lines established from a conditional c-MYC expressing mouse model it was shown
that the NF-κB-pathway is dispensable for tumor growth and generally

downregulated. Furthermore, several extrinsic stimuli generally inducing NF-κB

activity failed to activate this pathway. In addition, inhibition of NF-κB by an IκBα

superrepressor provided a selective advantage for MYC-driven lymphoma cells in
an in vivo competition assay. Genetic activation of the NF-κB pathway by

introduction of a constitutively active IκB-kinase 2 (IKK2) induced cell aggregation,

growth inhibition and apoptosis in MYC-driven lymphomas. Extending our analysis
to human BL cell lines we found that NF-κB activation induced similar effects by

enhancing cell aggregation and apoptosis. The induced cell death was death

receptor-mediated and specific for BL cells. Gene expression profiling revealed

that induction of IKK2 activity resulted in prominent upregulation of cell adhesion

molecules and Fas death receptor. Subsequently, it could be demonstrated that
Fas-resistant BL cell lines are sensitized to Fas-mediated death by NF-κB

activation.
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Given the detrimental effects of NF-κB signaling, it can be concluded that

inactivation of this pathway is a prerequisite for MYC-induced tumorigenesis. This

study delivers a mechanistic explanation, why NF-κB signatures have to be low in

BL. These observations have impact on the development of therapeutic
approaches, which aim to modulate the NF-κB pathway for the treatment of MYC-

driven lymphomas.
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ZUSAMMENFASSUNG

Bei vielen Krebserkrankungen wurde eine Deregulation des Transkriptionsfaktors

c-MYC (MYC) festgestellt, die zu verstärktem Zellwachstum und zu erhöhter

Proliferation beiträgt. Gleichzeitig führt die Überexpression von MYC zur

Apoptose, was einen wirksamen Kontrollmechanismus gegen unbegrenztes

Wachstum darstellt. Die Aufhebung dieser Apoptosereaktion ist daher ein

wichtiger Schritt im Verlauf MYC-induzierter Tumorgenese. NF-κB ist ein

Transkriptionsfaktor, der in Tumorzellen oft mit der Inhibition von Apoptose in
Zusammenhang gebracht worden ist. Eine erhöhte NF-κB Aktivität ist von

essenzieller Bedeutung für das Überleben vieler hämatologischer Tumore, wie

z.B. beim klassischen Hodgkin´s Lymphom (HL), beim diffusen großzelligen B-

Zell-Lymphom (diffuse large B-cell lymphoma; DLBCL), beim Schleimhaut-

assoziierten lymphoiden Gewebe (mucosa associated lymphoid tissue; MALT)

Lymphom, beim multiplen Myelom (MM) und bei vielen anderen. Beim Burkitt´s

Lmyphom (BL), einer Erkrankung die durch erhöhte MYC Aktivität in B-
Lymphozyten initiiert wird, ist eine mögliche Funktion von NF-κB für das

Wachstum und Überleben der Tumorzellen noch ungeklärt.
In der vorliegenden Arbeit konnte gezeigt werden, dass die Aktivität von NF-κB in

MYC-induzierten murinen B-Zell-Lymphomen und in humanen BL gehemmt ist. In

Lymphomzelllinien, die aus einem konditional MYC exprimierenden Mausmodell
etabliert wurden, ist der NF-κB Signaltransduktionsweg entbehrlich für das

Tumorwachstum und generell herunterreguliert. Weiterhin konnten verschiedene
Stimulantien, die normalerweise NF-κB aktivieren, diesen Signalweg nicht

induzieren. Zusätzlich bewirkte die Inhibierung von NF-κB durch einen IκBα

Superrepressor einen selektiven Vorteil für MYC-induzierte Tumorzellen in vivo.
Die genetische Aktivierung von NF-κB durch die Expression einer konstitutiv

aktiven Form der IκB-Kinase 2 (IKK2) führte zur Zellaggregation, zur

Wachstumshemmung und zu einer erhöhten Apoptoserate dieser Tumorzellen.

Bei der Untersuchung von humanen BL Zelllinien zeigte sich, dass die Aktivierung
von NF-κB ähnliche Effekte wie erhöhte Zellaggregation und Apoptose zur Folge

hatte. Der Zelltod wurde durch Todesrezeptoren vermittelt und war spezifisch für
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BL-Zellen. Genexpressionsanalysen in diesen Zellen ergaben, dass die Aktivität

von IKK2 besonders eine verstärkte Expression von Zelladhäsionsmolekülen und

des Todesrezeptors Fas bewirkte. Nachfolgend konnte gezeigt werden, dass Fas-
resistente BL Zellen durch NF-κB für Fas-vermittelte Apoptose empfänglich

wurden.
In Anbetracht der schädlichen Wirkung von NF-κB kann vermutet werden, dass

die Inaktivierung des NF-κB Signalweges eine Voraussetzung für MYC-induziertes

Tumorwachstum ist. Die vorliegende Arbeit liefert eine mechanistische Erklärung,
weshalb in BL die Aktivität des NF-κB Transkriptionsfaktors gering sein muss. Die

hier beschriebenen Befunde sind von Relevanz für die Entwicklung neuer
therapeutischer Ansätze, welche die Modulierung des NF-κB Signalweges für die

Behandlung von MYC-induzierten Lymphomen zum Ziel haben.
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1 INTRODUCTION

The development of a multicellular organism and the homeostasis of its physiology

require a delicate balance of cell proliferation, differentiation and programmed cell

death. Cancer cells proliferate in disregard of normal constraints on cell division

and invade tissues that are reserved for other cells. Somatic mutations can create

cellular dysfunctions, which are the prerequisites for cancer development. The

accumulation of certain critical lesions in cellular regulatory networks promotes

malignant transformation, the conversion of a normal cell into a cancer cell. In their

groundbreaking paper in 2000, D. Hanahan and R.A. Weinberg have defined the

alterations in cell physiology that are essential for malignant growth: self-

sufficiency in growth signals, insensitivity to growth inhibitory signals, evasion of

programmed cell death, limitless proliferative potential, sustained angiogenesis,

and tissue invasion and metastasis (Hanahan and Weinberg 2000). Rare and

random genetic mutations may affect genes that are involved in regulatory circuits

governing proliferation and homeostasis. Genes encoding proteins that promote

transformation are called oncogenes. Enhanced expression or activity of these

proteins increases proliferation, growth or survival of the affected cell, eventually

leading to cancer development. Tumor-suppressor-genes encode proteins, which

normally restrain growth and proliferation. Loss or mutation of such genes also

contributes to cancer development.

1.1 The c-MYC transcription factor

In the 1970´s much effort was put on the investigation of certain retroviruses that

have been suspected to be a cause for cancer due to their capability to transform

infected cells. Several genes originating from these viruses were identified as the

transforming agents. At the midst of these intriguing revelations it became clear

that many of these transforming viral genes have cellular homologues. These

homologues represent the precursors of oncogenes and were therefore named

proto-oncogenes. Genetic changes of their protein structure or their expression

level can activate their oncogenic potential resulting in transformation of a cell. The



INTRODUCTION

11

idea arose that oncogenes were captured by ancestors of the tumor viruses and

integrated into their own genome (Weinberg 2007).

One of these tumor viruses is MC29, which causes leukemia in birds

(myelocytomatosis). The transforming sequence was identified by hybridization

studies and later named v-myc (Meyer and Penn 2008). The discovery that v-myc

has a cellular homologue, termed c-myc (c-MYC in human cells), supported the

idea that oncogenic retroviruses carried genes involved in normal growth

regulation of the host. C-MYC was soon found to be a member of a gene family

also containing the related genes N-MYC, L-MYC, S-MYC and B-MYC (Dang et al.

2006).

1.1.1 Structure and function

The human c-MYC gene consists of three exons located on chromosome 8q24.

Transcription is initiated at two promoters, P1 and P2, generating a 2.4 and 2.2 kb

transcript respectively. In the majority of tissues and cell lines transcription of c-

MYC is governed by P2. Translation starts at an AUG site in the second exon and

produces a major product consisting of 439 amino acids (aa) with a molecular

weight of 64 kDa. An alternative upstream site (CUG) for initiation of transcription

has been identified, generating a protein of 67 kDa. The relative distribution of the

two isoforms varies among tissues and cell lines, but the 64 kDa version is found

most abundantly (Facchini and Penn 1998). An additional downstream start site

was described, giving rise to a shorter protein (MYC S), which lacks most of the N-

terminal domains (Spotts et al. 1997).

The c-MYC gene (here referred to as MYC) encodes a basic helix-loop-helix-

leucine zipper (HLH-LZ) transcription factor containing several functional domains

(Figure1.1). Its N-terminal transactivation domain spans the first 143 aa of the

protein. The N-terminus contains three conserved sequences, termed Mycboxes

(MB) I, II and III (Adhikary and Eilers 2005). Mycbox I (aa 44-63) has been

connected to protein stability, and a mutation in this region (Thr58) prevents

phosphorylation and subsequent proteasomal degradation (Bahram et al. 2000).

Mycbox III (aa 188-199) is also involved in MYC turnover and influences its

transcriptional activity in vitro and in vivo (Herbst et al. 2004).
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Figure 1.1: Functional domains of human c-MYC and its binding partner MAX.

BR, basic region; HLH, helix-loop-helix; LZ, leucine zipper; MBI-III, Mycbox I-III;

NLS, nuclear localization signal; CUG denotes the alternative translational start site.

Mycbox II (aa 128-143) is the most important sequence for all biological functions

of MYC and has been in the focus of much attention (Stone et al. 1987). It is

involved in transcriptional activation and repression and interacts with several

other proteins (Adhikary and Eilers 2005). A nuclear localization signal (NLS) is

located from aa 320 to aa 328. The C-terminal part of MYC contains the basic

region (BR) and the HLH-LZ. The basic region (aa 355-369) is responsible for

binding to specific DNA sequences (CACGTG) called E-boxes and is located in

the promoter regions of target genes mediating either activation or repression of

transcription (Blackwood et al. 1991; Wanzel et al. 2003). The HLH-LZ (aa 370-

439) is responsible for the dimerization of MYC with its binding partner MAX (MYC

associated factor X), which is closely related to MYC. It contains a basic region

and a HLH-LZ motif but lacks a transactivation domain (Figure 1.1). The

transactivation of MYC target genes requires binding of E-boxes by MYC/MAX

heterodimers, and all MYC proteins found in vivo are bound to MAX (Facchini and

Penn 1998). MAX is present in stochiometric excess to MYC and also forms

homodimers or heterodimers with the proteins Mad1, Mxi1, Mad3, Mad4 and Mnt

(Adhikary and Eilers 2005). These heterodimers also bind to E-boxes and repress

transcription by recruiting histone deacetylase complexes (HDAC). In proliferating

cells MYC/MAX heterodimers are predominant, while in resting and quiescent cells

Mad/MAX or Mnt/MAX complexes are found in excess.
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Several mechanisms how MYC can positively regulate gene expression have

been described. The transactivation/transformation-associated protein (TRRAP)

has been shown to bind directly to MBII, mediating the interaction of MYC with

histone acetyltransferases TIP60 and GCN5 (McMahon et al. 2000). Other histone

acetyltransferases like CREB-binding protein (CBP) and p300 can directly bind to

MYC without involvement of adaptor proteins (Vervoorts et al. 2003). Interestingly,

these interactions do not require MBII and take place at the C-terminus,

challenging the classical separation of MYC in an N-terminal transactivation

domain and C-terminal heterodimerization domain. The activity of the histone

acetyltransferases induce nucleosomal remodeling at the target gene sites thereby

enhancing transcriptional activity. Another mechanism of transcription initiation by

MYC comprises the binding of the positive transcription elongation factor b (P-

TEFb/Cyclin T1), which stimulates transcription in a post-RNA polymerase II

recruitment step (Eberhardy and Farnham 2002). Finally, MYC has been shown to

interact with SKP2, a component of the SCFSKP2 E3 ubiquitin ligase, which

participates in ubiquitination and degradation of MYC but also enhances its

transcriptional activity (Gonzalez et al. 2002; Kim et al. 2003). It has been

suggested that ubiquitinated MYC can recruit proteasomal subunits that promote

transcriptional activity at the target sites.

MYC also functions as a transcriptional repressor, albeit the underlying

mechanisms are less well defined. MYC/MAX heterodimers interact with other

proteins like MYC-interacting zinc finger 1 (Miz1). Miz1 itself activates transcription

at certain target sites by binding p300 histone acetyltransferase. MYC/MAX

binding not only blocks the interaction of Miz1 and p300, it also recruits DNA-

methyltransferase DNMT3a, which induces the methylation of the target promoter

(Adhikary and Eilers 2005; Brenner et al. 2005).

MYC mRNA and protein have very short halflifes of approximately 10 and 25

minutes respectively (Dani et al. 1984; Hann and Eisenman 1984). Cells

progressing through cell cycle express MYC, in resting or differentiated cells it is

virtually absent (Hann et al. 1985; Thompson et al. 1985). Currently a complex

regulatory network is proposed to control MYC activity by upregulating its

expression in response to mitogens and by suppression in response on growth
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inhibitory signals (Nilsson and Cleveland 2003). MYC activity is controlled on the

level of transcription initiation, mRNA turnover and protein stability (Facchini and

Penn 1998; Wierstra and Alves 2008).

1.1.2 MYC regulated genes

MYC is considered a global transcriptional regulator. Large-scale expression

analyses by microarrays and chromatin immunoprecipitation assays (ChIP) have

contributed a lot to our knowledge of MYC target genes. It is assumed that 10-15%

of all human genes can be regulated by MYC, influencing different functional

categories (Figure1.2) (Dang 1999; Eilers and Eisenman 2008). Many activated

target genes are related to cell cycle progression. MYC upregulates the

expression of the E2F family of transcription factors, which induce genes involved

in DNA synthesis (Sears et al. 1997). Cell cycle-promoting cyclin-dependent

kinases (CDK) and cyclins are generally induced by MYC, while inhibitors of the

cell cycle (e.g. p21, p27, p15, Gadd45) are commonly repressed (Eilers and

Eisenman 2008). MYC stimulates the synthesis of ribosomal proteins and several

enzymes involved in protein biosynthesis. Additionally, metabolic enzymes are

upregulated by MYC. Together these effects of MYC activity support the growth

and proliferation of cells (Obaya et al. 1999; Schuhmacher et al. 1999). MYC can

repress terminal differentiation by inhibiting cell cycle exit or by direct
downmodulation of differentiation genes like C/EBPα (Li et al. 1994; Grandori et

al. 2000). Differentiation is commonly accompanied by the loss of telomerase

activity and MYC has been shown to upregulate its expression (Wang et al. 1998;

Greenberg et al. 1999). Furthermore, MYC-dependent downmodulation of cell

adhesion molecules has been observed in several cell types (Dang et al. 2006).

More recently it was found that MYC plays an important role in regulating non-

coding RNA expression by both repressing and activating certain sets of

microRNAs (Kent and Mendell 2006; Sander et al. 2008). These regulatory RNA

molecules can affect various functions in cell physiology and development. Finally,

MYC is a potent inducer of apoptosis. It influences extrinsic and intrinsic apoptotic

pathways by regulating activity and expression of pro-apoptotic genes (e.g. p53,

ARF) and anti-apoptotic genes (e.g. BCL-2) (Nilsson and Cleveland 2003; Meyer
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et al. 2006). Abnormal or ectopic expression of MYC in primary cells induces p53

dependent or independent apoptotic pathways, protecting the organism from

neoplastic transformations.

Figure 1.2: Functional categories of genes regulated by MYC. Different

physiological activities are generally promoted (green arrows) or inhibited (red lines)

by MYC activity. MicroRNA regulation is not a category on its own but rather

influences many aspects of cell physiology. Examples of upregulated (green) and

downregulated (red) target genes are listed. See text for references.
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1.2 MYC in cancer

1.2.1 MYC-induced malignant transformation

During malignant transformation of cells several mechanisms controlling MYC

activity are often disrupted, and increased amounts of c-MYC protein are found in

numerous types of human cancer (Nilsson and Cleveland 2003; Adhikary and

Eilers 2005). In contrast to many other oncogenes, activating mutations of MYC

are commonly absent in tumors. Instead, elevated expression of MYC represents

the base of its transforming capacity.

Several alterations at the MYC locus can account for higher MYC protein levels,

namely retroviral promoter or enhancer insertions, gene amplifications or

chromosomal translocations. In some murine lymphomas, proviral integration of

murine leukemia virus at the c-myc locus was described (Steffen 1984). However,

this way of MYC activation has so far not been established in human cancers.

Gene amplifications can result in 50 to 200 copies of c-MYC or the related N-MYC

and L-MYC. Enhanced copy numbers of MYC family members have been found in

colon cancer, myeloid leukemias, neuroblastomas, small cell lung cancer and

ovarian carcinomas (Collins and Groudine 1982; Alitalo et al. 1983; Schwab et al.

1983; Nau et al. 1985; Wu et al. 2003). Chromosomal translocation of c-MYC

occurs frequently in some hematopoietic cancers. In Burkitt´s lymphoma, a highly

aggressive non Hodgkin Lymphoma (NHL), overexpression of c-MYC is invariably

connected to a chromosomal translocation of the c-MYC proto-oncogene to
chromosomes 14, 2 or 22, harboring the genes for the immunoglobulin µ heavy

chain and κ or λ light chains, respectively. In T-cell acute lymphoblastic leukemia,

a translocation of c-MYC into the T-cell receptor loci α  or β has been reported

(Boxer and Dang 2001).

As described, elevated levels of MYC promote proliferation and growth of cells.

MYC has been shown to restrain differentiation of cells and to promote

immortalization, at least partially by upregulation of telomerase activity. More

recently, MYC was connected to vascular development in tumor tissues

(Pelengaris et al. 2002). MYC downregulates angiogenesis-inhibiting

thrombospondin through induction of miR17-92 micro-RNA cluster (Watnick et al.
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2003; Dews et al. 2006). Taken together, MYC influences almost all aspects of

tumorigenesis: self-sufficiency in growth signals, insensitivity to growth inhibitory

signals, limitless proliferative potential and sustained angiogenesis (Hanahan and

Weinberg 2000). However, MYC overexpression alone is not sufficient to induce

cancer. Activation of additional oncogenes or loss of tumor suppressors can

cooperate with MYC in tumorigenesis (Meyer and Penn 2008).

1.2.2 MYC-induced apoptosis

Unlimited growth and proliferation in response to deregulated MYC activity are
normally prevented by the rapid induction of cell death (Evan et al. 1992). In Eµ-

myc transgenic mice, which express MYC in B-cells under the control of the
immunoglobulin heavy chain enhancer (Eµ), the onset of B-cell lymphoma

development is preceded by a precancerous phase of several weeks to months

(Felsher and Bishop 1999). It has been suggested that inactivation of MYC-

induced apoptotic pathways through additional genetic alterations accounts for this
latency period (Oster et al. 2002). In fact, in Eµ-myc/Eµ-BCL2 mice and Eµ-

myc/p53+/- mice this latency is decreased (Strasser et al. 1990; Hsu et al. 1995;

Schmitt et al. 1999).

Cell death provoked by MYC can be the result of several mechanisms including

changes in the expression and activity of BCL2 family proteins, activation of the

p53/ARF pathway, and alterations in death receptor signaling (Nilsson and

Cleveland 2003; Meyer et al. 2006):

• MYC can influence the intrinsic apoptotic pathway by regulating the

expression and activity of pro- and anti-apoptotic members of the B-cell

lymphoma 2 (BCL2) family. MYC represses the activity of anti-apoptotic

proteins like BCL2 and BCL-XL (Eischen et al. 2001; Eischen et al. 2001;

Maclean et al. 2003). At the same time MYC can activate pro-apoptotic

molecules like BCL2–associated X protein (BAX) or BCL2 interacting

mediator of cell death (BIM) (Juin et al. 2002; Egle et al. 2004). The altered

allocation of BCL2 family members can destabilize the mitochondrial

membrane leading to cytochrome c release, the co-factor of apoptosis
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activating factor (Apaf-1), which activates caspase-9 to initiate programmed

cell death (Juin et al. 1999; Hoffman and Liebermann 2008).

• MYC influences the activity of the transcription factor p53 via the

ARF/MDM2 axis. In normal cells p53 integrates cell-intrinsic damage

signals, leading to growth arrest or apoptosis (Benchimol 2001). Its inhibitor

MDM2 induces ubiquitination of p53 leading to its nuclear export and

degradation. MDM2 is inhibited by ARF, which itself is a target of several

oncogenes like E2F1, E1A, Ras and also MYC (Sharpless 2005). ARF

therefore is a key regulatory node in oncogene-induced apoptosis, and ARF

deletions are common in many cancers.

• MYC also promotes apoptosis through death receptor pathways at multiple

junctions. MYC-induced expression of death receptors like Trail receptor

(TRAILR) or Fas has been demonstrated in certain cell types (Brunner et al.

2000; Wang et al. 2004). Furthermore, MYC can repress CFLAR (caspase-

8 and FADD-like apoptosis regulator), an inhibitor of caspase-8 activation,

sensitizing cells to extrinsic death signals (Ricci et al. 2004). Death receptor
signaling can activate nuclear factor-κB (NF-κB), a transcription factor,

which counteracts apoptosis induction by upregulating anti-apoptotic BCL2

proteins, inhibitors of apoptosis (IAPs) or CFLAR (Hoffman and Liebermann
2008). MYC-dependent repression of NF-κB has been described to be

involved in sensitization to programmed cell death (Klefstrom et al. 1997;
Ricci et al. 2007). Consistent with these observations, NF-κB was shown to

abrogate MYC-induced apoptosis in several cell lines (Tanaka et al. 2002;

You et al. 2002; Cavin et al. 2005).

MYC-induced apoptosis represents an efficient safeguard mechanism against

unrestricted growth, and its abrogation is a crucial event in MYC-driven

tumorigenesis. How these apoptotic responses to hyperactive MYC are

circumvented is not entirely understood and may depend on the cellular context.

However, restoration of these abrogated apoptotic pathways presents an attractive

approach for the development of new anti-cancer therapies.
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1.3 The NF-κB transcription factor

Nuclear factor-κB (NF-κB) is a transcription factor that has been linked to multiple

physiological and pathophysiological processes including tumor initiation and

progression (Karin et al. 2002; Orlowski and Baldwin 2002). Originally identified as
a regulator of the expression of the immunoglobulin κB light chain in B-cells, it is

now acknowledged for its functions in many aspects of cellular physiology, most

importantly as a quick response regulator following receptor-mediated stimulation.
NF-κB belongs to a group of inducible transcription factors, which integrate

transient external signals, helping the cell to adapt to environmental or chemical
changes, and to react to microbiological challenges. Not surprisingly, NF-κB is of

outstanding importance for the development and regulation of the immune system.

1.3.1 Structure and function

NF-κB transcription factors bind to the DNA as homo- or heterodimers composed

of five related subunits: RelA (p65), RelB, c-Rel, NF-κB1 (p50/105) and NF-κB2

(p52/100) (Figure 1.3). All share a conserved N-terminal region, the Rel homology

domain (RHD), an immunoglobulin-like domain that is required for dimerization

and DNA binding (Gilmore 2006). Rel proteins can be grouped into two classes

based on their mode of synthesis and their structure. The first class consists of

RelA, RelB and c-Rel, which are synthesized in their mature form and contain a

transactivation domain (TAD) at the C-terminus. The second class includes NF-
κB1 and NF-κB2, both synthesized as long precursors (p105 and p100

respectively). They lack the TAD but contain a series of ankyrin repeats, which
function as inhibitors of NF-κB dimers. This C-terminal region can be

proteolytically cleaved to generate the p50 and p52 subunits. Since p50 and p52

homodimers have no TAD, they can act as repressors of transcription (Hayden

and Ghosh 2008). Each Rel family protein, except RelB, can form homo- or

heterodimers with each other. RelB only forms heterodimers with p50 or p52. The

composition of the dimers influences their affinity for certain 9-10 bp long DNA
sequences, called κB-sites, which are deviated from the sequence

GGGRNWYYCC (G, guanine; R, purine; N, any; W, adenine or thymine; Y,
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pyrimidine; C, cytosine). The variety of possible combinations of NF-κB dimers

contributes to the diverse regulatory effects of NF-κB activation. However, the

most frequent heterodimer found in a cell consists of a p50 and a p65/RelA

subunit.
In its inactive state, NF-κB dimers contain the precursors p100/p105 or bind to one

of three typical members of inhibitor of κB (IκB) family of proteins, most prominent

with IκBα (Figure 1.3). IκB proteins share with the precursors p100 and p105 the

ankyrin repeat domains. In the canonical signaling pathway IκB proteins (mainly

IκBα) target NF-κB dimers (mainly p65/p50 heterodimers) to retain them in the

cytosol. IκBα masks the nuclear localization sequence of p65 but not p50. A

nuclear export sequence of IκBα shifts the dynamic balance of NF-κB localization

almost exclusively to the cytosol. Hence, in a simplified view, IκBα prevents

nuclear translocation and DNA binding by NF-κB (Hayden and Ghosh 2008).

Activation of NF-κB is induced by the phosphorylation of two distinct serine

residues in the IκB proteins. The phosphorylated IκB is then polyubiquitinated

(K48-linked) by the E3 ubiquitin ligase complex SCF-βTrCP, which marks the

inhibitor molecule for proteasomal degradation (Figure 1.4). The NF-κB dimers are

thereby released and can accumulate in the nucleus to bind to κB-sites in the

promoter and enhancer regions of target genes.
Phosphorylation of IκB proteins is performed by the activated IκB kinase complex,

which contains two catalytical subunits, the related kinases IKKα/IKK1 and

IKKβ/IKK2, and the regulatory subunit IKKγ/NEMO (Figure 1.3). Dimerization and

catalytic activity of IKK1 and IKK2 requires their leucine zipper domain (Mercurio

et al. 1997). Both kinases bind to the regulatory subunit via their C-terminal

NEMO-binding domain (NBD). A region of 47-80 amino acids in NEMOs first

coiled-coil domain is required for binding to the kinases (Marienfeld et al. 2006;

Drew et al. 2007). The IKK complex represents a regulatory node, which

integrates external signals received by certain receptors (e.g. TNFR, Fas) as well

as some internal signals (e.g. oxidative stress, hypoxia). Different upstream

components of the canonical pathway result in activating phosphorylation of IKK2,

which is both necessary and sufficient to phosphorylate the serine residues of
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IκBα (Figure 1.4). However, IKK1/IKK2 are generally found as heterodimers in the

cell, and a contribution of IKK1 to IκBα-phosphorylation in the canonical pathway

has been shown (Pasparakis et al. 2006).

Figure 1.3: NF-κB, IκB and IKK protein family members. Inhibitory and activating

phosphorylation sites of IκB and IKK proteins are indicated. CC1/2, coiled-coil

domain 1/2; DD, death domain; HLH, helix-loop-helix; NBD, NEMO-binding site; LZ,

leucine-zipper; PEST, proline (P), glutamic acid (E), serine (S), and threonine (T)

containing seqence; RHD, Rel homology domain; TAD, transactivation domain; Z,

zinc finger domain.
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Figure 1.4: Canonical NF-κB signaling pathway. External or internal stimuli lead

to activation of the IKK complex, which phosphorylates IκB proteins. Phosphorylated

IκB is ubiquitinated and degraded. Released NF-κB dimers can accumulate in the

nucleus to induce target gene expression. See text for details.

There is also a noncanonical pathway of NF-κB signaling, which relies on IKK1-

mediated phosphorylation of p100, typically activating RelB/p52 heterodimers

(Hayden and Ghosh 2008). The noncanonical pathway can be activated in the

absence of IKK2 and NEMO, suggesting that IKK1 can also operate in a

homodimeric form (Senftleben et al. 2001).
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1.3.2 NF-κB regulated genes

NF-κB plays an important role for regulating immunity and inflammation, namely

by induction of cytokines, adhesion molecules, enzymes or certain receptors (e.g.
IL-1, ICAM-1, COX2, Fas). However, NF-κB regulated genes are involved in many

more processes like proliferation, apoptosis, migration or angiogenesis. All these

processes can have an influence on tumorigenesis (Figure 1.5).
NF-κB has been shown to promote cell cycle progression, at least partly through

induction of cyclin D (Basseres and Baldwin 2006). In addition, it induces MYC

transcription, enhancing proliferation and growth of the cell (Karin et al. 2002). One

of the characteristics of cancer cells is their potential to invade other tissues. This
attribute of tumors requires several modulations. NF-κB has been demonstrated to

promote epithelial-mesenchymal transition (EMT), a phenotypic alteration of

transformed cells required for metastasis, by upregulation of vimentin and matrix-

metalloproteinases (MMPs) 2 and 13 (Huber et al. 2004; Huber et al. 2004). In
addition, NF-κB promotes metastasis by enhancing the invasive potential of a

cancer cell, for instance by upregulating MMP-2, adhesion molecules like inter-

cellular adhesion molecule-1 (ICAM-1) or vascular cell adhesion molecule-1

(VCAM-1) (Basseres and Baldwin 2006). Another contribution of NF-κB to tumor

formation is the promotion of angiogenesis by inducing vascular endothelial growth

factor (VEGF) and interleukin-8 (IL-8) (Kiriakidis et al. 2003; Kimura et al. 2007).
NF-κB induces the expression of a number of anti-apoptotic factors, like BCL2,

BCL-XL, cIAPs, and CFLAR. Therefore apoptosis evasion is clearly an important
contribution of the NF-κB transcription factor in the pathogenesis of human tumors

(Basseres and Baldwin 2006; Dutta et al. 2006). NF-κB has been shown to

attenuate apoptosis in response to anticancer drugs or ionizing radiation (Wang et
al. 1996). It was suggested that activation of NF-κB in response to chemotherapy

represents the underlying mechanism of apoptosis evasion in chemoresistant
tumors (Wang et al. 1999). Furthermore, NF-κB-mediated survival might be

involved in the accumulation of cells with DNA damage, chromosomal

translocations or activated oncogenes, which would normally be eliminated by

programmed cell death (Karin et al. 2002).
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Figure 1.5: NF-κB influences different aspects of tumorigenesis. Examples of

upregulated target genes are listed. See text for references. Adapted from Basseres

and Baldwin (2006).

1.4 NF-κB in lymphomas

Hematologic malignancies are cancers arising from hematopoietic tissues,

including cells of the immune system. Lymphomas are tumors originating from T-

and B-cells that aggregate and form solid masses mainly in lymph nodes, while

only the minority of the cells is dispersed in the blood. Given the importance of NF-
κB signaling for development and function of the immune system, a role for NF-κB

in the development of these types of cancers seems reasonable. In fact, in several
hematologic malignancies mutations leading to enhanced NF-κB activity seem to

display a recurrent theme (Courtois and Gilmore 2006).
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Hodgkin´s lymphoma

Hodgkin´s lymphoma (HL), a germinal center (GC) B-cell-derived malignancy, is

characterized by the presence of Hodgkin and Reed-Sternberg (HRS) cells, which
exhibit constitutive NF-κB activity that is required for proliferation and apoptosis

evasion (Bargou et al. 1996; Bargou et al. 1997). One effect of constitutive NF-κB

activity in HL is the high expression level of anti-apoptotic CFLAR, which inhibits

death receptor-mediated signaling in HRS cells (Mathas et al. 2004).
A variety of mechanisms contribute to the enhanced NF-κB levels, including

autonomous activation of receptors like CD30, CD40, RANK, and Notch1 (Thomas

et al. 2004). Other observations point toward the involvement of Epstein-Barr virus

(EBV) infection, affecting about 50% of HL cases. EBV encodes latent membrane

protein 1 (LMP1), which mimics an active CD40 receptor, initiating a signaling
cascade to activate NF-κB (Thomas et al. 2004). In addition, inactivating mutations

of the IκBα gene and amplifications of the REL gene (encoding c-Rel) have been

detected in HLs (Jungnickel et al. 2000; Joos et al. 2002).

Non-Hodgkin´s lymphoma and Multiple Myeloma

In mucosa associated lymphoid tissues (MALT) lymphomas a frequent

chromosomal translocation fuses the loci of inhibitor of apoptosis (c-IAP2) and

MALT lymphoma translocation gene 1 (MALT1). The cIAP-2/MALT1 fusion protein
induces ubiquitination of NEMO, which results in constitutive activation of NF-κB

(Zhou et al. 2005). A different chromosomal aberration found in MALT lymphoma

translocates the Ig promoter upstream of the BCL10 gene, generating a truncated
BCL10 protein, which activates NF-κB in a similar fashion by ubiquitinating NEMO

(Willis et al. 1999; Zhou et al. 2004).

Diffuse large B-cell lymphoma (DLBCL) originates from GC B-cells and can be

grouped into three subtypes: GC-like diffuse large B-cell lymphoma (GCB-

DLBCL), activated B-cell diffuse large B-cell lymphoma (ABC-DLBCL) and primary

mediastinal B-cell lymphoma (PMBL). ABC-DLBCL and PMBL depend upon
constitutive activation of the NF-κB pathway for their survival (Davis et al. 2001;

Staudt and Dave 2005). The underlying mechanisms of NF-κB activation are
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poorly understood, but in 23% of extranodal DLBCLs an amplification of the REL

locus has been detected (Karin et al. 2002).

Multiple myeloma (MM) consists of slowly proliferating plasma cells residing in the
bone marrow. Constitutive NF-κB activity has been reported in primary samples of

MM patients and was required for tumor cell survival (Ni et al. 2001; Bharti et al.
2003). The NF-κB inducing cytokines tumor necrosis factor-α  (TNF-α ) ,

lymphotoxin (LT), IL-1 and receptor activator of NF-κB ligand (RANKL) are

expressed by MM cells and could principally stimulate NF-κB pathways in an

autocrine manner (Braun et al. 2006). Another hint comes from an investigation of
polymorphisms in the IκBα  gene of MM primary samples, suggesting that

mutations of the inhibitor might be involved in a higher risk for the malignancy

(Parker et al. 2002). Additionally, in some MM and certain T-cell non-Hodgkin´s
lymphomas chromosomal rearrangements at the NF-κB2 (p100) locus yield a C-

terminal deletion of the inhibiting ankyrin repeats, resulting in higher p52-

dependent transactivation (Braun et al. 2006).

1.5 Burkitt´s lymphoma (BL)

Burkitt´s lymphoma is a highly aggressive non-Hodgkin´s lymphoma that can be

classified into 3 subgroups, differing in respect to geographical distribution and

EBV association (Table 1.1): endemic BL (eBL), sporadic BL (sBL) and HIV-

associated BL. BL is the primary and best-studied example of MYC-induced

lymphomagenesis. This disease is invariably characterized by a reciprocal

chromosomal translocation involving the long arm of chromosome 8, carrying the

MYC gene, and one of the immunoglobulin loci. In about 75% of BL cases

chromosome 14 (heavy chain) is affected, while translocations involving
chromosome 2 (κ chain) or 22 (λ chain) account for 9% and 16%, respectively.

These translocations put MYC expression under the control of the immunoglobulin

enhancers, leading to constitutively higher MYC RNA and protein levels (Weinberg

2007).

Sporadic BL accounts for approximately 1-2% of adult lymphomas in Europe and

America. The endemic form occurs at a much higher incidence in the equatorial
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belt of Africa, where it is the most frequent childhood malignancy. The geographic

distribution of eBL is very similar to the distribution of the Aedes simpsoni

mosquito, a vector for the transmission of malaria. It is therefore likely that malaria

represents an etiologic factor for eBL (Weinberg 2007). There is a clear

association of this clinical variant with EBV infections, since about 98% of eBL

cells carry the viral genome. In contrast, only 5-10% of sBL derived tumor cells are

EBV positive. The HIV-associated subtype is frequently found in human

immunodeficiency virus infected patients and shows an intermediate correlation

(30 - 40%) with EBV infections (Brady et al. 2008).

Table 1.1: Characteristic features of the different BL lymphoma subtypes.

 Adapted from Brady et al. 2008.

Endemic BL Sporadic BL HIV-associated BL

Distribution Equatorial Africa and

Papua New Guinea

Worldwide Worldwide

EBV

association

98% 5-10% 30-40%

Co-factors EBV, Malaria infection - -

Incidence 5-10/100 000 0.1/100 000 variable

Progenitor cell GC, late GC or memory

B-cell

GC B-cell GC, late GC or

memory B-cell

Frequent site of

occurrence

Most frequently jaw.

Abdomen, kidneys and

ovaries may be involved

Most frequently abdomen.

Kidneys, bone marrow and

ovaries may be involved

Lymph nodes,

abdomen, bone

marrow, CNS

BL cells have one of the highest proliferation rates (24 – 48 hrs) found in any type

of cancer. They display a surface phenotype characteristic for germinal center B-

cells, including IgM, CD19, CD20, CD22, CD10, BCL6 and HGAL (human

germinal center-associated lymphoma) (Blum et al. 2004; Natkunam et al. 2005).

Germinal centers represent regions in spleen, lymph nodes and mucosal lymphoid

tissues in which activated B-cells proliferate and perform affinity maturation, a

process generating higher affinity immunoglobulins by somatic mutations of the
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variable regions. Analysis of the immunoglobulin variable regions in BL cells have

shown that they have indeed undergone somatic hypermutation, supporting the

assumption that BL tumor cells originate from GC-derived B-cells (Chapman et al.

1998). Activation of B-cells by malaria or HIV infection is well documented and

may promote entry of pre-malignant B-cells into the GC stage, thereby increasing

the chances for oncogenic MYC translocations (Lane et al. 1983; Donati et al.

2006; Brady et al. 2008). The role of EBV for BL development is still enigmatic. It

was found that BL cells of the endemic variant carry clonal EBV genomes,

indicating that the progenitor cell of the tumor was infected with this virus (Neri et

al. 1991). Primary EBV infection can promote proliferation and immortalization of

B-cells. However, in eBL cells viral gene expression is restricted and viral antigens

required for immortalization are not entirely expressed in BL tumor cells (Rowe et

al. 1986).
In several BL cell lines, constitutive activation of NF-κB has been described and

was shown to be involved in apoptosis evasion (Rath and Aggarwal 2001; Jazirehi
et al. 2005; Piva et al. 2005). A contribution of NF-κB for the evasion of MYC-

induced apoptosis was suggested, and interference with NF-κB signaling was

therefore considered an attractive therapeutic approach for BL treatment.

However, gene expression profiling of primary BL cases has challenged this view:
Low expression of NF-κB target genes has been found to be a characteristic of all

BL in vivo (Dave et al. 2006; Hummel et al. 2006). The consistent downregulation
of NF-κB activity in this type of cancer was a surprising observation with respect to

the established tumor-promoting role for NF-κB in many other hematologic

malignancies.



INTRODUCTION

29

Aims of the Study

MYC-driven lymphoma cells have to inactivate oncogene-induced apoptosis. One
established factor for apoptosis evasion in tumors is NF-κB. In many

hematological malignancies constitutive NF-κB activity is required for proliferation

and/or survival of the tumor cells. For MYC-driven Burkitt´s lymphoma the
contribution of NF-κB remains elusive. Recent gene expression profiling data

indicate a remarkable low level of NF-κB activity in this type of cancer.

The objectives of this study were:

- Investigation of NF-κB activity in MYC-driven lymphomas

- Genetic modulation of NF-κB signaling (activation/inactivation) in murine

and human MYC-driven lymphoma cells to identify potential tumor-

promoting or tumor-suppressing effects

- Elucidation of potential mechanisms underlying the apparent absence of

NF-κB signaling in Burkitt´s lymphoma cells
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2 MATERIAL AND METHODS

2.1 Cell lines and cell culture

2.1.1 Cell lines used in this study

Table 2.1: Murine MYC-induced lymphoma cell lines used in this study.

Cell Line Type

4502-8TH T-cell line, tTA/MYC derived

7755-4TH T-cell line, tTA/MYC derived

5522-2SPL B-cell line, tTA/MYC derived

5524-2TH B-cell line, tTA/MYC derived

5527-2SPL B-cell line, tTA/MYC derived

5532-2SPL B-cell line, tTA/MYC derived

5534-2SPL B-cell line, tTA/MYC derived

5674-3TH B-cell line, tTA/MYC derived

Table 2.2: Human lymphoma cell lines used in this study.

Cell Line Type
Ramos Burkitt´s lymphoma, EBV negative

Namalwa Burkitt´s lymphoma, EBV positive

Raji Burkitt´s lymphoma, EBV positive

Med-B1 mediastinal large B-cell lymphoma

KM-H2 Hodgkin´s lymphoma

Table 2.3: Murine lymphoma cell lines used as controls.

Cell Line Type
70Z/3 pre-B lymphoblast

WEHI231 B-cell lymphoma
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2.1.2 Culture conditions

Murine MYC-dependent lymphoma cell lines and human lymphoma cell lines were

cultured in RPMI 1640 medium supplemented with 10% heat-inactivated FCS, L-
Glutamin (2 mM), Penicillin (100 U/ml), Streptomycin (100 µg/ml), non-essential

amino acids and β-Mercaptoethanol (50 µM).

2.1.3 Doxycycline treatment and NF-κB activation

In the lymphoma cell lines established from tTA/MYC mice, expression of
transgenic MYC was abrogated by treatment with 2 µg/ml doxycycline (Dox) for

the indicated time periods.
For NF-κB activation in murine or human cell lines, cells were stimulated with

TNFα  (40 ng/ml), PMA (5 ng/ml) and Ionomycin (1 µg/ml), LPS (1 µg/ml)

daunorubicin (5 µM) or okadaic acid (200 nM).

2.1.4 Stimulation with anti-CD40
CD40-mediated NF-κB activation was achieved using agonistic anti-CD40

antibodies either specific for mouse or human CD-40 receptor. Lymphoma cell
lines established from tTA/MYC mice were treated with 10 µg/ml anti-CD40

antibody FGK45.5 (Rolink et al. 1996) for different time periods. Human BL cell
lines were treated with 1 µg/ml anti-CD40 antibody (G28.5) for different time

periods. Effects of CD40-ligation were determined by NF-κB EMSA, morphologic

examination of growth behavior, cell proliferation and viability assays.

2.2 Retroviral transductions

2.2.1 Retroviral vectors and producer cell lines

The bicistronic pCFG5 IEGZ retroviral vectors containing the TD-IκBα or CA-IKK2

constructs have been described (Huber et al. 2002). In short, expression of the
NF-κB modulators is controlled by the retroviral long terminal repeat (LTR)

sequence. The internal ribosomal entry site (IRES) allows parallel expression of
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the NF-κB modulator gene and a GFP-Zeocinresistence fusion gene. NF-κB

activity was inhibited by introducing a transdominant IκBαS32,36A superrepressor

(IEGZ-TD-IκBα). Two serine to alanine mutations at positions 32 and 36 prevent

inactivating phosphorylations of the inhibitor thereby blocking nuclear translocation

of NF-κB. Activation of the NF-κB pathway was achieved by a constitutively active

mutant of the IκB kinase 2 inserted into the vector (IEGZ-CA-IKK2). In the mutated

kinase two phospho-acceptor serine residues (S177/181) were exchanged for
glutamate residues. As a result inhibitory IκB proteins are permanently

phosphorylated eventually leading to their degradation, allowing persistent
translocation of NF-κB dimers into the nucleus (Denk et al. 2001; Kempe et al.

2005).

Figure 2.1: Retroviral vector pCFG5-IEGZ containing NF-κB modulators.

CA, constitutive active; GFP, green fluorescent protein; IRES, internal ribosomal

entry site; LTR, long terminal repeat; TD, transdominant; ZEO, zeocinresistance

gene.

Amphotropic φNX cells were used for transductions of human cell lines, and

ecotropic φNX cells were used for transduction of murine cell lines. φNX were

grown in DMEM supplemented with FCS (10%), L-Glutamin (2 mM), Penicillin
(100 U/ml), Streptomycin (100 µg/ml).

2.2.2 Transient transfection of producer cell lines

φNX cells were plated at a density of 2x106/10 cm plate. After 24 hrs chloroquine

was added to a final concentration of 25 µM, and cells were transfected by calcium

phosphate precipitation method using 10 µg of plasmid DNA. In short, 450µl DNA
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solution was mixed with 2.5 M CaCl2 and 500 µl 2xHBS. Transfection solution was

added dropwise to the φNX cells without delay. After 8 hrs, transfection medium

was replaced with fresh growth medium. 48 hrs after transfection, transfection

efficiency was determined by flow cytometric analysis of GFP expression, and the

growth medium was used for retroviral transduction of lymphocytes.

2.2.3 Retroviral transduction of lymphoma cells

For retroviral transduction lymphocytes were plated at a density of 5x105/well in
24-well plates. Virus containing supernatant was supplemented with 8 µg/ml

Polybrene, and 750 µ l/well was added to lymphocytes. Plates were then

centrifuged for 90 min at 1200g and 37°C. After spin-infection, medium was

replaced with growth medium, and 24 hrs post infection efficiency was determined
by flow cytometric GFP analysis. For selection of infected cells, 100 µg/ml Zeocin

was added to the culture for 10 to 14 days, and GFP expression was analyzed by

flow cytometry.

2.3 Tumor transplantation and in vivo competition assay

Murine B-lymphoma cell line 5522 was transduced with retroviral IEGZ-empty
vector or IEGZ-TD-IκBα vector. After selection with zeocin, transduced cells

(GFP+) were mixed with untransduced parental cells (GFP-) at a ratio of 1:10.

Lymphoma cells (107) of the mixed populations were injected intraperitoneally into

syngeneic mice. After 1 week, recipient mice were sacrificed, and tumor cells were

isolated from ascites. Percentages of GFP+ cells in the isolated populations were

determined by flow cytometry. Approval for the use of mice in this study was

obtained from the Regierungspraesidium (TV-709).
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2.4 Conditional expression of NF-κB modulators in human cell lines

2.4.1 Vectors

pSFI and pRTS vectors were kindly provided by D. Eick and G.W. Bornkamm
(Bornkamm et al. 2005). cDNAs for mutant TD-IκBα and CA-IKK2 (Lernbecher et

al. 1993) were excised from pCMV-MAD3 (IκBα) and pCMV-IKKEE (CA-IKK2)

using XbaI and HindIII. Excised fragments were inserted into blunt end EcoRV

sites of the pSFI-Express subcloning vector, and sequences were confirmed by

PCR. The Sfi-fragments containing the open reading frames were excised with Sfi

restriction enzymes from pSFI-Express and ligated into the Sfi sites of the pRTS-1

vector containing a hygromycin resistance.

Figure 2.2: Transfer of NF-κB modulator genes into conditional episomal

constructs. CMV, CMV-promoter (cytomegalovirus); GFP, green fluorescent

protein; HA, hemagglutinin. See text above for details.
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Sequencing Primers:

For pSFI-Express:

Forward, binds in CMV promoter:

5´-TTG GCA AGT ACA TCA ATG G-3

Reverse, binds behind the HA-tag appr. 250bp:

5´-GAA ATT TGT GAT GCT ATT GC-3 

For pRTS:

Reverse, binds behind second sfiI site:

5´- AAT CAA GGG TCC CCA AAC TC-3´

2.4.2 Transfections

Cell lines were transfected with either the respective cDNA containing pRTS
(pRTS-CA-IKK2 or pRTS-IκBα) or the control vector (pRTS-GFP) using cell line

specific nucleofection protocols (Amaxa, Gaithersburg, MD) followed by
hygromycin (300 µg/ml) selection from day 2 after transfection. After 10 to 14 days

of selection, transgene expression was induced by addition of doxycycline (0.5
µg/ml) for 48 hrs, and GFP expression was analyzed by flow cytometer.

Table 2.4: Conditions for transfections with pRTS vectors

Cell Line Nucleofection with: Cells/transfection
Ramos Amaxa Solution V, protocol O-06 2x106

Namalwa Amaxa Solution V, protocol A-24 1x106

Raji Amaxa Solution V, protocol M-13 2x106

Med-B1 Amaxa Solution V, protocol Q-07 2x106

KM-H2 Amaxa Solution V, protocol Q-07 2x106
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2.5 Viable cell counts and apoptosis detection

Proliferation of cells was determined by viable cell counts (trypan blue staining) or

by flow cytometer. All experiments were performed in triplicate.

Viability of cells in culture was determined by cell counting after trypan blue

staining. Percentage of dead cells was calculated according to viable and dead

cell counts.

To detect apoptosis, cells were stained with Annexin-V-APC and 7-AAD according

to the manufacturers instructions (Apoptosis detection kit, BD-Pharmingen, San

Diego, CA) and analyzed by flow cytometry using FACS-Calibur or FACS-CantoII

(both from BD, Heidelberg, Germany). To verify that programmed cell death is

responsible for the observed cell death, apoptosis was inhibited by addition of the
pan-caspase inhibitor z-VAD to a final concentration of 20 µM.

2.6 Fas surface expression

Ramos, Namalwa, KM-H2 and MedB1 cells transfected with either pRTS-GFP or
pRTS-CA-IKK2 were treated with doxycycline (0.5 µg/ml) for 48 hrs. Surface

expression of Fas was determined by staining with APO-I supernatant (kind gift

from Gudrun Strauß, Kinderklinik der Universität Ulm) and Alexa-647-conjugated

secondary goat anti mouse antibody (Invitrogen, A21235). GFP+ and GFP-

fractions were analyzed separately for Alexa-647 fluorescence using FACS-

CantoII (BD, Heidelberg, Germany).

2.7 Stimulation with anti-Fas antibodies

To test sensitivity of transfected human cell lines, supernatant containing agonistic

anti-Fas antibody APO-I was used (kind gift from Gudrun Strauß, Kinderklinik der

Universität Ulm). After transfection with pRTS-GFP or pRTS-CA-IKK2 and
hygromycin selection lymphoma cells were treated with doxycycline (0.5 µg/ml) for

48 hrs to induce transgene expression. APO-I containing supernatant was then
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added to the culture medium at a final concentration of 5%. Apoptosis was

determined by cell counting using trypan blue staining.

2.8 Knockdown of caspase-8

The vectors containing the shRNA specific for caspase-8 (pRETRO-SUPER-

caspase-8) and the control shRNA (pRETRO-SUPER-HRS) were kindly provided

by Simone Fulda (Kinderklinik der Universität Ulm). BL cell lines Ramos and

Namalwa were transfected with these vectors using nucleofection (Amaxa).
Transfected cells were put under puromycin selection (1 µg/ml) for 2 weeks.

Afterwards, resistant cells were transfected with pRTS-CA-IKK2 by nucleofection
(Amaxa) and put under hygromycin selection (300 µg/ml) for 1 week. Expression

of transgenic CA-IKK2 was induced by addition of doxycycline (0.5 µg/ml) for 48

hrs and knockdown efficiency was determined by immunoblot.

anti-caspase-8 shRNA had the following sequence:

Forward:

5´–GAT CTC GGG TCA TGC TCT ATC AGA TTT CAA GAG AAT CTG

ATA GAG CAT GAC CCT TTT TGG AAA-3´

Reverse:

5´–AGC TTT TCC AAA AAG GGT CAT GCT CTA TCA GAT TCT CTT GAA

ATC TGA TAG AGC A-TG ACC CGA-3´

2.9 Exogenous expression of CFLAR

CFLAR expression vector (pcDNA3-cFLIP-long) was a kind gift of Peter Krammer

(Deutsches Krebsforschungszentrum (DKFZ), Heidelberg). Ramos cells stably

transfected with pRTS-GFP or pRTS-CA-IKK2 were transfected with pcDNA3-

cFLIP-long, using nucleofection. 24 hrs after transfection, Ramos cells were
treated with doxycycline (0.5 µg/ml) to induce expression of GFP and CA-IKK2.

Percentage of dead cells was determined after 48 hrs as described.
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2.10 Immunoblot analysis and electrophoretic mobility shift assay

2.10.1 Protein extracts

Whole cell extracts:

Whole cell protein extracts were made with Dignam C lysis buffer. Cell pellets

were suspended in 3–5 packed cell volumes of Dignam C, supplemented with

fresh PMSF (1 mM) and DTT (1 M). The cell suspension was then repeatedly snap

frozen in liquid nitrogen and thawed on ice for 3 times. The lysate was spun down

in a tabletop centrifuge at 13000 rpm for 15 min, and the supernatant containing

the extracted protein was transferred to a new tube. Extracted proteins were

stored at -80°C.

Nuclear/cytosolic extracts:

Cell pellets were suspended in 5 packed cell volumes Dignam A and incubated on

ice for 15 min. The suspension was aspirated with a 26-gauge needle for 20 times,

to dissociate the nuclei from the cytosolic compartment. The nuclei were then

pelleted by centrifugation, and the supernatant containing the cytosolic fraction

was transferred to a new tube and snap frozen in liquid nitrogen. The nuclei were

washed twice with Dignam A. Nuclear proteins were extracted using 2 packed cell

volumes Dignam C. The nuclei containing suspension was incubated on ice for 1

hr. After centrifugation, the supernatant containing the nuclear fraction was snap

frozen in liquid nitrogen and stored by –80°C.

Protein concentration:

Protein concentration was determined using Bradford solution. A colored reaction

based on protein interaction with Bradford Solution (0.01% Coomasie G-250; 5%

Ethanol, 8.5% Phosphoric acid) was quantified at 595 nm using Ultrospec 3000

Spectrophotometer (Pharmacia Biotech, England).

2.10.2 Immunoblotting

For immunoblot analysis 20-40µg of protein extract per lane were separated on

12.5% polyacrylamide gels and transferred onto polyvinylene difluoride
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membranes (PVDF, Milipore, Bedford, MA, USA). Membranes were blocked with

5-7.5% dry milk in TBS containing 0.2% Tween 20. For subsequent washes, 0.2%

Tween 20 in TBS was used. For protein detection membranes were labeled with

affinity purified specific primary antibodies. Species-specific horseradish

peroxidase-coupled antibodies were used as secondary antibodies. To reuse

membranes for incubation with a different antibody, membranes were incubated

with stripping buffer for 30 minutes at 56°C. Afterwards, the stripped membrane

was washed repeatedly with PBS-Tween.

Table 2.4: primary Antibodies used for immunoblots

Antibody Company, catalogue number
Anti-IKK1/2 Santa Cruz, SC-7607

Anti-IκBα Santa Cruz, SC-371

Anti-RelA/p65 Santa Cruz, SC-372

Anti-c-MYC Santa Cruz, SC-764

Anti-caspase-8 Alexis Biochemicals, 804-429-C050

Anti-CFLAR Alexis Biochemicals, 804-428-C050

Actin Sigma, A-5060

Table 2.5: secondary Antibodies used for immunoblots

Antibody Company, catalogue number
goat anti-rabbit IgG PIERCE, 1858415

goat anti-mouse IgG PIERCE, 1858415

donkey anti-goat Santa Cruz, SC-2033

2.10.3 Electrophoretic mobility shift assay

For electrophoretic mobility shift assay (EMSA) 5-9 µg nuclear or whole cell

extracts were incubated for 20 min at room temperature with 3 µg poly(dI/dC), 10

µg bovine serum albumin (BSA) in 5x binding buffer and radiolabeled

oligonucleotides containing specific sites for binding of NF-κB, or SP-1. DNA-

protein complexes were separated on a native 6% polyacrylamid gel.
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Specific sites:
NF-κB: 5´-GCC TGG GAA AGT CCC CTC AA-3´

Oct1: 5´- ACC TGG GTA ATT TGC ATT TCT AAA AT-3´

SP1: 5´-ATT CGA TCG GGG CGG GGC GAG C-3´

2.11 Gene expression profiling

2.11.1 Sample preparation

Ramos cells were transfected in triplicate with pRTS-GFP or pRTS-CA-IKK2 were
selected with hygromycin for 14 days and then treated with shRNA (0.5 µg/ml) for

48 hrs to induce transgene expression. GFP expression and immunoblot were

used for verification of induction of transgene expression. RNA was isolated with

RNeasy mini kit (Qiagen, Venlo, the Netherlands).

2.11.2 Affymetrix Gene Chip

Gene expression profiling (GEP) was performed using Affymetrix Human Genome
U133 Plus 2.0 Array (Affymetrix, Santa Clara, CA, USA). 2 µg of total RNA were

labeled using the GeneChip® One-Cycle Target Labeling assay kit (Affymetrix),

according to the manufacturerʼs instructions. After hybridization in a Hybridization

Oven 640 (Affymetrix), arrays were stained and washed in a FS 450 Fluidics

station (Affymetrix) before imaging on an Affymetrix GeneChip (3000) scanner.

Raw data were generated using the GCOS 1.4 software (Affymetrix).

2.11.3 Data analysis

Probe level data were obtained using the Robust Multichip Average (RMA)

normalization algorithm, and CEL files were loaded into Genesifter

(GeneSifter.Net, VizX Laboratories, Seattle, WA, USA). Genes were identified as

differentially expressed between the two classes if a two-sample t-test revealed a

nominal significance level of 0.05 and the ratio between the two classes was at

least 2-fold. Calculation of false discovery rate was done according to the method
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by Benjamini and Hochberg. Biological significance was determined using Gene

Ontology reports. Microarray data have been deposited with Gene Expression

Omnibus (GEO) under accession number GSE17129 (National Center for

Biotechnology Information; http://www.ncbi.nlm.nih.gov/geo)

2.12 RNA-isolation and RT-PCR

2.12.1 RNA preparation

Total RNA was isolated using the Trizol lysis reagent (QIAGEN) according to the
manufacturer´s protocol. 2 µg of total RNA was reversely transcribed with AMV

reverse transcriptase (Roche).

2.12.2 RT-PCR

PCR was performed using the Taq DNA polymerase (Amersham Pharmacia

Biotech). Conditions used for Fas PCR were 30 cycles with 56°C 40 sec, 72°C 1
min, 94°C 40 sec and for β-Actin 20 cycles with 58°C 40 sec, 72°C 70 sec, 94°C

40 sec.

Pimers

Fas:

Forward: 5´-CAA GTG ACT GAC ATC AAC TCC-3´

Reverse: 5´-CCT TGG TTT TCC TTT CTG TGC-3´

β-actin:

Forward.: 5´-ATC TGG CAC CAC ACC TTC TAC AAT GAG CTG CG-3´

Reverse: 5´-CGT CAT ACT CCT GCT TGC TGA TCC ACA TCT GC-3´

2.12.3 Quantitative PCR

Quantitative RT-PCR was carried out with specific primers for CFLAR and

RPL13A and SYBR Green PCR master mix. Expression level analysis was carried
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out in triplicates using LightCycler ® 480 System (Roche diagnostics, Germany).

Results were normalized with respect to RPL13A expression. Ct-values for gene

expression were calculated according to Ct-Method (Livak and Schmittgen 2001).

Primers:

CFLAR:

Forward.: 5´-TGC CTA AAG AAC ATC CCA CAG A-3´

Reverse: 5´-GCT GCT TGG AGA ACA TTT CCT-3´

RPL13A:

Forward: 5´-CGG ACC GTG CGA GGT AT-3´

Reverse 5´-CAC CAT CCG CTT TTT CTT GTC-3´

2.13 Specific materials

2.13.1 Chemicals

Chemical Company

Acetic acid Fluka, Switzerland

Acrylamide solution 40% AppliChem, Germany

Agar Gibco BRL , USA

Agarose Ultrapure, Electrophoresis Grade Gibco BRL , USA

Ampicillin sodium salt AppliChem, Germany

APS Sigma-Aldrich, Germany

β-Mercaptoethanol Sigma-Aldrich, Germany

Boric acid AppliChem, Germany

Butanol AppliChem, Germany

Bromphenolblue Carl Bittmann, Switzerland

BSA (Albumin Fraction V) AppliChem, Germany

Di-sodium-hydrogen phosphate AppliChem, Germany

DTT AppliChem, Germany

EDTA – dihydrate AppliChem, Germany



MATERIAL AND METHODS

43

Ethanol (absolute) Sigma-Aldrich, Germany

Glycerol AppliChem, Germany

Glycine AppliChem, Germany

HEPES Carl Roth GmbH , Germany

Hydrochloric acid 37% Sigma-Aldrich, Germany

Hydrogen peroxide AppliChem, Germany

Isopropanol Merck, Germany

Kanamycin AppliChem, Germany

Methanol Merck, Germany

Magnesium chloride Sigma-Aldrich, Germany

Non-fat dried milk AppliChem, Germany

Peptone from casein AppliChem , Germany

PMSF AppliChem , Germany

Potassium chloride Carl Roth GmbH , Germany

Potassium dihydrogen phosphate Merck, Germany

Propidium iodide AppliChem, Germany

SDS AppliChem, Germany

Sodium chloride AppliChem, Germany

Sodium dihydrogen phosphate Merck, Germany

Sodium hydroxide, pellets AppliChem, Germany

Sodium orthovanadate Sigma-Aldrich, Germany

TEMED AppliChem, Germany

Tris (ultrapure) AppliChem, Germany

Tri-sodium-citrate dihydrate AppliChem, Germany

Tween 20 AppliChem, Germany

Urea AppliChem, Germany

Yeast extract AppliChem, Germany

2.13.2 Reagents and materials

Item Company

Alkaline phosphatase, shrimp Roche Diagnostics, Germany

AMV reverse transcriptase Roche Diagnostics, Germany
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10bp DNA ladder Invitrogen, USA

1kb plus DNA ladder Invitrogen, USA

Gel loading buffer II Ambion, USA

Human genome U133 Plus 2.0 Array Affymetrix, USA

Hybond-N positivly charged nylon transfer membrane Amersham Biosciences, USA

dNTPs Genaxxon, Germany

Medical X-Ray Film Super RX Fujifilm, Japan

PageRuler protein ladder Fermentas Life Sciences, USA

Protease inhibitor , Complete-Mini Roche Diagnostics, Germany

PVDF membrane Milipore, USA

Random hexamer primers Invitrogen, USA

RNase A Fermentas Life Sciences, USA

RNase inhibitor Invitrogen, USA

SYBR Green PCR master mix Applied Biosystems, USA

Taq DNA polymerase Invitrogen, USA

TRIzol Invitrogen, USA

Whatman paper Biometra, USA

XL-1 blue competent cells Stratagene, USA

2.13.3 Cell culture

Component Company

RPMI Gibco, Canada

DMEM Pan Biotech, Germany

L-Glutamin 200mM Gibco, Canada

NEAA Pan Biotech, Germany

Penicillin /Streptomycin Gibco, Canada

Doxycycline MP Biomedicals, USA

Puromycin Calbiochem, USA

Hygomycin Invitrogen, USA

0.5% Trypsin/EDTA 1x Gibco, Canada
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2.13.4 Buffers

PBS buffer 10x 
NaCl        87.7 g
Na2HPO4 11.7 g
KCl 2 g
KH2PO4 2.4 g
dd H2O to 1000 ml
pH 7.3-7.4

TE buffer pH 8.0
1M Tris/HCl pH 8.0 10 ml
0.5 M EDTA pH 8.0 2 ml

  dd H2O to 1000 ml

TBS buffer 20x 
Tris 48.4 g
NaCl 160 g
dd H2O to 1000ml
adjust to pH 7.5

TBE buffer 10x
Tris (ultapure) 108 g
Boric acid 55 g
0.5 M EDTA pH 8.0 40 ml
dd H2O to 1000 ml
adjust to pH 8.3

TAE buffer 50x 
Tris 242 g
Acetic acid (glacial) 57.1 g
0.5 M EDTA pH 8.0 100 ml
dd H2O to 1000 ml

LB-Medium/plates
Tryptan/Peptone 10 g
Yeast extract 5 g
NaCl 5 g

(for plates: Agar 15 g)
dd H2O to 1000 ml
Adjust to pH 7.5
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Dignam A buffer
1 M HEPES pH 7.9 1 ml
2 M KCl 0.5 ml
1 M MgCl2 0.15 ml
dd H2O to 100 ml

Before use add the following per 10 ml Dignam:
Protease inhibitor Complete-Mini (Roche) 1 tablet
1 M DTT 10 µl
50 mM PMSF 200 µl

Dignam C buffer
1 M HEPES pH 7.9 2 ml
5 M NaCl 8.4 ml
1 M MgCl2 0.15 ml
Glycerol 25 ml
0.5 M EDTA 0.04 ml
dd H2O to 100 ml

Before use add the following per 10 ml Dignam:
Protease inhibitor Complete-Mini (Roche) 1 tablet
1 M DTT 10 µl
50 mM PMSF 200 µl

SDS-running buffer
Tris (ultrapure) 12.1 g
Glycine 57.6 g
20% SDS 20 ml
dd H2O to 4000 ml

Western-blot running gel (10% polyacrylamid)
40 % Acrylamid/Methyl - Bisacrylamid (37.5:1) 2.5 ml
1.5 M Tris/HCl pH 8.8 2.5 ml
H2O 4.8 ml
20% SDS 50 µl
10% APS 200 µl
TEMED 12 µl

Western-blot stacking gel (5% polyacrylamid)
40 % Acrylamid/Methyl - Bisacrylamid (37.5:1) 1.25 ml
0.5 M Tris/HCl pH 6.8 2.5 ml
H2O 6 ml
20% SDS 50 µl
10% APS 200 µl
TEMED 12 µl
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Semi-dry transfer buffer
Tris 5.8 g
Glycine 2.9 g
20 % SDS 1.85 ml
Methanol 200 ml
dd H2O to 1000 ml

Stripping buffer
β-Mercaptoethanol 3.45 ml
20% SDS 50 ml
1 M Tris-HCl pH 6.7 31.25 ml
dd H2O to 500 ml

EMSA running gel (6% polyacrylamid)
40 % Acrylamid/Methyl - Bisacrylamid (37.5:1) 18 ml
5x TBE 9.6 ml
dd H2O 92.4 ml
APS 700 µl
TEMED 110 µl

5x binding buffer for EMSA
1 M HEPES 5 ml
3 M KCl 4.2 ml
0.5 M EDTA 0,5 ml
dd H2O to 50 ml
(per 1 ml Buffer add 5 µl 1 M DTT)
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3 RESULTS

3.1 NF-κB activity in MYC-dependent murine lymphoma cells

Unlimited growth and proliferation of cells in response to deregulated MYC activity

is normally prevented by the rapid induction of programmed cell death (Evan et al.

1992). Several MYC-induced pathways have been linked to apoptosis most likely

serving as safeguard mechanisms against unrestricted growth and malignant

transformation. To circumvent this safeguard, MYC-driven tumors frequently

exhibit additional genetic lesions, leading to apoptosis evasion. In several

hematologic malignancies like certain T-cell and B-cell lymphomas, chronic
lymphocytic leukemias or myelomas, mutations leading to enhanced NF-κB

activity display a recurrent theme (Courtois and Gilmore 2006). NF-κB is

commonly considered to be a pro-survival factor. It induces the expression of a

number of anti-apoptotic factors, like BCL2, BCL-XL, cIAPs or CFLAR/c-FLIP.
Therefore apoptosis evasion is clearly an important contribution of the NF-κB

transcription factor in the pathogenesis of many human tumors. For a variety of

MYC-driven solid tumors and hematologic malignancies a tumor promoting
function of NF-κB signaling has been suggested (Basseres and Baldwin 2006;

Dutta et al. 2006).

3.1.1 A transgenic mouse model for conditional MYC expression

To investigate a potential role of NF-κB signaling in the context of MYC-driven

lymphomas, a transgenic mouse model was used, carrying a human c-MYC gene

under the control of the tetracycline sensitive transactivator tTA (Figure 3.1). In the

absence of doxycycline these mice develop T- and B-cell lymphomas from 10 to

12 weeks of age onwards, which are MYC dependent. Addition of doxycycline to

the drinking water abrogates transgenic MYC expression and induces tumor

regression (Marinkovic et al. 2004; Marinkovic et al. 2004). Several monoclonal

tumor cell lines have already been established from these animals and were used

in this study.
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Low NF-κB activity and low expression of NF-κB target genes have been reported

for MYC-transformed lymphoma cells of murine and human origin (Keller et al.

2005; Dave et al. 2006; Hummel et al. 2006; Schlee et al. 2007). To evaluate if
suppressed NF-κB activity is a general feature of MYC-induced lymphomas,

several mouse lymphoma cell lines established from tTA/MYC mice were analyzed
for NF-κB DNA binding activity.

Figure 3.1: Transgenic mouse model for conditional MYC expression. The µE-

tTA mice express a tetracycline sensitive transactivator (tTA) under the control of a

minimal promoter and the µ-heavy chain enhancer (µE), restricting expression of the

tTA to the lymphatic system. The TetO-MYC mice carry a human c-MYC gene and a

luciferase reporter gene under the control of a tetracycline sensitive bidirectional

promoter (TetO). In double transgenic animals, the tTA binds to the TetO sequence

inducing expression of c-MYC and the luciferase. Addition of doxycycline (DOX) to

the system inactivates tTA and prevents c-MYC expression.
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3.1.2 Basal and induced NF-κB activity in MYC-driven lymphoma cells

Using nuclear extracts of several lymphoma cell lines, basal NF-κB activity was

determined by electrophoretic mobility shift assay (EMSA). This analysis revealed
low to undetectable NF-κB DNA-binding in these MYC-driven tumor cells as

compared to the murine WEHI 231 cell line, a B-cell lymphoma line of immature
stage that shows constitutive NF-κB binding (Figure 3.2).

Figure 3.2: Analysis of basal NF-κB activity MYC-driven lymphoma cell lines.

NF-κB EMSA using nuclear extracts of different murine lymphoma cells. WEHI231

cells show constitutive NF-κB activity and were used as control. Oct1 DNA binding

served as a control for the integrity of the nuclear extracts.

This finding is consistent with the literature (Keller et al. 2005) and indicates that
NF-κB is dispensable for growth and survival of these cell lines. Low NF-κB

profiles have been found also in GC-centroblasts (Basso et al. 2004), which are

considered the normal counterparts of certain MYC-transformed B-cell
lymphomas. Therefore the absence of NF-κB could either be an attribute of the

normal growth program of the cells or point towards a deregulation of activating

signaling pathways in this tumor entity. To differentiate between these possible
explanations the effects of several known NF-κB-inducing stimulators were tested.

In response to LPS, TNF-α, or phorbol-12-myristate-13-acetate (PMA) plus
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Ionomycin treatment most T- and B-cell lymphomas showed either no or very low
NF-κB induction (Figure 3.3). Hence, absence of NF-κB activity is probably not

caused by the lack of stimulating signals but rather by impaired inducibility at

varying degrees.

Figure 3.3: Analysis of NF-κB activity in stimulated MYC-driven lymphoma

cells. EMSA using protein extracts from lymphoma cells treated with the standard

NF-κB inducers TNF-α (40 ng/ml), PMA (5 ng/ml) and Ionomycin (1 µg/ml) or LPS

(1 µg/ml) for the indicated time points. Jurkat cells treated with PMA/Ionomycin for 1

hr were used as control for NF-κB binding. Sp1 DNA was used as a control for the

integrity of the cell extracts.

Defects in NF-κB inducibility could be evoked by the absence of functional Rel-

family members or by downmodulation of inducing signaling pathways. To
determine which of these possible explanations comes true, alternative NF-κB

inducers were applied that circumvent the typical activation pathways. The

anthracycline antibiotic daunorubicin (DR) initiates p65/p50 nuclear translocation
leading to NF-κB-mediated transactivation (Boland et al. 1997). Okadaic acid (OA)

is an inhibitor of protein phosphatases PP1 and PP2A and also induces sustained
activation of NF-κB (Rieckmann et al. 1992). Lymphoma cell line 5522, which

showed no NF-κB activation in response to TNF-α or LPS, was examined for NF-

κB-activity after stimulation with daunorubicin, okadaic acid or TNF-α as control.

There were considerable increases in NF-κB binding in those cultures that were



RESULTS

52

treated with DR or OA, but no NF-κB activation was found in untreated controls or

cells treated with TNF-α  (Figure 3.4). This observation demonstrates that

functional NF-κB proteins are present in the cytosol of the MYC-driven tumor cells.

However, it also indicates that there is a defect in the NF-κB activation pathways

rather than a lack of functional Rel proteins responsible for low NF-κB responses

to typical inducers like TNF-α or PMA and Ionomycin.

Figure 3.4: Alternative activation of NF-κB in lymphoma cells. NF-κB EMSA

using nuclear extracts of B-cell lymphoma line 5522 not treated (Co) or treated for 2

hrs with daunorubicin (5µM), okadaic acid (200 nM) or TNF-α (40 ng/ml). Oct1 was

used as control for the integrity of the extracts.

3.1.3 Influence of MYC expression on NF-κB activity

MYC-mediated NF-κB suppression has been described for different cell systems

(Klefstrom et al. 1997; You et al. 2002; Ricci et al. 2007). In those studies the
observed low NF-κB levels were connected to an increased sensitivity to

apoptosis induction. To test its influence on NF-κB activity, MYC expression was

suspended by addition of doxycycline to lymphoma cell cultures. In the presence

of doxycycline transgenic MYC protein expression was completely abrogated while

p65 protein levels remained unchanged (Figure 3.5A). In the absence of
doxycycline, there is no basal activity of NF-κB in cells expressing the transgenic

MYC (Figure 3.5B, lanes 1,2). These cells were then treated with doxycycline for
12 hrs, to abrogate MYC expression. In cells lacking MYC protein NF-κB activity
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was detected by EMSA (Figure 3.5B, lanes 3,4). After washing out doxycycline
from treated cultures, MYC-expression recovered and NF-κB activity was again

absent (Figure 3.5B, lanes 5,6). Importantly, induction of NF-κB was achieved

without additional stimulation of the cells, suggesting that constitutive activation
signals in the cells are present, resulting in increased NF-κB activity, as long as

MYC overexpression is abrogated.

A

   
B

   

Figure 3.5: Abrogation of transgenic MYC expression (A) Immunoblot using

protein extracts of different B-cell lymphoma lines. Cells were treated for 12 hrs with

2 µg/ml doxycycline (+DOX), controls were not treated (-DOX). (B) EMSA using cell

extracts of two lymphoma cell lines: induction of NF-κB activity in the absence of

MYC expression. Immunoblot shows transient loss of MYC expression following

doxycycline treatment. Controls cells (1,2), cells pulse treated with doxycycline for

12 hrs (3,4) and after doxycycline withdrawal for the consecutive days (5,6).
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These observations indicate that MYC directly or indirectly represses NF-κB

activity, either interfering with the expression or the functions of components
involved in the NF-κB signaling pathway.

3.2 Modulation of NF-κB activity in murine lymphoma cells

3.2.1 Retroviral modulation of NF-κB activity

The observation that NF-κB levels are virtually absent in all investigated MYC-

driven lymphoma cells together with the unanticipated finding that pathways
leading to NF-κB activation are commonly inactivated, suggest an incompatibility

of MYC and NFκB transcription factors. To test this hypothesis a genetic approach

was applied that allows modulation of NF-κB activity in these lymphoma cells in

the presence of MYC overexpression.

Retroviral gene transfer using the vector pCFG5-IEGZ allowed introduction of
dominant mutants interfering with the NF-κB pathway. Negative modulation of NF-

κB activity was achieved by introducing a transdominant IκBαS32,36A

superrepressor (IEGZ-TD-IκBα), a mutant form of the inhibitor which cannot be

phosphorylated by IKK due to serine to alanine mutations at positions 32 and 36.

In cells expressing this mutated repressor, nuclear translocation and DNA-binding
of NF-κB is completely blocked (Figure 3.6). For activation of the NF-κB pathway,

a constitutively active mutant of the IκB kinase 2 (IEGZ-CA-IKK2) was used. In this

kinase two phospho-acceptor serine residues (S177/181) were exchanged to

glutamate residues, resulting in constitutive kinase activity. In cells expressing this
constitutively active IKK2 (CA-IKK2) the inhibitory IκB proteins are permanently

phosphorylated eventually leading to their degradation and thereby allowing
persistent translocation of NF-κB dimers into the nucleus (Figure 3.6).

Expression of both NF-κB-modulators was coupled to the expression of a GFP-

Zeocin fusion gene through an internal ribosomal entry site, which allows

identification and selection of infected cells (Denk et al. 2001; Kempe et al. 2005).

As control a retroviral vector was used which carries only the GFP/zeocin fusion

protein (IEGZ-empty).
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Figure 3.6: Retroviral modulation of NF-κB activity in murine cell lines.

Modulation of NF-κB signaling was achieved at two steps: 1. Introduction of a

constitutively active IκB-kinase 2 (CA-IKK2) causes recurrent phosphorylation of IκB

inhibitor proteins (mainly IκBα). Phosphorylated IκB proteins are ubiquitinated and

degraded while the released NF-κB complexes are translocated to the nucleus. 2.

Introduction of a transdominant negative IκBα  (TD-IκBα ), which cannot be

phosphorylated. Degradation of the inhibitor is prevented and NF-κB dimers are

retained in the cytosol.

Several MYC-lymphoma B-cell lines were infected with either IEGZ-TD-IκBα,

IEGZ-CA-IKK2, or control IEGZ-empty vectors. 24hrs later frequencies of GFP

expressing cells were evaluated by flow cytometry. Infection efficiencies varied
between 47% to 87% for TD-IκBα, 33% to 79% for CA-IKK2, and 76% to 97% for

the control vector (Figure 3.7)
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Figure 3.7: Retroviral transduction efficiency of murine lymphoma cell line

5522. Percentages of cells infected with IEGZ-empty, IEGZ-TD-IκBα, or IEGZ-CA-

IKK2 were determined by flow cytometry of GFP fluorescence 24 hrs after spin-

infection.

As early as 24 hrs post infection TD-IκBα-transgene expression could be detected

by immunoblot analysis (Figure 3.8A). A reduction in endogenous IκBα protein, a

classical NF-κB target, was detected for all TD-IκBα infected cells.

  A       B

  

Figure 3.8: Blocking NF-κB by retroviral introduction of TD-IκBα . (A)

Immunoblot analysis of TD-IκBα expression in transduced murine lymphoma cell

lines. Protein extracts were isolated 24hrs post infection. β-actin serves as loading

control (B) EMSA of NF-κB binding activity in transduced lymphoma cell line 5532.

NF-κB activation following doxycycline-mediated MYC inactivation was detectable

only in IEGZ-empty but not in IEGZ-TD-IκBα transduced cells. Doxycycline (2 µg/ml)

was added for 12 or 24 hrs respectively. Oct1 was used as control for the integrity of

the extracts.
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Functionality of the superrepressor was determined by treatment with doxycycline
for 12 and 24 hrs, which has been shown to be sufficient to induce NF-κB in these

cells. In the TD-IκBα expressing cells, induction of NF-κB was strongly reduced as

compared to empty vector infected cells (Figure 3.8B).

For the cells infected with the constitutively active IKK2, transgene expression

again was detectable 24 hrs after infection (Figure 3.9, upper panel). To test for

the function of the kinase, cell extracts were examined by EMSA. There was a
strong induction of NF-κB compared to empty-vector infected control cells (Fig.3.9,

lower panel).

Figure 3.9: Induction of NF-κB by retroviral introduction of CA-IKK2.

Immunoblot analysis of CA-IKK2 expression in transduced lymphoma lines. Protein

extracts were isolated 24 hrs after the infection. EMSA revealed induction of NF-κB

binding in CA-IKK2 expressing cells. Oct1 was used as control for the integrity of the

extracts. β-actin serves as loading control.

3.2.2 Effects of NF-κB modulation on growth and viability

Cells infected with the different viruses were surveyed under the microscope for
green fluorescence. Control-vector and TD-IκBα infected cells showed normal

single cell distribution, indistinguishable from uninfected cells. In contrast, cells
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expressing the CA-IKK2 mutant exhibited pronounced aggregation leading to large

clusters of cells (Figure 3.10).

Figure 3.10: Morphological examination of transduced cell line 5522. Bright

field and fluorescence microscopy of IEGZ-empty-, IEGZ-TD-IκBα-, and IEGZ-CA-

IKK2-transduced cells 2 days post infection. All pictures have the same

magnification.

Selection for zeocin-resistance resulted in high purity of GFP expressing cells
infected with either IEGZ-TD-IκBα or IEGZ-empty. In contrast, in cell lines infected

with IEGZ-CA-IKK2 the GFP+ compartment could not be enriched but disappeared

within days in the presence of zeocin. One plausible explanation for this

observation could be that IKK2 expression strongly interferes with proliferation or

viability of the lymphoma cells. To investigate this possibility, relative changes in

the GFP-positive compartments of the transduced cells were analyzed in the

absence of selective pressure over a time course of four days after transduction

(Figure 3.11). Percentages of GFP positive cells on day one after viral

transduction was set to 100% for each investigated culture to facilitate
comparisons. In cultures transduced with either IEGZ-empty or IEGZ-TD-IκBα the
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percentages of GFP-positive cells remained roughly equal at about 100%. This
shows that blocking NF-κB activity has no negative influence on growth or

survival, confirming the observation that active NF-κB is not involved in

proliferation of the MYC-lymphoma cells. At the same time a clear decline in the

proportion of GFP-positive cells was monitored in cultures transduced with IEGZ-

CA-IKK2 (Fig.3.11). This apparent and very rapid decrease of infected cells

suggests that cell survival is most likely affected by CA-IKK2 expression.

Figure 3.11: Relative changes in the GFP-positive fractions in transduced

cells. Three different lymphoma cell lines were transduced with IEGZ-empty, IEGZ-

TD-IκBα or IEGZ-CA-IKK2. Percentages of GFP+ cells were measured by flow

cytometry at indicated time points following retroviral infection. Percentage of GFP+

cells at day 1 after infection was set to 100% to facilitate comparisons.
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To elucidate the potential contribution of cell death in the CA-IKK2 expressing
cells, signs of apoptosis were analyzed in cultures freshly infected with the NF-κB

modulators. FACS analysis of cell line 5522 stained for Annexin-V and 7-AAD

indeed displayed increased levels of apoptosis following infection with the IEGZ-
CA-IKK2 vector in comparison to infections with IEGZ-empty or IEGZ-TD-IκBα

vector (Figure 3.12A). Increased apoptosis after CA-IKK2 expression in

comparison to IEGZ-empty transduced cells was also found in other investigated

cell lines (Figure 3.12B).

Figure 3.12: Apoptosis detection in murine lymphoma cell cultures (A) 5522

cells transduced with IEGZ-empty IEGZ-TD-IκBα or IEGZ-CA-IKK2. At day 3 after

infection, cells were stained and analyzed for AnnexinV-APC and 7-AAD binding.

(B) Cell lines 5527 and 5532 transduced with IEGZ-empty or IEGZ-CA-IKK2

analyzed for AnnexinV-APC and 7-AAD binding on day 3 after transduction.
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These observations show that CA-IKK2 expression in the lymphoma cells results

in reduced cell numbers, as a consequence of enhanced apoptosis. Taken
together, these results demonstrate that NF-κB activity is not only dispensable for

proliferation or survival of the murine lymphoma cells, but in fact its absence in

these murine cancer cells apparently is a prerequisite for tumor cell growth.

3.3 CD40-mediated NF-κB activation in murine lymphoma cells

The findings presented so far suggest a detrimental effect of NF-κB activity in the

MYC-driven lymphoma cells. However increased cell clumping and enhanced

apoptosis were observed in cells expressing high amounts of IKK2. The

overexpression of the kinase alone or IKK2-mediated activation of events besides
NF-κB initiated transcription of target genes may cause the described phenotype.

It was therefore important to investigate whether NF-κB activation by other means

could induce similar effects in the absence of transgenic IKK2 expression.
Stimulation of CD40 has been widely used to induce physiological levels of NF-κB

activity in B-cells. CD40 belongs to the TNF-receptor family (TNF receptor

superfamily member 5) and has been recognized for its critical role in activation,

proliferation and differentiation of B-cells, which has been shown to depend on the
activation of the NF-κB pathway (Zarnegar et al. 2004).

Hence it is of importance to determine whether this method of NF-κB stimulation

would lead to effects that are similar to those following IKK2 overexpression in the

murine MYC-driven lymphoma cells. An agonistic antibody against CD40 (FGK45)
was used to activate the receptor and induce CD40-mediated NF-κB activity. In

most of the tested cell lines, anti-CD40 treatment did not lead to NF-κB activation

or alteration of growth properties, which is consistent with the results for cell line

5522 shown in Figure 3.13. However, in cell line 5527 addition of anti-CD40
antibodies to the culture induced NF-κB within 6 to 12 hrs (Figure 3.13A). To

evaluate the consequences of the NF-κB activation one CD40-insensitive cell line

(5522) was compared with the sensitive cell line (5527). 5527 cells showed

massive clumping after addition of FGK45 while no effect on cell distribution was
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detectable for 5522, indicating that cell clumping is connected to enhanced NF-κB

activity (Figure 3.13B).

Figure 3.13: Stimulation of murine MYC-transformed lymphoma cells with

agonistic anti-CD40 antibody. (A) EMSA using cell extracts of CD40-insensitive

cell line 5522 and CD40-sensitive cell line 5527 after treatment with anti-CD40.

Cells were treated with 10 µg/ml anti-CD40 antibodies (FGK45) for the indicated

times. Oct1 was used as control for the integrity of the extracts. (B) Morphological

examination of 5522 and 5527 cells after anti-CD40 treatment (10 µg/ml, 20 hrs).

Next the consequences of CD40 stimulation on proliferation and viability of the two

cell lines were analyzed. For 5522 no differences in cell numbers between

untreated control cultures and cultures treated with anti-CD40 were detectable
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(Figure 3.14A). In 5527 cultures treatment with anti-CD40 antibodies resulted in

decreased cell numbers compared to untreated controls (Figure 3.14A). This may

indicate reduced proliferation or increased apoptosis in these cultures. To test for

these possible explanations the amount of dead cells in the cultures was

determined. Between 5522 control cultures and anti-CD40 treated cultures no

difference in the percentages of dead cells was found. In the 5527 cultures anti-

CD40 treatment resulted in a 3-fold increase of dead cell numbers compared to

untreated controls (Figure 3.14B).

A       B

Figure 3.14: Proliferation and viability of cells after stimulation with anti-CD40

antibody (A) Proliferation assay of 5522 and 5527 cells in the absence (white bars)

or presence of anti-CD40 antibody (black bars). 1x105 cells were seeded in

triplicates at day 0 and viable cell numbers were determined on day 2 by live cell

counting with trypan blue staining. (B) Percentages of dead cells in the absence

(white bars) or presence of anti-CD40 antibody (black bars). Viable and dead cell

numbers were determined by trypan blue exclusion.

These results clearly demonstrate that NF-κB is the causative factor for the

observed detrimental effects observed in CA-IKK2 expressing murine lymphoma

cells. Furthermore, the lack of responsiveness to CD40 signaling in most cell lines
emphasizes the notion that deregulation of the NF-κB pathway in MYC-driven

lymphoma is a recurrent theme.
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3.4 Inhibition of NF-κB in an in vivo competition assay

The results presented so far suggest a negative influence of NF-κB signaling on

proliferation and survival of MYC-driven lymphoma cells. This would deliver a
plausible explanation for a selective pressure to downmodulate NF-κB signaling

pathways in this tumor entity. However, we have shown that Rel-protein family
members are present in the cells and that NF-κB activation might occur at varying

degrees dependent on the kind of stimulation. The question arises whether a
complete block of any NF-κB activity would be advantageous to the tumor cells by

enhancing their proliferation and/or survival. In order to test this hypothesis an in

vivo competition assay was developed that allows monitoring any protective
impact of inactivated NF-κB signaling. MYC-driven lymphoma cells were

transduced with retroviral IEGZ-empty or IEGZ-TD-IκBα . These cells were

combined with parental cells at a ratio of 1/10 resulting in mixed populations with

10% GFP positive cells (Figure 3.15).

Figure 3.15: In vivo tumor competition assay. Murine B-lymphoma cell line 5522

was transduced with either IEGZ-empty or TD-IκBα. Transduced GFP+ cells were

then mixed with parental non-transduced cells at a ratio of 1/10. 107 cells of mixed

populations were injected intraperitoneally (i.p.) into syngeneic recipient mice and

lymphocytes were isolated from ascites one week later.
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Flow cytometric analysis confirmed that about 10% of this mixed populations were

GFP positive (Figure 3.16A, upper panel). 107 of these lymphoma cells were then

injected intraperitoneally (i.p.) into syngeneic mice. Recipient mice developed

ascites within one week after injection. On day 7 after injection lymphocytes were

isolated from ascites and analyzed for GFP expression by flow cytometry (Figure

3.16A, lower panel). In mice that had received the IEGZ-empty transduced

lymphoma cells the percentage of GFP+ cells was still at about 10% (Figure
3.16B). In those mice that had received the IEGZ-TD-IκBα transduced lymphoma

the percentages of GFP+ cells was increased to 23.8 ± 2.0. This indicates a

selective advantage in vivo for lymphoma cells with blocked NF-κB activation.

A B

Figure 3.16: (A) Flow cytometric determination of the GFP+-fractions in transduced

cultures before transplantation into recipient mice (upper panels) and after isolation

out of ascites (lower panels). (B) Statistical overview of competitive tumor

transplantations. Mean values of the percentages of the GFP+ fraction of cells

isolated from recipient mice (n=6 for each group) analyzed by flow cytometry.
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3.5 Modulation of NF-κB activity in BL cells

The so far presented results demonstrate that NF-κB activation in MYC-driven

murine lymphoma cells has negative influence on survival and growth. This itself is
a remarkable finding, since elevated NF-κB activity in human MYC expressing

lymphomas has been described (Alizadeh et al. 2000; Basso et al. 2005), and NF-
κB regulated MYC expression is required for mitogen-induced B-cell growth

(Grumont et al. 2002). Those observations question a general incompatibility of

the two transcription factors in human cancer cells. It is therefore of great interest
whether the modulation of NF-κB signaling might influence survival and growth of

human MYC-driven lymphoma cells in a similar way as it was found for the murine

lymphoma cells.

The described murine MYC-driven lymphomas resemble the highly aggressive

human Burkitt´s lymphoma (BL). Transcriptional deregulation of Myc in this tumor

entity is a result of chromosomal translocations putting the MYC gene under the

control of immunoglobulin enhancer elements. BL are derived from GC B-cells and

are characterized by high MYC expression and extremely fast proliferation. The
role of NF-κB for this type of cancer was a matter of debate but more recent

observations indicate, that BL cell are generally characterized by low NF-κB target

gene expression (Dave et al. 2006; Hummel et al. 2006). To clarify the role of NF-
κB signaling in MYC-driven human lymphomas would be of great clinical

relevance in respect to the development of adequate anti-cancer therapies. It was
a main goal of this study to identify potential detrimental effects of NF-κB

activation in human BL. For this purpose different established cell lines derived
from human BL were used to investigate the impact of NF-κB modulation.

3.5.1 A conditional expression system for NF-κB modulators

In contrast to the described murine lymphoma cell lines, human Burkitt´s

lymphoma cells do not carry a Tet-regulated Myc gene, thus allowing the utilization
of a Tet-regulated conditional expression system for modulations of NF-κB activity.

For this approach a novel EBV-derived episomally replicating plasmid (pRTS) was

used. This vector carries all elements for conditional expression of a gene of
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interest together with a hygromycin resistance gene (Bornkamm et al. 2005)

(Figure 3.17).

Figure 3.17: A conditional expression system for NF-κB modulators. DOX,

doxycycline; eGFP, enhanced green fluorescent protein; rtTA, reverse tetracycline

transactivator; TetO, tetracycline-sensitive operator; tTR, tetracycline-sensitive

repressor. See text for explanations.

The gene of interest and the GFP reporter are expressed under the control of

bidirectional promoter containing a TetO sequence. The pRTS-plasmid encodes a

tetracycline-sensitive repressor (tTR). In the absence of doxycycline the tTR binds

to a TetO sequence inhibiting expression of the gene of interest and the reporter

GFP. The pRTS vector also encodes a tetracycline sensitive transactivator (rtTA),

which can bind to TetO sequence. Addition of doxycycline inactivates the tTR and

activates the rtTA allowing transcription of the gene of interest and the GFP.

Hence the pRTS vectors allow high expression of a transgene upon doxycycline

addition and show virtually no background activity in the absence of inducer.
Two vectors for NF-κB modulation were constructed for this study: One containing

the TD-IκBα superrepressor (pRTS-TD-IκBα ) and another carrying the

constitutively active form of IKK2 (pRTS-CA-IKK2). A vector carrying only the GFP

(pRTS-GFP) was used as control. First the applicability of this system in human

BL cells was tested. The well-established BL cell line Ramos was transfected with
pRTS-GFP, pRTS-TD-IκBα , or pRTS-CA-IKK2. Selection for hygromycin
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resistance and induction with doxycycline resulted in over 90% GFP positive cells

(Figure 3.18).

Figure 3.18: Conditional transgene expression in a human BL cell line.

Ramos cells were transfected with pRTS-GFP, pRTS-TD-IκBα or pRTS-CA-IKK2.

After selection with hygromycin for 10 days, cells were either treated with

doxycycline (0.5 µg/ml) for 48 hrs (blue line) or not treated (red line). GFP

expression was analyzed by FACS.

Immunobloting revealed high doxycycline-induced transgene expression in the

transfected cells without any background activity (Fig.3.19A). To assess the
functionality of NF-κB modulators electrophoretic mobility shift assays were

performed. In the absence of doxycycline, transfected Ramos cells showed low
levels of constitutive NF-κB binding activity (Figure 3.19B) predominantly

consisting of RelB containing heterodimers (Figure 3.19C), in agreement with

published observations (Lernbecher et al. 1993; Kistler et al. 1998).Upon addition
of doxycycline a slight reduction of NF-κB binding was detectable in pRTS-TD-

IκBα transfected cells and a strong induction of NF-κB activity was found in the

pRTS-CA-IKK2 transfected Ramos cells (Fig.3.19B). Characterization of the NF-
κB complexes by supershift assay revealed, that CA-IKK2 expression resulted in

enhanced binding of the p50 and p65 subunits (Figure 3.19C). These results proof

functionality of the constructed vectors and their suitability to modulate NF-κB

activity in Burkitt´s lymphoma cells.
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A      B

           
C

Figure 3.19: Transfection of Ramos cells with inducible NF-κB modulators.

(A) Immunoblot analysis of transfected Ramos cells untreated or treated with

doxycycline (0.5 µg/ml) for 48 hrs. Cell extracts were analyzed for CA-IKK2, TD-

IκBα  and as a control for β-actin expression. (B) EMSA of cell extracts after

doxycycline addition. Oct1 was used as control for the integrity of the extracts. (C)

Nuclear extracts of Ramos cells transfected with pRTS-CA-IKK2 were analyzed by

EMSA supershift with a NF-κB specific probe and antibodies against p65, p50, p52,

RelB, cRel, BCL3 or polyclonal anti-rabbit-serum as control (co). Shown are extracts

from untreated control cells (-DOX) and from cells treated with doxycycline (0.5

µg/ml) for 48 hrs to induce transgene expression (+DOX).

3.5.2 Effects of NF-κB modulation on growth and viability

To investigate possible effects of NF-κB modulation in different human BL cells,

the cell lines Ramos, Raji and Namalwa were transfected with the pRTS-GFP,
pRTS-TD-IκBα, or pRTS-CA-IKK2 and selected for hygromycin resistance.

Examination of the GFP expression by flow cytometry revealed over 90%
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enrichment after 10 days of selection. Protein extracts of the transfected cells were

collected and analyzed for transgene expression. In all transfected cell lines strong
induction of TD-IκBα and CA-IKK2 expression was detectable after addition of

doxycycline for 48 hrs (Figure 3.20).

Figure 3.20 Expression of CA-IKK2 and TD-IκBα in human BL. Immunoblot

analysis of transfected BL cells untreated or treated with doxycycline (0.5 µg/ml) for

48 hrs. (A) Cell extracts analyzed for TD-IκBα expression. (B) Cell extracts were

analyzed for CA-IKK2 and as a control for β-actin expression.

Next the morphological appearances of the transfected cultures were investigated.
No alterations due to the expression of TD-IκBα were found when compared to

pRTS-GFP transfections: All cells were growing singly in suspension just as

control vector transfected cells (Figure 3.21, left and middle panels). Interestingly,

after CA-IKK2 induction by doxycycline all BL cells showed rapid clumping

resulting in large clusters of cells (Figure 3.21, right panels). This appearance was

highly reminiscent of the phenotype we observed in the murine lymphoma cell

lines after transduction with IEGZ-CA-IKK2 (Figure 3.10).
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Figure 3.21: Morphological examination of transfected BL cells. Fluorescence

microscopy of BL cells transfected with pRTS-GFP, pRTS-TD-IκBα or pRTS-CA-

IKK2 and treated with doxycycline (0.5 µg/ml) for 48 hrs.

Proliferation of the transfected cells was determined by counting GFP positive
cells over a time course of one week. For TD-IκBα expressing cells no influence

on proliferation compared to pRTS-GFP transfected Ramos cells was found
(Figure 3.22A), indicating that absence of NF-κB signaling is not critical for normal

cell growth. Notably, following expression of the transgenic CA-IKK2 we observed

a reduction in cell numbers of transfected BL cells (Figure 3.22A). This reduced

growth could either be a result of impaired proliferative potential of the cells or of

induction of cell death. In the murine lymphoma cells CA-IKK2 induced apoptosis

(Figure 3.11), therefore a similar influence on programmed cell death in the human
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cell lines was considered. The amounts of dead cells in the transfected cultures

after induction of transgene expression were determined by viable cell counts.
There were no apparent differences between pRTS-GFP and pRTS-TD-IκBα

transfected cultures. However, all BL cell lines expressing the CA-IKK2 showed a

3 to 4-fold increase in the percentages of dead cells (Figure 3.22B). This indicates

induction of cell death as a common response to expression of the transgenic CA-

IKK2 in MYC-driven lymphoma of murine and human origin.

A B

Figure 3.22: Effects of NF-κB modulation on proliferation and viability of BL-

cell lines. (A) Proliferation assay of Ramos cells expressing pRTS-GFP, pRTS-TD-

IκBα, or pRTS-CA-IKK2. GFP positive cells were counted by flow cytometry at the

indicated time points after doxycycline addition. (B) Human BL cells transfected with

pRTS-GFP, pRTS-TD-IκBα or pRTS-CA-IKK2 were seeded in triplicates and treated

with doxycycline (0.1µg/ml) for 4 days to induce transgene expression. Viable and

dead cell numbers were determined by trypan blue exclusion and percentages of

dead cells were calculated. Differences were normalized to the percentage of dead

cells in pRTS-GFP transfected cells.
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3.6 CA-IKK2-induced apoptosis in BL cells

3.6.1 Inhibition of caspase activity

To determine whether the increased amounts of dead cells following NF-κB

activation by IKK2 was the result of apoptosis induction, the pan-caspase inhibitor

zVAD was added to the cultures of Ramos-pRTS-GFP and Ramos-pRTS-CA-IKK2

cells treated with doxycycline. In the absence of the caspase inhibitor, a 3-fold

increase in percentages of dead cells was detected in the pRTS-CA-IKK2 cultures

compared to pRTS-GFP cultures. Addition of zVAD in combination with

doxycycline completely prevented the increase in cell death, demonstrating that

initiation of apoptosis contributes to the harmful IKK2 effects (Figure 3.23).

Figure 3.23: Effects of caspase inhibitor zVAD on viability of CA-IKK2

expressing Ramos cells. Percentages of dead cells following induction of

transgene expression in the absence (white bars) or in the presence of caspase

inhibitor zVAD (black bars). Viable and dead cell numbers were determined by

trypan blue exclusion. Cells were treated with doxycycline in the presence or

absence of zVAD (20µM) for 4 days.
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3.6.2 Role of CFLAR in CA-IKK2-induced apoptosis

There are two pathways leading to apoptosis induction: the intrinsic pathway and

the extrinsic pathway. The latter is initiated by ligation of certain death receptors
and NF-κB has been connected to several steps in this receptor-mediated death,

widely considered as playing an anti-apoptotic role. An important anti-apoptotic
target gene of NF-κB in this context is CFLAR (cFLIP), which prevents recruitment

of caspase-8 to the death inducing signaling complex (DISC). Interestingly, a

direct repression of CFLAR by MYC has been reported, which renders cells more

susceptible to extrinsic stimuli (Ricci et al. 2004). In Ramos and Namalwa cells

transfected with pRTS-GFP or pRTS-CA-IKK2, CFLAR expression was

determined by quantitative RT-PCR (Figure 3.24A). In Ramos cells there was a
slight induction of CFLAR mRNA following NF-κB activation. No effects were

observed in Namalwa cells. It was then analyzed whether protein levels reflected

the mRNA differences found in Ramos cells. CFLAR protein expression was

hardly detectable by immunoblot in Ramos pRTS-GFP control cells but expression

increased in cells expressing CA-IKK2 (Figure 3.24B). However, levels were low
compared to other cell lines with constitutive NF-κB activity (e.g. Hodgkin cell line

L428).

It was therefore tested whether ectopic expression of CFLAR would protect

Ramos cells from CA-IKK2-induced apoptosis. Ramos cells transfected with

pRTS-GFP and pRTS-CA-IKK2 were co-transfected with a CFLAR expression

vector. After selection expression of the transgenes was induced by addition of

doxycycline, and percentages of dead cells were determined. As expected there

was no difference in dead cell numbers between Ramos-pRTS-GFP cells

transfected with either a pcDNA control vector or the CFLAR expression vector

(Figure 3.24C). In contrast, in Ramos-pRTS-CA-IKK2 percentages of dead cells

increased about 2-fold in the control cultures compared to the CFLAR-vector

cultures. Upon expression of CFLAR, levels of dead cells were indistinguishable

from cultures without CA-IKK2 expression (Figure 3.24B). This suggests a role for

death receptor-mediated apoptosis in CA-IKK2 expressing Ramos cells.
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Figure 3.24: Role of CFLAR in CA-IKK2-mediated apoptosis. (A) Regulation of

CFLAR in Ramos and Namalwa cells expressing CA-IKK2 determined by

quantitative PCR. (B) Expression of CFLAR in transfected Ramos cells. Immunoblot

analysis of Ramos cells transfected with pRTS-GFP or pRTS-CA-IKK2 and treated

with doxycycline (0.5 µg/ml) for 48 hrs. Cell extracts were analyzed for CFLAR and

as a control for β-actin expression. (C) Percentages of dead cells following

transfection of Ramos-pRTS-GFP and Ramos-pRTS-CA-IKK2 with either pcDNA

(control, white bars) or a CFLAR expression vector (black bars). Cells were treated

with doxycycline (0.5 µg/ml) for 7 days.

3.6.3 Role of caspase-8 in CA-IKK2-induced apoptosis

As CFLAR prevents caspase-8 activation, it was assumed, that knockdown of

caspase-8 would protect Ramos cells from CA-IKK2-induced apoptosis. To test

this hypothesis Ramos cell lines stably expressing a specific shRNA against
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caspase-8 (sh-C8) alongside with pRTS-CA-IKK2 were generated. Transgenic

IKK2 expression was induced by doxycycline treatment, and protein extracts were

analyzed for caspase-8 by immunoblot. Ramos cells transfected with the sh-C8

vector showed considerable reduction in caspase-8 expression compared to

Ramos cell transfected with a control shRNA (Figure 3.25A). In these cells, CA-

IKK2-induced cell death was completely abolished (Figure 3.25B). These results

demonstrate that the extrinsic death signaling pathway is responsible for the IKK2-

induced apoptosis.

Figure 3.25: Role of caspase-8 in CA-IKK2-induced apoptosis. (A) Immunoblot

analysis of Ramos-pRTS-CA-IKK2 cells stably transduced with shRNA expression

vectors encoding either a scrambled shRNA (sh-co) or shRNA specific for caspase-

8 (sh-C8). (B) Percentages of dead Ramos cells expressing sh-co (white bar) or sh-

C8 (black bar) following CA-IKK2 transgene expression. Cells were treated with

doxycycline (0.5 µg/ml) for 6 days.
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3.7 Specificity of CA-IKK2-induced apoptosis

So far cell death induced by overexpression and activation of CA-IKK2 was

observed in cell lines with deregulated MYC expression. The question remains

whether the harmful effects induced by CA-IKK2 would also occur in other

lymphoma entities. To investigate this issue, a human classical Hodgkin

lymphoma cell line (KM-H2) and a cell line representing primary mediastinal B-cell
lymphoma (MedB1) were transfected with the NF-κB modulators. These cell lines

show high (KM-H2) or moderate (MedB1) basal NF-κB activity. As in the BL cell

lines, the transfection with pRTS-CA-IKK2 resulted in high expression levels of the

kinase, exceeding the endogenous levels of IKK2 expression (Figure 3.26A).

Figure 3.26: Effects of CA-IKK2 expression in other lymphoma (A) Immunoblot

of MedB1 and KM-H2 cells transfected with either pRTS-GFP or pRTS-CA-IKK2.

Cells were treated with doxycycline (0.5 µg/ml) for 48 hrs to induce transgene

expression. Cell extracts were analyzed for CA-IKK2 and, as a control, for β-actin

expression. (B) Percentages of dead cells transfected with pRTS-GFP (white bars)

of pRTS-CA-IKK2 (black bars) following induction of transgene expression. Viable

and dead cell numbers were determined by trypan blue exclusion. Cells were

treated with doxycycline (0.5 µg/ml) for 6 days.
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Cell death in cultures of transfected KM-H2 and MedB1 and again in cultures of

transfected Ramos and Namalwa cells was analyzed by viable cell counts. There

were no significant differences between percentages of dead cells in pRTS-GFP

and pRTS-CA-IKK2 transfected KM-H2 and MedB1 cultures. At the same time in

Ramos and Namalwa cells again a 3 to 4-fold increase in cell death was detected

(Figure 3.26B). This result implies CA-IKK2-induced cell death is specific for MYC-

driven lymphomas. Furthermore, these observations rule out the possibility of toxic

effects due to a supraphysiological overexpression of IKK2, since also in KM-H2

and MedB1 cells, CA-IKK2 levels are high above the endogenous levels of IKK2

expression without interfering with viability.

3.8 NF-κB dependency of CA-IKK2-induced effects in BL cells

3.8.1 Inhibition of NF-κB activity in the presence of CA-IKK2

Although phosphorylation of the IκB proteins is the best-established function of

IKK2, other targets of this kinase have been described (Scheidereit 2006). It was

therefore important to elucidate if other signaling pathways downstream of IKK2

activation might be involved in the observed phenotypes. To assess the role of
NF-κB in this context nuclear translocation after IKK2 activation was blocked. The

described TD-IκBα repressor prevents NF-κB activity while potential other IKK2

targets are unaffected. Ramos cells were transduced with a retroviral vector
expressing TD-IκBα (IEGZ-TD-IκBα) or a control vector (IEGZ-empty). After

selection with zeocin over 95% of the cells were GFP-positive (Figure 3.27, upper

row). These cultures were then transfected with the pRTS-GFP or pRTS-CA-IKK2

constructs, and after addition of doxycycline for 24 hrs transfection efficiencies

were determined (Figure 3.27, middle row). The pRTS vectors induced a 10 to

100-fold higher GFP expression than the IEGZ vectors allowing the discrimination

between cells that are positive for IEGZ only (GFPlow) and those that are positive

for pRTS (GFPhigh). Selection of transfected cell with hygromycin for ten days

resulted in over 77% to 92% cells positive for GFPhigh.
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Figure 3.27: Flow cytometric analysis of stably transduced Ramos cells.

Without doxycycline cells show moderate GFP fluorescence due to retroviral

expression of the reporter (upper row). Upon stimulation with doxycycline, cells

transfected with the pRTS vectors are identified by higher GFP expression (middle

row). After selection with hygromycin (300 µg/ml) for 10 days, stimulation of inducer

resulted in high GFP fluorescence of most cells (lower row).

Cells harboring IEGZ and pRTS constructs were then analyzed for transgene
induction (immunoblot) and NF-κB activity (EMSA) after doxycycline addition for

48 hrs (Figure 3.28). Cells stably transduced with the IEGZ-empty vector showed
very low basal NF-κB activity when transfected with pRTS-GFP and an obvious

increase in NF-κB binding following CA-IKK2 expression. Cells stably transduced

with the IEGZ-TD-IκBα vector had no detectable NF-κB activity, and no induction

of NF-κB was found after CA-IKK2 expression was induced. As expected, TD-

IκBα completely blocks CA-IKK2-induced NF-κB activity allowing the identification

of any NF-κB independent effects of CA-IKK2 expression.
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Figure 3.28: Activity of NF-κB in the absence or presence of TD-IκBα.

Immunoblot and EMSA analysis of Ramos cells stably transduced with IEGZ-empty

or IEGZ-TD-IκBα and transfected with inducible pRTS-GFP or pRTS-CA-IKK2.

Doxycycline was added to cultures (0.5 µg/ml) for 48 hrs to induce transgene

expression.

3.8.2 NF-κB inhibition in CA-IKK2 expressing Ramos

Morphological investigations revealed that in the presence of IEGZ-TD-IκBα the

CA-IKK2-induced massive clumping phenotype was largely attenuated. This
observation suggests that NF-κB causes the enhanced cell-cell adhesion (Figure

3.29). In IEGZ-empty vector transduced cells significant reductions in cell numbers

were observed after CA-IKK2 expression (Figure 3.30A, left diagram). By contrast,
Ramos cells expressing the IκBα-superrepressor showed only little reduction in

cell numbers following CA-IKK2 induction, indicating that NF-κB signaling is

responsible for the proliferative defects observed in Burkitt´s lymphoma (Figure

3.30A, right diagram).
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Figure 3.29: Morphological examination of transfected Ramos cells.

Fluorescence microscopy of cells treated with doxycycline for 5 days.

To ascertain whether this rescue of proliferation upon NF-κB inactivation may be

the result of reduced apoptosis induction, viable cell counts were determined.
Blocking NF-κB indeed prevented CA-IKK2-induced cell death (Figure 3.30B).

While in IEGZ-empty transduced cells 2 to 3-fold increases in dead cell numbers

were observed after CA-IKK induction, no effect of CA-IKK2 was seen in those
cells expressing TD-IκBα. This result clearly demonstrates the utmost significance

of NF-κB signaling for the detrimental effects following CA-KK2 expression in BL.
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A

B

Figure 3.30: Proliferation and viability in the absence of NF-κB signaling. (A)

Proliferation assay of Ramos cells expressing NF-κB modulators. Cells were stably

transduced with IEGZ-empty (left diagram) or IEGZ-TD-IκBα (right diagram) and

transfected with either pRTS-GFP or pRTS-CA-IKK2. Viable cell numbers were

determined by trypan blue exclusion at the indicated time points. (B) Viable cell

counts of transduced Ramos cells transfected with either pRTS-GFP (white bars) or

pRTS-CA-IKK2 (black bars). Viable and dead cell numbers were determined by

trypan blue exclusion. Cells were treated with doxycycline (0.5 µg/ml) for 6 days.
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3.9 CD40-mediated NF-κB activation in BL cells

The importance of NF-κB signaling for cell clustering, reduced proliferation, and

induced apoptosis after IKK2 activation has been shown. However, these effects

were induced by introduction of the constitutively active IKK2, which is highly

expressed in the transfected cells. To exclude the possibility that

supraphysiological expression of CA-IKK2 might be responsible for the detrimental
effects observed in BL, a physiological activation of NF-κB pathways should be

performed. In murine MYC-driven lymphoma cells it has been demonstrated that
CD40-mediated NF-κB activation causes similar effects as CA-IKK2 expression

(Figures 3.13 and 3.14). Therefore treatment with agonistic anti-CD40 antibodies
was considered a suitable method to induce NF-κB in human BL cells. Ramos and

Namalwa cells were treated with such agonistic antibodies (G28.5; 1µg/ml) for 3,

6, 12, 24 and 48 hrs. Afterwards, whole cell extracts were subjected to EMSA. In
Ramos cells NF-κB was induced after 6 to 12 hrs of stimulation with G28.5 while

Namalwa cells appeared insensitive to CD40-mediated NF-κB activation (Figure

3.31A). One consequence of anti-CD40 treatment in Ramos cells was the

induction of cell-cell adhesion, promoting large clusters of cells (Figure 3.31B). In

Namalwa cultures treated with G28.5 no effect on morphology was seen again
suggesting a role of NF-κB for the formation of large cell aggregates (Figure

3.31B).
Additional effects of CA-IKK2-mediated NF-κB activation in BL cells were reduced

proliferation and induction of apoptosis (Figure 3.30A,B). It was therefore
investigated whether CD40-mediated NF-κB signaling influences cell number and

viability of Ramos cells in a similar fashion. Viable cell counts revealed reductions

in cell numbers after stimulation with G28.5 for three to four days (Figure 3.32A).

The percentages of dead cells were increased in anti-CD40 treated cultures

compared to untreated controls (Figure 3.32B). Interestingly, no effects of anti-

CD40 on proliferation or viability were found in Namalwa cells.
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Figure 3.31: Stimulation of BL cell lines Ramos and Namalwa with agonistic

anti-CD40 antibody. (A) EMSA using cell extracts of Ramos and Namalwa cells

after treatment with anti-CD40. Cells were treated with 1 µg/ml G28.5 antibodies for

the indicated times. Oct1 EMSA was used as control for the integrity of extracts. (B)

Morphological examination of Ramos and Namalwa cells after anti-CD40 treatment

(1 µg/ml, 18 hrs).

Together these results imply a significant influence of NF-κB signaling on the

alterations of growth behavior, proliferation and viability of CD40 sensitive Ramos.
The lack of CD40-mediated NF-κB activation in Namalwa cells may be an
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additional hint that NF-κB-activation pathways in MYC-driven human BL cells are

deregulated at varying degrees.

A         B

   

Figure 3.32: Proliferation and viability of Ramos cells after stimulation with

agonistic anti-CD40 antibodies. (A) Proliferation assay of Ramos cells with or

without anti-CD40 antibody (G28.5). 1x105 cells were seeded in triplicates at day 0,

and viable cell numbers were determined on the consecutive days by live cell

counting with trypan blue staining. (B) Percentages of dead cells in the absence

(white bars) or presence of anti-CD40 antibody (black bars). Viable and dead cell

numbers were determined by trypan blue exclusion.

3.10 Gene Expression profiling of CA-IKK2 expressing Ramos

So far it could be shown that NF-κB activation due to CA-IKK2 expression induces

alterations in growth and survival of BL cells. NF-κB regulates the transcription of

a huge variety of different genes depending on the cellular context. A possible

mechanistic explanation for the observed phenotypes in BL cells requires a

thorough analysis of the induced genes following CA-IKK2 expression. To identify

genes that are regulated in response to CA-IKK2 the affymetrix chip technology

(Human Genome U133 Plus 2.0) for expression profiling was applied. For this

approach Ramos cells were transfected with the pRTS control vector or the pRTS-
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CA-IKK2 vector. All transfections were carried out in triplicates. After one week of

selection (hygromycin) expression of the transgenes was induced by doxycycline

treatment (48 hrs), and cells were scanned for GFP expression by flow cytometry.

All cultures were positive for GFP fluorescence (>95%). The mRNA of the

transfected cells was isolated and used for hybridization (Chip facility of Medical

faculty, Ulm University). To detect genes regulated in response to CA-IKK2,

expression of genes in the RAMOS-CA-IKK2 was compared to RAMOS-pRTS-

GFP (Figure 3.33).

Figure 3.33: Gene expression profiling for detection of NF-κB targets in

Ramos. Ramos cells were transfected in triplicates with pRTS-GFP or pRTS-CA-

IKK2. After selection with hygromycin for 14 days cells were treated with

doxycycline (0.5 µg/ml) for 48 hrs to induce transgene expression. RNA was

isolated and hybridized on Affymetrix Human Genome U133 Plus 2.0 arrays for

gene expression profiling.
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By applying a threshold of 2 (at least 2-fold regulated) a total of 378 genes were

identified that were differentially expressed in both groups. 308 genes were

upregulated and 70 genes were downregulated in Ramos-CA-IKK2 cells

compared to the control group. Microarray data have been deposited with Gene

Expression Omnibus (GEO) under accession number GSE17129 (National Center

for Biotechnology Information; http://www.ncbi.nlm.nih.gov/geo). Of these genes

271 had known functions and were grouped by their physiological role according

to Gene Ontology (GO) (Ashburner et al. 2000) (Figure 3.34).
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Figure 3.34: Regulated genes following CA-IKK2 expression. Representation

of genes with known function classified by their physiological role.

3.10.1 Regulation of antigen presentation and cell adhesion genes

NF-κB is known for its contributions to signal transduction events and regulation of

the immune response. Hence it was not surprising to find the highest numbers of

regulated genes in these classes with 45 and 39, respectively. However, in the

context of this study it was of particular importance to identify differences in gene

expression that might be related to the described phenotypes. Therefore this

analysis focused on genes involved in cell adhesion, proliferation and apoptosis.

Several genes coding for cell adhesion molecules were upregulated in response to

IKK2 activity (Table 3.1). Induction was found for ICAM-1, which is commonly
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expressed on B-cells mediating contact to T-cells. ICAM-1 is an acknowledged
NF-κB target (van de Stolpe and van der Saag 1996). Two induced integrins,

which also mediate cell adhesion, were CD11b/ITGAM and CD18/ITGB2 (LFA-1).

Furthermore an induction of CD58 (LFA-3) was noted. CD58 can bind to CD2 on

T-cells. Altogether these alterations deliver a plausible explanation for the

enhanced formation of large cell clusters observed in all BL lines following CA-

IKK2 expression.

GENE  NAME                  RATIO

Cell-Adhesion      

IL32 Interleukin 32 18.40 UP
CCL5 Chemokine (C-C motif) ligand 5 17.83 UP
ICAM1 Intercellular adhesion molecule 1 (CD54), human rhinovirus receptor 13.51 UP
FBLN5 Fibulin 5 6.28 UP
ITGB2 Integrin, beta 2 (complement component 3 receptor 3 and 4 subunit) 5.69 UP
ADAM8 ADAM metallopeptidase domain 8 5.18 UP
ITGAM Integrin, alpha M (complement component 3 receptor 3 subunit) 3.41 UP
FCGBP Fc fragment of IgG binding protein 3,27 UP
CD58 CD58 molecule 3.00 UP

Antigen
Presentation      
HLA-DQA1 Major histocompatibility complex, class II, DQ alpha 1 13.10 UP
HLA-DQB1 Major histocompatibility complex, class II, DQ beta 14.94 UP
IFI30 Interferon gamma-inducible protein 30 2.94 UP
HLA-DMB Major histocompatibility complex, class II, DM beta 2.77 UP
HLA-DOB Major histocompatibility complex, class II, DO beta 2.45 UP
HLA-DPB1 Major histocompatibility complex, class II, DP beta 1 2.44 UP
HLA-DRB1 Major histocompatibility complex, class II, DR beta 1 2.42 UP
HLA-DRB4 Major histocompatibility complex, class II, DR beta 4 2.31 UP
HLA-DRA Major histocompatibility complex, class II, DR alpha 2.13 UP
HLA-A Major histocompatibility complex, class I, A 2.06 UP

Table 3.1: Regulated genes involved in antigen presentation and cell adhesion. Ratio of gene

expression in pRTS-CA-IKK2 transfected versus pRTS-GFP transfected Ramos cells.

CA-IKK2 expression also led to an upregulation of various genes involved in

antigen processing and presentation (Table 3.1). Several major histocompatibility

complex (MHC) genes were induced, most of them belonging to class II and one

belonging to class I. In addition an almost 3-fold upregulation of interferon gamma-
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inducible protein 30 (IFI30) could be detected. This gene encodes for an enzyme

of particular importance for MHC class II restricted antigens. In relation to class II-

mediated antigen presentation another regulated gene was identified: the

transcription factor CIITa , the master regulator for expression of major

histocompatibility complexes (classified under transcription by GO) was

upregulated 2.48-fold following IKK2 activation. Also expression of TAP1

(classified under immune response by GO), a member of the MDR/TAP family of

ABC transporters, was found enhanced 2.29-fold. This transporter is involved in

MHC class I-mediated processing of antigens by transporting cytosolic peptides

into the endoplasmatic reticulum.

3.10.2 Regulated genes involved in cell cycle progression

Several regulated genes involved in cell-cycle regulation were identified (Table

3.2). Most prominently, enhanced expression of RASSF4 was detected, a gene

which has been described as a potential tumor suppressor, due to its anti-

proliferative effects (Eckfeld et al. 2004).

GENE       NAME          RATIO
Cell-Cycle      
RASSF4 Ras association (RalGDS/AF-6) domain family 4 7.75 UP
STAG3 Stromal antigen 3 3.90 UP
PLEKHO1 Pleckstrin homology domain containing, family O member 1 2.89 UP
CYLD Cylindromatosis (turban tumor syndrome) 2.62 UP
TUBB2B Tubulin, beta 2B 2.39 UP
WEE1 WEE1 homolog (S. pombe) 2.21 UP
MACF1 Microtubule-actin crosslinking factor 1 2.00 UP
HGF hepatocyte growth factor (hepapoietin A; scatter factor) 0.34 DOWN

Table 3.2: Regulated genes involved in cell cycle progression. Ratio of gene expression in

pRTS-CA-IKK2 transfected versus pRTS-GFP transfected Ramos cells.

Other genes related to cell-cycle control were only slightly differentially expressed

in the Ramos-CA-IKK2 cells and had either cell-cycle promoting (STAG3, CYLD,

TUBB2B) or inhibiting (PLEKHO1, WEE1, MACF1) character. The mitosis

promoting hepapoietin A (HGF) was downregulated about 3-fold.



RESULTS

90

3.10.3 Regulated genes involved in apoptosis

In addition, a large number of differentially expressed genes related to cell survival
and apoptosis could be observed (Table 3.3). As expected, activation of the NF-κB

pathway via CA-IKK2 caused upregulation of a set of genes, commonly associated

with anti-apoptotic functions. Especially members of the anti-apoptotic BCL2 family

(BCL2, BCL2L1/BCL-X, BCL2A1), CFLAR/FLIP and the caspase inhibitor

cIAP2/BIR3, were induced.

GENE            NAME            RATIO
Anti-Apoptosis      
BCL2A1 BCL2-related protein A1 84.16 UP
SGK1 Serum/glucocorticoid regulated kinase 1 30.87 UP
TNFRSF9 Tumor necrosis factor receptor superfamily, member 9 23.62 UP
TNFAIP3 Tumor necrosis factor, alpha-induced protein 3 17.08 UP
CD40 CD40 molecule, TNF receptor superfamily member 5 6.70 UP
IL1B Interleukin 1, beta 6.31 UP
NUP62 Nucleoporin 62kDa 5,05 UP
ATF5 Activating transcription factor 5 3.68 UP
TRAF1 TNF receptor-associated factor 1 3.03 UP
PIM1 Pim-1 oncogene 2.87 UP
IL2RA Interleukin 2 receptor, alpha 2.72 UP
BIR3 baculoviral IAP repeat-containing 3 2.61 UP
IER3 Immediate early response 3 2.51 UP
BCL2 B-cell CLL/lymphoma 2 2.47 UP
BCL3 B-cell CLL/lymphoma 3 2.46 UP
CFLAR CASP8 and FADD-like apoptosis regulator 2.44 UP

NFKB1
Nuclear factor of kappa light polypeptide gene enhancer in B-
cells 1 (p105) 2.43 UP

NEK6 NIMA (never in mitosis gene a)-related kinase 6 2.32 UP
BCL2L1 BCL2-like 1 2.07 UP

Pro-Apoptosis      
FAS Fas (TNF receptor superfamily, member 6) 29.74 UP
BTG1 B-cell translocation gene 1, anti-proliferative 4.48 UP
PLAGL1 Pleiomorphic adenoma gene-like 1 4.11 UP
IFIH1 Interferon induced with helicase C domain 1 3.53 UP
BID BH3 interacting domain death agonist 2.27 UP
RUNX3 Runt-related transcription factor 3 2.03 UP

ID3
Inhibitor of DNA binding 3, dominant negative helix-loop-helix
protein 0.50 DOWN

Table 3.3: Regulated genes involved in apoptosis. Ratio of gene expression in pRTS-CA-IKK2

transfected versus pRTS-GFP transfected Ramos cells.
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However, enhanced expression of several genes described as pro-apoptotic

factors was also apparent. Most significantly, we found increased expression of

Fas, a well-studied death receptor, which induces apoptosis via FADD (Fas

associated death domain) and caspase-8 activation. Other factors that have been

connected to apoptosis induction were regulated at a much lower degree. This
distinctive upregulation of the Fas death receptor gene suggested that NF-κB

activation could render Ramos cells highly sensitive to Fas-ligation. Notably it was

shown previously that the induction of cell death in BL cells is mediated via the

death receptor pathway, since ectopic expression CFLAR and shRNA against

caspase-8 prevented cell death (Figure 3.24, 3.25). Altogether these results could

provide a possible explanation for the higher apoptotic rate in Ramos cells

expressing CA-IKK2.

3.11 Fas-induced apoptosis in BL cells

3.11.1 Fas surface expression following CA-IKK2 expression

Fas-receptor-signaling plays a pivotal role for lymphocyte homeostasis and Fas-

induction by CA-IKK2 could render BL cells susceptible to apoptosis. Even though

it was shown that CA-IKK2 expression causes enhanced expression of Fas

mRNA, it had to be verified that functional Fas receptor molecules are produced.

Therefore Fas surface expression was first determined in Ramos and Namalwa

cells transfected with pRTS-GFP or pRTS-CA-IKK2. Surface expression of Fas

was determined by staining with an agonistic anti-Fas antibody (APO-I) and Alexa-

647-conjugated secondary antibodies. Upon induction of CA-IKK2 expression by

doxycycline treatment 70% to 80% of the transfected cells became GFP-positive.

This allowed the comparison of Fas surface expression levels in the GFP- and the

GFP+ fractions. In control-transfected Ramos and Namalwa cells no differences in

Fas expression between GFP- and GFP+ cell were detected (Figure 3.35). In

contrast, cells transfected with the pRTS-CA-IKK2 showed strong upregulation in

the majority of the GFP+ cells while GFP- cells were negative for Alexa-647
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fluorescence (Figure 3.35). This result clearly shows that the induction of Fas

depends on CA-IKK2 expression.

Figure 3.35: Surface expression of Fas on BL-lines Ramos and Namalwa, cHL

line KM-H2 and PMBL line MedB1. A) Transfected Ramos, Namalwa, KM-H2 and

MedB1 cells analyzed for Fas surface expression. Cell lines were transfected with

either pRTS-GFP or pRTS-CA-IKK2. Cells were treated with doxycycline (0.5 µg/ml)

for 48 hrs, incubated with APO-I supernatant and an adequate secondary antibody

conjugated to Alexa-647 fluorochrome. Stained cells were analyzed by flow

cytometry, and gates were set on GFP-(grey line) and GFP+ fractions (black line).

In BL cells cell death was apparent after CA-IKK2 expression while in the Hodgkin

lymphoma line KM-H2 and the primary mediastinal B cell lymphoma line MedB1
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no effect on cell death had been observed. KM-H2 and Med-B1 were also
analyzed for Fas surface expression after NF-κB activation. Interestingly, there

was no influence of CA-IKK2 on Fas surface expression in these cell lines (Figure

3.35).

3.11.2 Fas sensitivity of BL cells following CA-IKK2 expression

To analyze whether the induction of Fas renders BL cells more sensitive to death

receptor-mediated apoptosis, Ramos and Namalwa cells transfected with pRTS-

CA-IKK2 or pRTS-GFP were treated with agonistic anti-Fas antibodies (APO-I).

Cells transfected with pRTS-CA-IKK2 showed increased levels of dead cells (3- to

4-fold) already in the absence of APO-I when compared to pRTS-GFP transfected

cells (Figure 3.36). In the presence of APO-I the amount of dead cells was further

enhanced (2-fold), indicating sensitivity of these cells to Fas ligation. At the same

time no differences in dead cell numbers were found for pRTS-GFP cells either in

the presence or absence of APO-I antibody.

Figure 3.36: Fas sensitivity of BL cells expressing CA-IKK2. Percentages of

dead cells in Ramos and Namalwa cultures transfected with pRTS-GFP or pRTS-

CA-IKK2 in the absence or presence of agonistic anti-Fas antibody (APO-I). Cells

were cultured in the presence of doxycycline for 2 days to induce transgene

expression and treated with APO-I supernatant (5% f.c.) where indicated for

additional 72 hrs hrs. Viable and dead cell numbers were determined by trypan blue

exclusion.
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3.11.3 NF-κB dependency of Fas-induced apoptosis

To test whether this Fas-mediated death is dependent on IKK2-induced NF-κB

activity, Ramos cells stably transduced with the retroviral IEGZ vectors (Figure
3.24) were again investigated. In cells transfected with IEGZ-TD-IκBα , the

introduced superrepressor prevents NF-κB activation even in the presence of high

levels of CA-IKK2. As control Ramos cells transduced with IEGZ-empty were

used. The stably transduced Ramos cells were transfected with pRTS-GFP or

pRTS-CA-IKK2. After transgene induction with doxycycline, total RNA was isolated

and analyzed for Fas mRNA by RT-PCR. There was a clear induction of Fas

mRNA in IEGZ-empty transduced cells after expression of CA-IKK2 (Figure

3.37A).

A B

      
    

Figure 3.37: NF-κB dependency of Fas-induced apoptosis in Ramos cells. (A)

Fas mRNA expression analyzed by RT-PCR. Ramos cells were stably transduced

with either IEGZ-empty or IEGZ-TD-IκBα and transfected with pRTS-GFP or pRTS-

CA-IKK2. Total RNA was isolated 48 hrs after addition of doxycycline to the culture

medium. (B) Percentages of dead cells in cultures of Ramos-IEGZ-empty (white

bars) or Ramos-IEGZ-TD-IκBα (black bars) transfected with either pRTS-GFP or

pRTS-CA-IKK2 after addition of agonistic anti-Fas antibody (APO-I). Fas sensitivity

of Ramos-CA-IKK2 is abrogated by TD-IκBα expression. Doxycycline (0.5 µg/ml)

was added to the culture medium for 4 days, and APO-I supernatant (5% f.c.) was

added for additional 24 hrs. Viable and dead cell numbers were determined by

trypan blue exclusion.
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In Ramos cells expressing TD-IκBα  Fas mRNA signals were much lower,

indicating that Fas expression is indeed NF-κB dependent. The effects of blocked

NF-κB on Fas-mediated death were tested in a functional assay. Transfected cells

were treated with doxycycline for 48 hrs to induce transgene expression.

Afterwards APO-I was added for additional 48 hrs. There was no effect of APO-I

on Ramos cells transfected with pRTS-GFP irrespective of the presence of IEGZ-
TD-IκBα vector or the IEGZ-empty vector (Figure 3.37). When pRTS-CA-IKK2

transfected cells were treated with APO-I, a significant increase in dead cell

numbers was seen in those cultures expressing the IEGZ-empty construct. In

comparison the numbers of dead cells were drastically reduced in those cells
expressing the IEGZ-TD-IκBα. This clearly demonstrates the causative role of NF-

κB signaling for Fas sensitivity in the BL.

3.11.4  Effects of neutralizing anti-FasL on CA-IKK2-induced apoptosis

The high expression of Fas after NF-κB activation can contribute to apoptosis of

the cells in vitro via 2 ways. (1) Apoptosis can be the result of Fas-ligand (FasL)

expression by the Ramos cells that would result in Fas receptor ligation in an

autocrine manner. (2) Apoptosis could be induced by a ligand-independent self-

assembly of the receptors, which has been described. Quantitative RT-PCR did

not detect any signal for Fas-ligand in Ramos or Namalwa cells, irrespectively of

CA-IKK2 expression. Furthermore, the increase in apoptosis of CA-IKK2-

expressing Ramos cells could not be prevented by addition of neutralizing anti-

human FasL mAbs (Figure 3.38).

Together this suggests a ligand independent auto-activation of Fas receptors

responsible for the observed effects in vitro. However, different mechanisms of

Fas activation may contribute to apoptosis in vivo, where additional cells express

FasL on their surface.
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Figure 3.38: Effects of neutralizing anti-human FasL mAbs on IKK2-induced

apoptosis. Ramos cells transfected with either pRTS-GFP or pRTS-CA-IKK2 were

treated with doxycycline (0.5 µg/ml) in the presence or absence of neutralizing anti-

human FasL mAb NOK1 (2 µg/ml) for 5 days, and afterwards cells were analyzed

for AnnexinV binding.
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4 DISCUSSION

For almost three decades the MYC oncogene has been extensively studied and

much progress has been made elucidating its complex role in growth control,

differentiation and apoptosis. It is now assumed that MYC regulates the

expression of over 15% of all cellular genes, governing functions involved in cell

cycle, survival, protein synthesis, cell adhesion, metabolism and micro-RNA

expression (Dang et al. 2006). A broad range of scientific fields has participated in

MYC research yet still many aspects of this multifunctional transcription factor

remain enigmatic (Meyer and Penn 2008).

MYC has been recognized as one of the most frequently affected genes in a large

variety of human cancers, and deregulated MYC expression is often connected to

a poor prognosis. Many studies have contributed to our understanding of the

molecular basis of MYC-driven tumorigenesis. In the mid 1980´s a number of

publications described the oncogenic capacities of deregulated MYC activity. It

was demonstrated that expression of MYC under control of the heavy chain

enhancer element was sufficient to induce lymphomagenesis in mice (Adams et al.

1985). A year later the group of P. Leder confirmed and expanded these results by

using a mammary tumor virus LTR/c-myc fusion gene. This construct allowed

conditional expression of MYC in different organs, resulting in the development of

tumors originating from breast, testicular or hematopoietic tissues (Leder et al.

1986). Shortly after it was found that MYC expression can provoke mitogen-

independent proliferation of cells (Cavalieri and Goldfarb 1987; Cavalieri and

Goldfarb 1988; Eilers et al. 1991) while it blocks cellular differentiation (Coppola

and Cole 1986; Maruyama et al. 1987). In accordance with these neoplastic

functions it was established more recently that MYC also acts as angiogenic

regulator (Baudino et al. 2002). By inducing growth of blood vessel MYC

apparently supports micro-environments of developing tumors.

In summary these observations corroborated the view of MYC as a tumor-

promoting factor. However, in the early 1990´s some contradictory results

questioned this appraisal: MYC was identified as a potent inducer of apoptosis. In

an IL-3 dependent myeloid cell line, withdrawal of the cytokine was followed by
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downregulation of MYC, G1 arrest and delayed cell death. Exogenous expression

of MYC in these cells induced rapid cell death (Askew et al. 1991). In Rat1

fibroblasts deregulated MYC expression prevented exit from cell cycle while

apoptosis was enforced (Evan et al. 1992). Similar observations where made with

other oncogenic transcription factors like E1A (Rao et al. 1992) and E2F1 (Qin et

al. 1994; Wu and Levine 1994). From the apparently paradox functions of these

oncogenes a new hypothesis arose: the sensitization to apoptosis by MYC and

other oncogenic transcription factors might be a general mechanism of tumor

prevention, a build-in fail safe program to induce cellular suicide in response to

unrestricted growth. It was assumed that the apoptosis inducing signals have to be

overcome by additional genetic alterations to induce neoplasia (Cotter 2009). The

use of animal models to study the effects of MYC in cancer development
supported this view. In the Eµ-MYC mouse, a model organism for the human

disease Burkitt´s lymphoma, MYC is constantly expressed under the control of the
µ-Heavy chain enhancer (Adams et al. 1985; Harris et al. 1988). After a mean

latency period of 25 weeks the transgenic animals develop B-cell lymphomas.

Interestingly, all lymphomas in this model are clonal, indicating that additional
mutations are a prerequisite for tumor development. In Eµ-MYC/Eµ-BCL2 mice a

marked decrease in latency of the disease was observed, demonstrating

cooperation of an anti-apoptotic protein with MYC in tumor formation (Strasser et
al. 1990). A decreased latency was also observed in Eµ-MYC/p53+/- mice (Hsu et

al. 1995; Schmitt et al. 1999). It has been reported that most BL cell lines and B-
cell lymphomas derived from Eµ-MYC mice have deletions in the INK4a locus,

MDM2 overexpression or p53 mutations (Eischen et al. 1999; Lindstrom et al.

2001). Together these results emphasize the necessity of apoptosis evasion in

MYC-driven tumors. Uncovering the specific molecular mechanisms abrogating

MYC-induced cell death programs is an important step for developing novel anti-

cancer therapeutics and therefore extensive research on MYC-driven apoptosis

has been conducted in the recent years (Nilsson and Cleveland 2003; Meyer et al.

2006; Nieminen et al. 2007).

Another factor that has been connected to the development of many types of
cancer is NF-κB (Karin 2006). NF-κB regulated genes in lymphocytes are
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associated with cell cycle progression, survival and regulation of immune
responses (Sen 2006). A primary role for NF-κB in malignant transformation is

prevention of apoptosis caused by certain oncogenes. In many hematological

malignancies like Hodgkin lymphoma, mucosa associated lymphatic tissue
lymphoma, and diffuse large B-cell lymphoma, NF-κB is constitutively activated

(Jost and Ruland 2007). NF-κB itself is suggested to be an oncogenic factor in

lymphomagenesis or it might predispose malignant transformation by inhibiting
apoptosis. NF-κB induces expression of a variety of anti-apoptotic factors such as

the inhibitor of apoptosis proteins (IAPs), CFLAR, and TRAF1-2, as well as

members of the BCL2 family such as BCL-XL and A1. Today, the tumor-promoting
role of NF-κB signaling in many hematopoietic cells is widely acknowledged (Karin

2006).
A connection between NF-κB activity and MYC-driven tumor formation has been

suggested. Kanda and colleagues described NF-κB activity as a requirement for

the deregulation of c-MYC in Burkitt´s lymphoma: Expression of MYC under the

control of the immunoglobulin heavy chain enhancer was reported to be
dependent on NF-κB binding to a specific site in the enhancer element (Kanda et

al. 2000). Constitutive NF-κB activity for several Burkitt´s lymphoma cell lines was

described and the sensitization of these cells to cytokine or drug-induced death
was correlated to NF-κB inhibition (Rath and Aggarwal 2001; Jazirehi et al. 2005;

Piva et al. 2005). Consequently, down-modulation of NF-κB activity was thought to

be a promising therapeutic strategy. It came as a surprise, when two recent

studies using gene expression profiling of primary BL samples demonstrated very
low NF-κB signatures being a hallmark of BL (Dave et al. 2006; Hummel et al.

2006). Low NF-κB DNA-binding activities were also reported for a conditional

MYC-driven human B-cell lymphoma line (Schlee et al. 2007)

The results presented in this study confirm and extend the latter observations: It

could be proven that growth and survival of MYC-transformed mouse and human
lymphomas is not dependent on NF-κB. By using a dominant negative IκBα

superrepressor, which blocks transcriptional activity of NF-κB, it could be

demonstrated that canonical NF-κB signaling is dispensable for MYC-dependent

lymphomas. This conclusion is in agreement with a recent publication by J.L.
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Cleveland and his coworkers. They showed that loss of Nfkb1 (p50) did neither

compromise MYC's proliferative or apoptotic responses in B-cells nor had any
effect on lymphoma development in Eµ-MYC mice (Keller et al. 2005).

Apparently, in MYC-driven lymphomas NF-κB is not involved in tumor promotion.

However, it is a curious notice, that down-modulation of NF-κB signaling seems to

be a general rule in this type of lymphoma. These low levels of activity might
insinuate active restraining of NF-κB. The absence of NF-κB might result from

direct repressive mechanisms in MYC-dependent lymphomas. On the other hand
it could be a result of selection against NF-κB activation, suggesting that

lymphoma cells with disabled NF-κB would have advantages in growth,

proliferation or survival. The results presented here indeed demonstrate that
inhibition of NF-κB provides a selective advantage to MYC-transformed

lymphomas. In an in vivo competition assay it was shown that murine Eµ-MYC

derived lymphoma cells expressing the IκBα superrepressor were enriched

compared to tumor cells with unaltered NF-κB signaling. In vitro activation of NF-

κB pathways by expression of constitutively active IKK2 interfered with cell

survival and proliferation of murine or human MYC-driven lymphoma cells.
Together these observations point towards a tumor suppressing function of NF-κB

that has to be disabled during lymphoma development.
The molecular mechanisms of the observed down-modulation of the NF-κB remain

elusive. Components of the NF-κB signaling pathway are obviously present in

these cells, since NF-κB activity can be restored by turning-off MYC expression.

This activation of NF-κB occurred without additional stimulation of the cells. This

could indicate MYC-mediated repression being responsible for low NF-κB levels

during growth. However, MYC abrogation in these cells leads to growth inhibition,

differentiation and apoptosis (Marinkovic et al. 2004). Under these conditions,
induction of NF-κB could also be a secondary effect in response to cellular stress.

A general transcriptional repression of Rel family members has been described for
Eµ-MYC derived cells (Keller et al. 2005). In the present study a set of NF-κB

inducers were applied to test the functionality of the signaling pathways. Most
lymphoma cell lines were resistant to NF-κB-induction by conventional
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extracellular stimuli. However, certain cell lines showed marginal NF-κB responses

following treatment with either PMA/Ionomycin or LPS. Addition of the

anthracycline antibiotic daunorubicin or the protein phosphatases inhibitor okadaic
acid also rapidly induced NF-κB activity. The reported downregulated transcription

of Rel proteins could indeed reduce inducibility. The differences in NF-κB

responsiveness as well as the rapid induction of NF-κB activity in some cell lines

argue against transcriptional repression as a general mechanism of NF-κB

inhibition. However, activation of NF-κB was detectable following anti-CD40

treatment in Ramos cells and in one murine MYC-driven lymphoma line. Namalwa

cells and various tested murine cell lines showed no CD40-mediated increase in
NF-κB DNA binding. Others have also described unequal effects of CD40

signaling in BL. In a study using 14 BL cell lines, only nine showed detectable NF-
κB activation after stimulation with anti-CD40 (Henriquez et al. 1999). Remarkably,

responsiveness was not correlated to CD40 expression levels on the surface,

indicating that in non-responsive cells alterations might have occurred downstream

of the CD40 receptor. Together these observations suggest that decreased
inducibility of NF-κB is a common feature for this type of lymphoma, while different

pathways are affected in the individual tumor cell lines. This favors the idea of
selective pressure for inactivating lesions in the NF-κB signaling pathway in MYC-

driven lymphomagenesis. However, a direct contribution of MYC-mediated
modulation of NF-κB responses cannot be excluded.

MYC-mediated suppression of NF-κB activity has been described for several cell

types and this was commonly associated with increased sensitivity to apoptosis

induction. G.I. Evan and his coworkers showed that in mouse primary fibroblasts,

conditional expression of MYC impaired TNFα-induced activation of NF-κB,

thereby rendering the cells sensitive to TNFα-induced death. They further

demonstrated that apoptosis could be prevented by overexpression of p65/RelA

(Klefstrom et al. 1997). In line with these results Ricci et al. showed that in TRAIL-

resistant human colon cancer cell lines expression of MYC sensitized cells to

TRAIL-induced apoptosis. The reported repression of anti-apoptotic factors
involved interference of MYC with NF-κB-induced Mcl-1 expression (Ricci et al.

2007). In another publication it was reported that in c-MYC null fibroblasts ectopic
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expression of MYC inhibited NF-κB activation by interfering with RelA/p65

transactivation resulting in apoptosis induction (You et al. 2002). The exact

mechanisms of NF-κB suppression remain elusive and may vary depending on the

cellular context.
Whatever mechanisms may be accountable for NF-κB suppression in MYC-driven

lymphomas, the connection of NF-κB inhibition and apoptosis has so far not been

investigated. In the present study a genetic approach was applied, to dissect the
contribution of NF-κB pathways to apoptosis and survival for this type of cancer.

Activation of NF-κB due to expression of constitutively active IKK2 led to growth

inhibition and apoptosis of murine lymphoma cells and human BL. A general

toxicity of CA-IKK2 overexpression could be excluded, since other malignant cell

lines derived from Hodgkin´s disease and primary mediastinal B-cell lymphoma

were not sensitive to CA-IKK2 expression. In addition it was demonstrated that
blocking of NF-κB nuclear translocation by TD-IκBα prevented cell death in

Ramos-cells even in the presence of CA-IKK2. Obviously NF-κB is the apoptosis

inducing factor in BL cells. This is in clear contrast to the described effects of
MYC-mediated NF-κB inhibition in fibroblasts.

Apoptosis as a safeguard mechanism against tumor development operates at two

levels: (1) intrinsic: as a cell response to deregulated activity of an oncogene or (2)

extrinsic: as an immune surveillance mechanism by instructing cytotoxic cells of

the immune system to eliminate the transformed cells. For the latter, cell-cell

contact of malignant cells with cytotoxic T-cells (CTL) and presentation of tumor

associated antigens is often necessary (Stewart and Abrams 2008).

Tumor cells may escape CTL-mediated elimination by downregulating accessory

molecules or by blocking intracellular processing of tumor-specific antigens. A

characteristic attribute of BL cells is their low immunogenicity as a result of weak

interactions with T-cells and impaired antigen presentation (Bornkamm 2009).

Molecules responsible for cell-cell contact are commonly repressed, for instance

LFA-1 (CD11/CD18), LFA-3 (CD58) and ICAM-1 (Gregory et al. 1988; Billaud et

al. 1990). Antigen presentation is affected due to downregulation of MHC

molecules as well as transporters associated with antigen presentation

(TAP1/TAP2) (Frisan et al. 1998). This non-immunogenic phenotype is imposed
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by MYC-expression, as it was shown in a conditional model that MYC inactivation

results in upregulation of accessory molecules and antigen presentation (Staege

et al. 2002). However, the mechanism of this MYC-induced repression of

immunogenicity was not clear. The gene expression profile analyzed in this study
demonstrates that the IKK2/NF-κB pathway is controlling several genes involved

in cell-cell contact and antigen presentation. Upon induction of CA-IKK2

expression it was found that genes typically downregulated in BL are now induced.

Among these were LFA-1, LFA-3, ICAM-1, TAP1, HLA-I, and HLA-2 (Table S1). It

can therefore be assumed that the described non-immunogenic phenotype in BL
cells is largely a result of low NF-κB activity. The observed induction of cell-cell

adhesion in CA-IKK2 expressing cells and their enhanced capability of antigen

processing and presentation would probably interfere with the evasion of immune

surveillance. Active NF-κB therefore represents a clear disadvantage to neoplastic

B-cells in vivo. Recognition of tumor antigens would be facilitated thereby

supporting death receptor-mediated cell killing by CTL.

However, immune surveillance cannot account for the cell death of BL cells

observed in vitro. CA-IKK2 expression in Ramos cells induced several genes that

might be involved in the intrinsic apoptotic pathway. BTG1 (B-cell translocation

gene 1), a BCL2-regulated mediator of apoptosis, has been shown to induce

apoptosis in breast cancer cells (Nahta et al. 2006). PLAGL1 (pleiomorphic

adenoma gene-like 1; also known as ZAC1), a zinc finger containing transcription

factor was also upregulated in CA-IKK2 expressing Ramos cells and has been

connected to apoptosis induction by enhancing p53-mediated transcription of

Apaf-1 (Rozenfeld-Granot et al. 2002). The upregulated IFIH1 (interferon induced

with helicase C domain 1; also known as MDA-5) encodes a helicase detecting
double stranded RNA in the cell and is induced by interferon-β. Overexpression of

this gene in a human melanoma cell line (HO-1) resulted in programmed cell death

(Kang et al. 2004). It triggers the intrinsic apoptotic pathway dependent on

caspase-9 and Apaf-1 while knockdown of caspase-8 or FADD had no effect on

IFIH1-mediated cell death (Besch et al. 2009).

RUNX3 (runt-related transcription factor 3) is considered a tumor suppressor

especially in gastric cancer. Tumorigenicity of human gastric cancer cell lines in
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nude mice was reduced by ectopic expression of RUNX3 (Bae and Choi 2004).

RUNX3-induced apoptosis depends on its interaction with FoxO3a and BIM

(Yamamura et al. 2006). Another gene mainly involved in the intrinsic apoptotic

pathway is BID (BH3 interacting domain death agonist). It is a BH3-only protein

promoting cytochrome c release and has been connected to MYC-induced cell-

death priming (Nieminen et al. 2007).

In Ramos cells expressing CA-IKK2 however, apoptosis was abrogated following

caspase-8 knockdown. This favors the idea of the extrinsic pathway being

responsible for apoptosis in Burkitt´s lymphoma. Interestingly, one gene directly

involved in receptor-mediated death was found significantly upregulated in Ramos-

CA-IKK2 cells: Fas (TNF receptor superfamily, member 6; also known as CD95

and APO-I) encodes a death receptor previously linked to MYC-induced apoptosis.

Hueber et al. showed that in mouse embryonic fibroblasts MYC-induced apoptosis

in vitro requires Fas receptor ligation by FasL in an autocrine manner (Hueber et

al. 1997). Enhanced Fas expression could therefore contribute to apoptosis

without contribution of CTL. Fas would link both mechanistic levels of apoptosis in

tumor prevention: the intrinsic apoptotic response to oncogene activation and the

extrinsic pathway by supporting cytotoxic immune cells to eliminate the

transformed cell.
As discussed, NF-κB is normally considered a pro-survival factor. Indeed, several

of the genes upregulated in Ramos-CA-IKK2 cells and identified by gene

expression profiling are known to promote cell survival. Among them were

members of the anti-apoptotic BCL2 family (BCL2, BCL2L1/BCL-X, BCL2A1).

BCL2 could block MYC-driven apoptosis in CHO, Rat1/MycER and Rat1a/MYC

fibroblasts (Harris et al. 1988; Bissonnette et al. 1992; Fanidi et al. 1992). It was

also reported that MYC represses expression of BCL2 and BCL-XL (Eischen et al.

2001; Maclean et al. 2003). Given the fact that anti-apoptotic BCL2 members are
NF-κB targets, it can be concluded that their repression is the result of low NF-κB

activity in the MYC-driven lymphoma cells. Another important pro-survival factor

that was found upregulated in CA-IKK2 expressing cells was CFLAR, the caspase-

8 and FADD-like apoptosis regulator. It is an adaptor molecule that closely

resembles caspase-8 but lacks its catalytic activity. By competing with caspase-8
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for binding to the FADD it prevents activation of the caspase thereby inhibiting

receptor-mediated apoptosis (Kreuz et al. 2004; Guicciardi and Gores 2009).
In summary, NF-κB activation in BL regulates both anti-apoptotic and pro-

apoptotic genes. The net consequence is however induction of apoptosis. In the

present study knockdown of caspase-8 by shRNA blocked the induction of

apoptosis in CA-IKK2 expressing BL cells. This suggested that in these lymphoma
cells NF-κB induces death receptor-mediated apoptosis, and indeed, ligation of

Fas did enhance the apoptotic response in CA-IKK2 expressing Ramos and

Namalwa cells. MYC has been previously shown to sensitize cells to Fas-induced

death (Hueber et al. 1997). Hence, a selective pressure against Fas expression in
BL could be assumed. Interestingly, in Eµ-L-MYC/lpr mice, which are defective for

Fas function, development of B- and T-cell lymphoma was accelerated (Zornig et

al. 1995). However, in a study using CD2-MYC mice, which are prone to T-

lymphomas, loss of Fas or FasL had no effect on the rate of tumor development or

phenotypic properties of the malignant cells (Cameron et al. 2000).

In human Burkitt´s lymphoma, insensitivity to Fas-mediated apoptosis is a

common attribute, which supports the notion that the death receptor might have

tumor suppressing potential. In the work of Gutierrez et al. it was reported that of

21 tested BL cell lines, 17 were insensitive to Fas-mediated death (Gutierrez et al.

1999). Interestingly, in some of these resistant lines sensitivity to Fas ligation could
be restored by treatment with CD40 ligand, which also induces NF-κB. However, a

study by Tafuku et al. showed that sensitivity to Fas-mediated death in BL cell

lines correlates to Fas surface expression and is prevented by constitutively active
NF-κB in EBV+ BL (Tafuku et al. 2006). High NF-κB levels in EBV+ BL are still a

matter of debate since it was shown that in primary EBV+ BL no NF-κB inducing

proteins (LMP1) are expressed (Bornkamm 2009). In the present study Ramos

and Namalwa cells were completely resistant to agonistic Fas-antibody.
Furthermore, blocking of canonical NF-κB activation by introducing TD-IκBα had

no effect on Fas sensitivity. This strongly argues against a protective role for NF-
κB in Fas-mediated death of BL. Quite the opposite was found, namely that NF-κB

activation itself rendered BL cells highly susceptible to Fas-mediated apoptosis.
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The Fas-FasL apoptosis pathway is critical for activation induced cell death

(AICD), limiting proliferation of lymphocytes in the periphery. Furthermore, Fas-

mediated apoptosis is involved in negative selection of B-cells in germinal centers

(Muschen et al. 2002). Fas-induced apoptosis is conventionally initiated by

interaction of the receptor with membrane bound homotrimeric Fas ligand, which is

mainly expressed on activated T-cells. Ligand binding results in conformational

changes in the preassembled receptor and recruitment of the adaptor FADD. This

adaptor protein transduces death signals via binding and activation of the initiator

caspases 8 and 10 (Guicciardi and Gores 2009). In vivo Fas expression on the

surface of B-cell lymphomas might be sufficient for cell death as long as there are

CTL expressing FasL. In vitro a different explanation for Fas-mediated apoptosis is

needed. One possibility would be the autocrine activation of Fas by simultaneous

expression of receptor and ligand on the cell surface. In earlier work it was

reported that FasL expression in activated T-cells is induced by MYC (Brunner et

al. 2000). A DNA-element responsible for MYC-binding and mediating the

response of the FasL promoter has also been identified (Kasibhatla et al. 2000). In

normal and leukemic myeloid cells, deregulated MYC blocked differentiation and

prevented downregulation of FasL, leading to apoptosis by an autocrine activation

of the Fas pathway (Amanullah et al. 2002). However, in B-cells no influence of

MYC on FasL expression has been described so far. Using the described method

of meta-analysis of multiple cancer studies within the Oncomine database

(Rhodes et al. 2004) no consistent pattern of FasL upregulation was found for BL

compared to other lymphoma. In the scope of the present study, real time PCR

was applied, but apparently FasL mRNA was below detection levels in Ramos and

Namalwa cells. More importantly, no protective effect of antagonizing antibodies

against FasL was evident, questioning any involvement of FasL in the observed

apoptotic response.

An intriguing finding by Hennino et al. might deliver a possible explanation how

Fas can induce death in a ligand-independent way. In their study they showed that

GC B-cells have a preformed inactive DISC consisting of Fas-FADD, procaspase-

8 and IL-1ß-converting enzyme-inhibitory protein (cFLIPL: a splice variant of

CFLAR). These GC B-cells did not express FasL. When taken into culture the anti-
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apoptotic adaptor c-FLIPL is lost from the DISC while FADD and procaspase-8 are

still connected to Fas resulting in apoptosis (Hennino et al. 2001). A significant

increase in Fas mRNA was detectable in CA-IKK2 expressing BL, which could be
prevented by TD-IκBα-mediated inhibition of NF-κB. Increases of Fas mRNA were

reflected by higher levels of Fas receptor on the cell surface. The abundance of
functional Fas following NF-κB activation might be sufficient for auto-activation of

preassembled Fas receptor molecules. Self-aggregation of Fas receptor

molecules and ligand independent auto-activation has been proposed to be a

mechanism of drug-induced cell death in certain lymphomas (Micheau et al. 1999;
Mundle and Raza 2002). Agonistic anti-Fas antibodies (APO-I) enhanced NF-κB-

induced apoptosis of BL cells, indicating high sensitivity of the cells towards Fas
signaling. In the absence of active NF-κB the same cells were completely resistant

to Fas death receptor ligation. This is a remarkable finding, as NF-κB activation is

widely considered to interfere with Fas-induced apoptosis. Its prosurvival function

is believed to be at least partially dependent on induction of CFLAR, a key factor

regulating the downstream effects of Fas signaling (Kreuz et al. 2001). Different

splice variants of CFLAR have been identified (Guicciardi and Gores 2009).

cFLIPS and the recently discovered cFLIPR are short variants recruited to the DISC

inhibiting caspase-8 and caspase-10 activation probably by competing with the

initiator caspases for the binding of FADD. The longer variant cFLIPL shows high

similarity to caspase-8 but lacks the catalytic cysteine. The expression ratio of

CFLAR relative to caspase-8 directs the outcome of Fas signaling: higher levels of
CFLAR can prevent apoptosis induction. NF-κB dependent overexpression of

CFLAR renders classical Hodgkin lymphoma cells resistant to Fas-mediated

apoptosis (Mathas et al. 2004). In these cells expressing Fas receptor and Fas

ligand, knockdown of CFLAR restores autonomous death receptor-mediated

apoptosis (Dutton et al. 2004). This demonstrates the importance of CFLAR

expression for apoptosis evasion in tumors expressing Fas. Several studies using

gene expression profiling analysis have investigated expression of CFLAR in

primary Burkitt´s lymphoma cells. In comparison with other tumor entities like

diffuse large B-cell lymphoma, B-cell chronic lymphocytic leukemia or mature B-

cell non-Hodgkin lymphoma, CFLAR levels were always lowest in Burkitt´s
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lymphoma (Basso et al. 2005; Dave et al. 2006; Hummel et al. 2006). Low levels
of CFLAR expression could be the result of the reduced NF-κB activity but there

are hints that MYC itself may be involved in CFLAR regulation. In myeloid cells it

was described that IL-6-induced differentiation is accompanied by surface

expression of Fas while deregulated MYC caused premature downregulation of

CFLAR (Amanullah et al. 2002). MYC has also been shown to bind to the

promoter of CFLAR in U2OS cells. This resulted in reduced CFLAR expression

and enhanced apoptosis (Ricci et al. 2004). The expression of CFLAR in BL cells

transfected with CA-IKK2 was examined in the present study. While there was no

effect in Namalwa cells, in Ramos cells a 2-fold increase in mRNA was detected

when CA-IKK2 was present. Increased CFLAR was observed also at the protein

level. However, the levels of CFLAR expression remained low in comparison to

other investigated cell lines like the classical Hodgkin lymphoma line L428. These

observations raise the possibility, that in Ramos cells the induction of CFLAR is

too low to compensate for the high expression of functional Fas receptor. Ectopic

expression of CFLAR in Ramos cells prevented CA-IKK2-induced apoptosis, as

did knockdown of caspase-8, indicating that an inappropriate balance of CFLAR

and caspase-8 could be responsible for Fas sensitization.
CD40-mediated signaling has been shown to induce NF-κB as well as Fas

expression in B-cells (Berberich et al. 1994; Schattner et al. 1995). In the present
study effects of CD40 signaling in B-cells were tested. While most murine Eµ-MYC

derived lymphoma cell lines as well as the human BL cell line Namalwa were
refractory to CD40 stimulation, in certain cell lines induction of NF-κB was

detectable. Interestingly, this NF-κB activation correlated with a higher proportion

of dead cells. Furthermore, CD40 sensitive cell lines displayed enhanced cell-cell

adhesion resulting in large cell clusters. This confirms a study by Laskov et al.,

describing aggregation of Ramos cells following induction of CD40 signaling

(Laskov et al. 2006). In addition it was shown previously that CD40 crosslinking

enhances the immunogenicity of BL cell by upregulating ICAM-1, CD80 as well as

TAP1 and TAP2 and several MHC class I molecules (Khanna et al. 1997; Frisan et

al. 1999). As demonstrated in the present study, enhanced immunogenicity can

also be found in Ramos cells expressing CA-IKK2. Altogether, this study
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demonstrated that the detrimental effects of CD40 stimulation on BL cells could be
triggered simply by NF-κB activation, leading to enhanced aggregation and

immunogenicity and eventually death receptor-mediated apoptosis. The viral latent

membrane protein 1 (LMP1) mimics a constitutively active CD40 receptor,
inducing NF-κB signaling in Epstein-Barr-virus infected B-cells (Bornkamm 2009).

There is an unclear connection of EBV infection with Burkitt´s lymphoma

development, since over 90% of endemic BL are EBV positive. Intriguingly, while

LMP1 is expressed in all EBV-infected normal and malignant B-cells it is absent in

BL derived cells.
Obviously, inactivation of NF-κB signaling pathways delivers a growth advantage

to Burkitt´s lymphoma cells. Given the described detrimental effects of NF-κB

activation, inactive NF-κB signaling seems to be a prerequisite for the MYC-driven

tumor growth. Selective pressure against NF-κB activation is therefore a plausible

explanation for low NF-κB levels found in this type of cancer. The here presented

data might have severe consequences on strategies targeting NF-κB signaling in

hematopoietic malignancies. At least for Burkitt´s lymphoma, downmodulation of
NF-κB signaling by specific inhibitors turns up to be an unsuitable therapeutic

approach. It might further be considered to carefully investigate the role of NF-κB

in other tumor entities. The generalized view of this transcription factor as a pro-

survival and tumor-promoting player in cancer seems to be oversimplified.
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5 ABBREVIATIONS

7-AAD 7-Aminoactinomycin D
aa amino acid
Apaf-1 apoptosis activating factor
APC allophycocyanin
APS ammonium persulfat
ARF alternate reading frame
BAX BCL2–associated X protein
BCL B-cell CLL/lymphoma
BCR B cell receptor
BIM BCL2 interacting mediator of cell death
BL Burkitt´ lymphoma
bp base pair
BR basic region
BSA bovine serum albumin
bTrCP beta-transducin repeat containing
CBP CREB-binding protein
CC1/2 coiled-coiled domain 1/2
CD cluster of differentiation
CDK cyclin-dependent kinase
cDNA complementary DNA
CFLAR caspase-8 and FADD-like apoptosis regulator
ChIP chromatin immunoprecipitation
CIITa class II, major histocompatibility complex, transactivator
CMV Cytomegalovirus
COX2 cytochrome c oxidase subunit II
CREB cAMP responsive element binding protein
CYLD Cylindromatosis
DD death domain
DISC death inducing signaling complex
DLBCL diffuse large B-cell lymphoma
DMEM Dulbecco's modified eagle medium
DMSO dimetilsulfoxide
DNA deoxyribonucleic acid
DNMT DNA (cytosine-5-)-methyltransferase
dNTP deoxyribonucleotide
Dox doxycycline
DTT dithiothreitol
eBL endemic BL
EBV Epstein-Barr virus
EDTA ethylenediaminetetraacetic acid
EMSA electrophoretic mobility shift assay
EMT epithelial-mesenchymal transition
f.c. final concentration
FACS Fluorescence-activated cell sorting
FADD Fas associated death domain
FasL Fas-ligand
FCS fetal calf serum
fNX Phoenix packaging line
Gadd growth arrest and DNA-damage-inducible
GC germinal center
GCN general control of amino-acid synthesis
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GFP green fluorescent protein
HA hemagglutinin
HAT histone acetyltransferase
HDAC histone deacetylase complexes
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HGAL human germinal center-associated lymphoma
HGF hepatocyte growth factor
HIV human immunodeficiency virus
HL Hodgkin´s lymphoma
HLH helix-loop-helix
HRS Hodgkin and Reed-Sternberg
hr hour
i.p. intraperitoneally
IAP inhibitor of apoptosis
ICAM-1 inter-cellular adhesion molecule-1
IFI30 Interferon gamma-inducible protein 30
Ig immunoglobulin
IKK inhibitor of kappaB kinase
IL interleukin
IRES internal ribosomal entry site
ITGAM integrin, alpha M
ITGB2 integrin beta 2
kb kilo base pairs
kDa kilodalton
LB Luria-Bertani medium
LMP1 latent membrane protein 1
LPS lipopolysaccharides
LT lymphotoxin
LTR long terminal repeat
LZ leucine zipper
mAb monoclonal antibody
MACF1 Microtubule-actin crosslinking factor 1
Mad MAX dimerization protein
MALT mucosa associated lymphoid tissues
MAX MYC associated factor X
MB Mycbox
MDM2 mouse double minute 2 homolog gene
MDR multi drug resistance
MHC major histocompatibility complex
min minutes
Miz1 MYC-interacting zinc finger 1
MM Multiple Myeloma
MMP matrix-metalloproteinases
Mnt Max-interacting protein
mRNA messenger RNA
Mxi1 MAX interactor 1
MYC v-myc myelocytomatosis viral oncogene homolog
NBD NEMO binding domain
NEAA non-essential amino acids
NEMO NF-κB essential modulator
NF-κB nuclear factor of kappa light polypeptide gene enhancer in B-cells
NHL non Hodgkin Lymphoma
NHL non-Hodgkin lymphoma
NLS nuclear localization
nt nucleotid
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PBS phosphate-buffered saline
PCR polymerase chain reaction

PEST-sequence
proline (P), glutamic acid (E), serine (S), and threonine (T) containing
sequence

PI propidium iodide
PLEKHO1 Pleckstrin homology domain containing, family O member 1
PMA phorbol-12-myristate-13-acetate
PMSF phenylmethanesulphonylfluoride
P-TEFb positive Transcription Elongation Factor b
PVDF polyvinylene difluoride membranes
RANK receptor activator of NF-kB
RANKL receptor activator of NF-kB ligand
RASSF4 Ras association (RalGDS/AF-6) domain family
RHD Rel homology domain
RNA ribonucleic acid
RPMI Roswell Park Memorial Institute medium
RT-PCR reverse transcriptase-PCR
rtTA reverse tetracycline transactivator
s.d. standard deviation
sBL sporadic BL
SCF-complex Skp, Cullin, F-box containing complex
SDS sodium dodecyl sulfate
shRNA short hairpin RNA
SKP2 S-phase kinase-associated protein 2
STAG3 Stromal antigen 3
TAD transactivation domain
TAE Tris acetate EDTA
Taq Thermus aquaticus polymerase
TBE Tris borate EDTA
TBS Tris-buffered saline
TCR T cell receptor
TE Tris EDTA
TEMED tetramethylethylenediamine
Tet tetracycline
TetO tetracycline-sensitive operator
TIP60 HIV-1 Tat interactive protein, 60kDa
TNF tumor necrosis factor
TNFR TNF-receptor
TRAF TNF receptor-associated factor
TRAILR Trail receptor
TRRAP transactivation/transformation-associated protein
tTA tetracycline transactivator
tTR tetracycline repressor
VCAM-1 vascular cell adhesion molecule-1
VEGF vascular endothelial growth factor
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