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1 Introduction
1.1 B-cell lymphoma
Lymphoma is the most common form of hematological malignancy in the developed world
with about 20 new cases each year per 100,000 people. According to its cellular origin, it
can be divided into B-cell or T cell lymphoma, although the latter only represents about
5%, with the majority of lymphomas are of B-cell origin (Küppers 2005). The current
World Health Organization lymphoma classification distinguishes B-cell lymphoma into
about 15 types (Elaine et al. 2001).
B-cell lymphomas are often derived from germinal centre B cells or from B cells that have
passed through GC, e.g. Follicular lymphoma (20% of all lymphomas), Burkitt's
lymphoma (2%), Diffuse large B cell lymphoma (30-40%, GC or post-GC B cells) and
Hodgkin's lymphoma (10%). We focus our study on Burkitt’s lymphoma and Hodgkin’s
lymphoma. Although both lymphomas have the same origin, they are unique models and
differ from each other in a lot of ways. BL represents most of the non-Hodgkin lymphomas
that preserve the B-cell phenotype whereas Hodgkin’s lymphoma has almost lost its B cell
identity and obtained phenotypes of other lineages. On the other hand, as an indolent
tumor, HL responds well to therapy and has a good prognosis, whereas BL is very
aggressive.
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World Health Organization Classification of B-cell lymphomas
Mature B cell neoplasms
• Chronic lymphocytic leukemia/Small lymphocytic lymphoma
• B-cell prolymphocytic leukemia
• Lymphoplasmacytic lymphoma (such as Waldenström macroglobulinemia)
• Splenic marginal zone lymphoma
• Plasma cell neoplasms:
• Plasma cell myeloma
• Plasmacytoma
• Monoclonal immunoglobulin deposition diseases
• Heavy chain diseases
• Extranodal marginal zone B cell lymphoma, also called MALT lymphoma
• Nodal marginal zone B cell lymphoma (NMZL)
• Follicular lymphoma
• Mantle cell lymphoma
• Diffuse large B cell lymphoma
• Mediastinal (thymic) large B cell lymphoma
• Intravascular large B cell lymphoma
• Primary effusion lymphoma
• Burkitt lymphoma/leukemia
Hodgkin lymphoma
• Classical Hodgkin lymphomas:
• Nodular sclerosis
• Mixed cellularity
• Lymphocyte-rich
• Lymphocyte depleted or not depleted
• Nodular lymphocyte-predominant Hodgkin lymphoma
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1.1.1 Classical Hodgkin Lymphoma
Hodgkin' lymphoma (HL), also known as Hodgkin's disease, is a common lymphoid
malignancy. It was named after Thomas Hodgkin, who described several cases of
abnormalities in the lymph system more than 150 years ago (Hodgkin 1832). HL is one of
the most frequent lymphomas in the Western world, with an annual incidence of about 3
cases per 100,000 people. The highest incidences are in Western Asia with rates in Yemen
and Lebanon at >5.5 per 100,000. Interestingly, in the rest of Asia, such as Singapore,
Japan and China, the rates are lower than 1 case per 100,000, although a fast increasing
trend has been observed due to presumably a transition towards Western World lifestyles.
Unlike most human cancers, which are considered as age-related diseases and the
incidence increases with age, HL has a bimodal incidence curve, occurring most frequently
in young adulthood (age 15-35) and those over 55 years old (Surveillance Research
Program 2009).

Differences in phenotype of the lymphoma cells and the composition of

the cellular infiltrate distinguish HL into nodular lymphocyte-predominant Hodgkin's
lymphoma (NLPHL) and classical Hodgkin's lymphoma (cHL), with the latter being the
predominant type and accounting for about 95% of cases. cHL is further divided into
nodular sclerosis (about 60% of HL), mixed cellularity (30%), lymphocyte depletion and
lymphocyte-rich Hodgkin's lymphoma.
1.1.2 Hodgkin and Reed-Sternberg cells
cHL is characterized by the presence of mononucleated Hodgkin cells and multinucleated
Reed-Sternberg cells (HRS) which usually account for only about 1% of the cells in the
lymphoma tissue. A mixed infiltrate of various types of cells of the immune system
comprise the majority of the tumor. The paucity of HRS cells is an important factor that
hinders their characterization, for example, the origin of these cells had been a puzzle for a
long time. Unlike any other cell types in the hematopoietic system and their malignant
counterparts, HRS cells show expression of markers of several lineages, especially that of
T lymphocytes. However, these cells carry rearranged and somatically mutated Ig V genes
in most of the cases, hence they are derived from B lymphocytes, specifically, mature
germinal center B cells. There are also rare cases of cHL that demonstrate rearrangements
of T-cell receptor and lack Ig gene rearrangements; they are thought to be derived from T
cells.
Upon binding of antigen to their B-cell receptor (BCR) and co-stimulation by antigen3

specific T helper cells, mature B cells are activated and migrate into B-cell follicles of
secondary lymphoid organs including lymph nodes, spleen and Peyer's patchs and lead to
the development of germinal centers (Rajewsky 1996). In the germinal center, B cells
proliferate and go through somatic hypermutation, during this process, variants of the BCR
are generated and selected for high affinity by interaction with follicular dendritic cells and
T helper cells in the light zone of the germinal center, ultimately they differentiate into
either memory B cells or plasma cells. Conversely, germinal centre B cells with
disadvantageous mutations, such as premature stop codons, shift of reading frame, gain of
autoreactivity or failing to express functional high-affinity antibodies for the cognate
antigen are destined to undergo apoptosis and to be taken up by macrophages. HRS cells
harbor disadvantageous immunoglobulin variable chain gene mutations that would render
normal germinal centre B cells apoptotic, therefore, rescue of HRS cells from normally
inevitable death would be a major transforming event that may also hold promise for
therapeutic targeting (Küppers 2009).
Recent advances have underscored multiple pathways activated in HRS cells that are
critical in obliterating death and promotion of cell growth. A major one is the nuclear
factor-κB; constitutive activity of which is responsible for high expression of CASP8 and
FADD-like apoptosis regulator (CFLAR), XIAP (aka BIRC4) and etc.. CFLAR inhibits the
extrinsic apoptosis pathway, whereas XIAP suppresses caspase activation (Küppers 2009).
Moreover, the Jak-Stat pathway, PI3K–Akt, the Erk pathway, AP1 and multiple receptor
tyrosine kinases pathway are permanently operative to confer HRS cells apoptosis
resistance and stimulate proliferation.
Another main characteristic of HRS cells would be that they don’t mirror phenotypes of
their normal counterparts, which is a rare exception since B-cell lymphomas and leukemias
usually retain features of the cells they originate from. HRS cells have lost most of B-cell
features whereas those associated with antigene-presentation and interaction with T helper
cells still exist. They express major histocompatibility class II, CD40 and CD80, which
may imply that T helper cells support HRS survival and proliferation. In addition to the
lack of B cell specific molecules, HRS cells acquired features of other hematopoietic
lineages, especially that of T cells. Aberrant expression of multiple transcription factors
involved in normal hematopoietic cell development is largely responsible for the
peculiarity. To name a few, T-cell transcription factor NOTCH1 is highly expressed and
believed to contribute to the resemblance of HRS cells to T cells. Concurrently, HRS cells
4

show downregulation of multiple B cell specific transcription factors. The most important
of them are: POU2F2, POU2AF1, PU.1 and EBF1 (Küppers 2009). Another important B
cell transcription factors E47/E12 encoded by the TCF3/E2A gene. E47/E12 is involved in
regulation of immunoglobulin gene expression and expression of many other B cells
specific genes. In HRS cells, function of E47/E12 is antagonized by over-expressions of
MSC/ABF-1 and ID2, which further repress B cell phenotypes. MSC is mainly expressed
in embryonic skeletal muscle and activated B cells. The physiological role of MSC in
hematopoietic cells is not clear.
1.1.3 Burkitt's lymphoma (BL)
Named after Denis Parsons Burkitt, a surgeon who described the disease first in 1956,
Burkitt's lymphoma is highly aggressive and invariably associated with MYCimmunoglobulin translocation. The translocation places MYC, an oncogene located at
8q24, under control of the immunoglobulin enhancers.

This leads to constitutive over-

expression of MYC. Burkitt's lymphoma can be divided into three main clinical subtypes:
the endemic variant occurring in equatorial Africa which often accompanies chronic
malaria, the sporadic type and the immunodeficiency-associated BL which usually
associated with HIV infection.
1.2 Epigenetic mechanisms in cHL lymphogenesis
Epigenetics refers to changes in gene expression caused by mechanisms other than the
changes in DNA sequence. Best examples that demonstrate the significance of epigenetic
changes include the process of cellular differentiation. During embryonic development of a
eukaryotic organism, totipotent stem cells give rise to various pluripotent cell lines of the
embryo that then generate fully differentiated cells of every lineage. These processes do
not involve genetic changes but rather activating some genes while inhibiting others,
during which, epigenetic plays a major role. Epigenetic regulations including DNA
methylation and histone modification have been well recognized (Jones and Laird 1999).
Recently, other epigenetic phenomenon such as microRNA regulation, interchromosomal
interations, and non-coding RNA also attracted wide attention. Both DNA methylation and
histone modification can silence gene expression through establishment of non-permissive
state of the chromatin (heterochromatin), hence transcription is abrogated.
Previous efforts of our lab established a causal link between increased histone 3 Lysine 9
(H3K9), a suppressive marker, and silence of the immunoglobulin heavy-chain gene in
5

cHL (Ushmorov et al. 2004). Silencing of multiple B cell-specific genes by DNA
methylation has also been demonstrated (Ushmorov et al. 2006).
The fact that HRS cells lack mutations of specific tumor-suppressor, mutations which are
frequently seen in other lymphoma types, make an epigenetic explanation for cHL
lymphomagenesis even more plausible since epigenetic aberration provides an alternative
to genetic mutation (Küppers 2009).

1.3 Krüppel-like factor 4
The human Krüppel-like factor 4 (KLF4) gene locates on chromosome 9q31.2; it is a
member of the KLF zinc-finger-containing transcription factor family that belongs to the
POK (POZ/BTB and Krüppel) protein family. Members of the POK family, especially
Promyelocytic leukemia zinc finger (PLZF), B cell lymphoma 6 (BCL6) and zinc finger
and BTB domain containing 7A (ZBTB7A), play important roles in hematopoietic
development and neoplastic transformation (Maeda et al. 2007). Krüppel-like factor family
includes 16 members (Wei et al. 2005). The family is highly conserved among species
from Drosophila to human. Mouse KLF4 is 90% identical to human KLF4. KLF4 is most
closely related to KLF1 and KLF2 (Ghaleb et al. 2008). These transcription factors are
characterized by three highly conserved zinc fingers of the C2H2 type and by a
transactivating domain in the N-terminus. All three nuclear proteins bind to a common
motif 5´-NGGGNGNGG-3' or CACCC motif (Turner and Crossley 1999; Bieker 2001).
KLF4 is also referred to as GKLF (gut KLF), this name is misleading, since KLF4 is also
expressed in other tissues and cell types, particularly in B-cells (Kharas et al 2007).
Recently, KLF4 together with Oct3/4, Sox2, and c-Myc was shown to be able to reprogram
differentiated cells to pluripotent stem cells (Takahashi and Yamanaka 2006), which
together with other exciting findings highlights an important role for KLF4 in development
and differentiation.
Mounting evidence has established KLF4 as a context-dependent oncogene or tumor
suppressor (Rowland and Peeper 2006). As an oncogene, KLF4 was shown to transform rat
kidney epithelial cells (Foster et al. 1999). In addition, KLF4 over-expression is associated
with squamous cell carcinoma of larynx and skin and. Moreover, increased nuclear
staining of KLF4 in the ductal carcinoma of the breast correlated with an aggressive
phenotype and poorer prognosis (Pandya et al. 2004). The oncogenic properties of KLF4
might be explained by transcriptional repression of p53 and hence bypassing of p53
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mediated senescence and apoptosis pathways (Rowland et al. 2006).
The tumor suppressor role of KLF4 in gastrointestinal epithelium has been well established
by a number of studies of gastric, pancreas, and colorectal carcinogenesis (Wei et al. 2005;
Wei et al. 2006; Wei et al. 2008). KLF4 is highly expressed in epithelial cells of the
gastrointestinal tract and the skin during growth arrest and acts as an inhibitor of cell cycle
progression by transcriptional activation of CDKN1A or CDKN1B and repression of
CCNB1or CCND1 (Wei et al. 2006).
Although most of the studies on the oncogenic/anticancer effects of KLF4 were focused on
epithelial tumors, a few recent studies indicate the involvement of KLF4 in regulation of
apoptosis, proliferation, and differentiation of B-lymphocytes and B-cell lymphomas. First,
strong up-regulation of KLF4 expression was detected in multiple myeloma cell lines in
the process of apoptosis induced by fibroblast growth factor receptor 3 (FGFR3) silencing
(Zhu et al. 2005). KLF4 was shown to be able to suppress ABL-induced transformation of
pre-B cells by induction of apoptosis and CDKN1A-mediated cell cycle arrest in a murine
model of B-cell acute lymphoblastic leukemia, suggesting a tumor suppressor role in some
B-cell malignancies (Kharas et al. 2007). KLF4 is involved in the regulation of B-cell
maturation and antibody responses. Its expression is important for maintenance of B-cell
quiescence, and it was shown to be down-regulated upon B-cell activation (Good et al.
2007). Remarkably, inhibition of B-cell proliferation by FOXO transcription factors is
associated with KLF4 induction (Yusuf et al. 2008). Nevertheless, the effect of KLF4 in Bcell proliferation is likely to be complex. A complete knock-down of KLF4 was shown to
hamper B-cell proliferation. Furthermore, in the absence of KLF4, fewer B cells entered
the S-phase of the cell cycle and completed cell division in response to the engagement of
BCR and/or CD40 in vitro. The pro-proliferative effect of KLF4 in B-cells was explained
by a direct activation of CCND2 transcription (Klaewsongkram et al. 2007).
Thus, ability of KLF4 to inhibit B-cell proliferation (though controversial), together with
the observed KLF4 epigenetic silencing in cHL cell line may indicate tumor-suppressor
activity of KLF4 in B-cell lymphoma. Considering this we set to investigate antitumor
properties of KLF4.
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1.4 Aims of the Study
KLF4 is a context dependent oncogene/tumor suppressor. Because of the various roles
KLF4 play in B lymphocyte development and survival, we set out to investigate the role of
KLF4 in the pathogenesis of lymphomas derived from B cells, especially mature germinal
center B cells.
The aims of the study were:
1. To investigate expression profile of KLF4 in B cell subsets and various B cell
lymphoma.
2. To validate the role of promoter methylation in the absence of KLF4 expression in
B cell lymphoma.
3. To study the influence of KLF4 on proliferation and apoptosis in Burkitt´s and
classical Hodgkin lymphoma (cHL) cell lines.
4. Elucidation of mechanisms of the observed KLF4-induced apoptosis in cHL cell
lines.
5. To explore the molecular consequences such as expression of B lineage
transcription factors after KLF4 activation in cHL cell lines.

8

2 Materials and Methods
2.1 Cell lines and Cell culture
2.1.1 Cell lines used in this study
Table 1. Human lymphoma and lymphoblastoid cell lines used in this study
Cell line

Type

KM-H2

Classical Hodgkin's Lymphoma, B cell derived

L428

Classical Hodgkin's Lymphoma, B cell derived

L540

Classical Hodgkin's Lymphoma, T cell derived

L1236

Classical Hodgkin's Lymphoma, B cell derived

HDLM-2

Classical Hodgkin's Lymphoma, T cell derived

Med-B1

primary mediastinal B-cell lymphoma

Bjab

Burkitt's lymphoma

Namalwa

Burkitt's lymphoma

Raji

Burkitt's lymphoma

Ramos

Burkitt's lymphoma

UM-1

Human B lymphoblastoid cell lines

LCL Meier

Human B lymphoblastoid cell lines

LCL141

Human B lymphoblastoid cell lines

LCL131

Human B lymphoblastoid cell lines

LCL 364921

Human B lymphoblastoid cell lines

2.1.2 Culture conditions
Cell lines were cultured in RPMI 1640 medium supplemented with 10% heat-inactivated
fetal bovine serum (PAN; Biotech, Aidenbach, Germany), penicillin (100 U/mL),
streptomycin (100 µg/mL), 2mM L-glutamine, and 50 µM 2-Mercaptoethanol at 37°C and
5% CO2.
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2.1.3 5-aza-2'-deoxycytidine treatments
5-aza-2'-deoxycytidine

(5-aza-dC)

was

purchased

from

Calbiochem

(Darmstadt,

Germany). In the cHL cell lines, KLF4 promoter hypermethylation was reversed by
treatment with 5-aza-dC. Cell were seeded at the density of 0.2 million/mL, the next day 2
µM 5-aza-dC or vehicle was added, 24 h after treatment medium was replaced. 3 days
later, cells were harvested and used for mRNA extraction.
2.2 Transfection with Amaxa nucleofector
Cell lines stably expressing pCDNA3.1 and pCDNA3.1-KLF4ER (a kind gift from
Jonathan Alder (Alder et al. 2008)) were established by transfection of respective cell lines
with help of Amaxa Nucleofector apparatus using cell line specific nucleofection
protocols. 24 h later, transfected cells were diluted with culture medium to 5000/mL,
supplemented by 1mg/mL G418, and plated in 96-well plates 100 µL per well. One week
later, 100 µL medium with G418 was added to every well. The clones were observed every
2 to 3 days under microscope beginning from 2 weeks after plating. Typically, every plate
gives rise to no more than 30 clones and hence deemed to be derived from 1 transfected
cell. Clones were picked and expanded in selective medium, until transgene expression
was validated by immunoblotting.
Table 2. Cell line specific transfection conditions
Cell lines

Transfection solution

Program Cells/plasmid/transfection

KM-H2

Solution V

U-01

5X106 cells, 5 µg plasmid

L428

Solution V

X-01

5X106 cells, 5 µg plasmid

Ramos

Solution V

T-06

5X106 cells, 5 µg plasmid

Namalwa

Solution V

T-06

5X106 cells, 5 µg plasmid

2.3 RNA isolation and Quantitative PCR (Q-PCR)
Total RNA was isolated from 1 x 106 cells using High Pure RNA Isolation Kit (Roche,
Mannheim, Germany). The first-strand cDNA was synthesized from 2 µg total RNA by
Moloney murine leukemia virus reverse transcriptase (Promega, Madison, WI). Templates
were amplified using QuantiTect SYBR Green PCR Kit (Qiagen, Hilden, Germany) by
LightCycler 480 real-time PCR instrument (Roche). Primers were designed applying
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Genscript on-line software (www.genscript.com). The following pairs of primers were
used for Q-PCR (5' to 3', sense and antisense, annealing temperature was 60 °C):
KLF4: GGCACTACCGTAAACACACG and CTGGCAGTGTGGGTCATATC;
RPL13A: CGGACCGTGCGAGGTAT and CACCATCCGCTTTTTCTTGTC;
CDKN1A: GCAGACCAGCATGACAGATTT and GGATTAGGGCTTCCTCTTGGA;
CDKN1C: GCCAATTTAGAGCCCAAAGA and GTTGCTGCTACATGAACGGT;
CCND2: AATGGTCATTTCAGGCACAA and CACATTTGCTGATGGCTTCT;
BAK1: GGTCCTGCTCAACTCTACCC and CCTGAGAGTCCAACTGCAAA.
CXCL10: TCTGAGCCTACAGCAGAGGA and CAGCAAATCAGAATGGCAGT;
CD86: CTCTTTGTGATGGCCTTCCT and AGCTCACTCAGGCTTTGGTT;
CD52: GCCACGAAGATCCTACCAAA and TTCTCTTGCGAGTGATGGTG;
MSC/ABF-1: GCTTCCAGTTACATCGCTCA-3´ and 5´-GAATGGCCATGTCAGGTTC3.
All oligonucleotides were synthesized by biomers.net (Ulm, Germany). The following
reference genes were tested: ACTB, HPRT1, HMBS, and RPL13A. The variation of the
reference

gene

expression

was

controlled

by

geNorm

software

(http://medgen.ugent.be/~jvdesomp/genorm Vandesompele et al. 2002). RPL13A was
found to be the most reliable reference gene and therefore was used for the following
experiments.
To discover novel apoptotic genes modulated by KLF4 we used human apoptosis (HPA-1)
primer library (Real Time Primers LCC, Elkins Park, USA), which contains 88 primer sets
directed against apoptosis genes and 8 housekeeping gene primer sets (see Table 3 for the
detailed gene list). The reaction conditions for these primer sets were the same as routine
Q-PCR primers except that annealing temperature for them was 58 °C.
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Table 3. Human apoptosis (HPA-1) primer library
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2.4 Human material
Nine cases of FL, nine cases of DLBCL, eighteen cases of cHL, five cases of BL, as well
as CD19+ cells obtained from peripheral blood and from tonsils of 13 persons were
analyzed. Lymphoma diagnosis was in accordance with the 2008 World Health
Organization classification. Lymphoma samples were kindly donated by Institute of
Pathology, Ulm, drawn from archive of fresh and formalin-fixed, paraffin-embedded
tissues and pseudonymized to comply with the German law for correct usage of archival
tissue for clinical research (Deutsches Ärzteblatt 2003; 100 A1632). Approval for these
studies was obtained from the University of Ulm ethics board. For B-cell isolation we used
buffy-coats, obtained from the German Red Cross Blood Donation Service (BadenWuerttemberg - Hessen, Ulm, Germany). Tonsils were from 3-7 years old patients
undergoing tonsillectomy at the Department of Otorhinolaryngology, Head and Neck
Surgery, University of Ulm, Germany). Written informed consent was obtained. CD19+
cells and B cell subsets were isolated using microbeads (Miltenyi Biotec Inc., Auburn,
USA).
2.5 B cell isolation
Human B cells were isolated using a Magnetic cell sorting (MACS) kit from Miltenyi
Biotec (Bergisch Gladbach, Germany). A MACS buffer was prepared by adding bovine
serum albumin (BSA) to 0.5% and ethylenediaminetetraacetic acid (EDTA) to 2mM, with
pH value kept at 7.2.
Tonsil tissues after excision were transferred on ice immediately, minced with a sharp
scissor on a stainless-steel sieve, after that, cells were pushed through the sieve into a
sterile Petri dish with pistol of a 10 mL syringe. The sieve was periodically washed with
ice-cold MACS buffer. Dead cells were removed by ficoll gradient centrifugation to avoid
their non-specific binding. For centrifugation, 30 ml of the obtained cell suspension was
laid on 15 ml of ficoll (1.077 density, Pancoll, Pan Biotech GmbH) in a 50 mL falcon tube.
Centrifugation was carried out at 2400 rpm for 20 minutes at room temperature with the
brake off. Live mononuclear cells were collected on the phase separation border and
washed 2 times at 200g for 10 minutes with ice-cold MACS buffer. The lower speed
spinning was chosen to remove trombocytes.
Peripheral blood mononuclear cells (PMBC) were isolated from human “buffy coats”.
First, 110 mL of PBS containing 2 mM EDTA was mixed carefully with about 30 mL of
Buffy coat, subsequently 35 mL of the mixture was laid slowly on 15 mL of 1.077 ficoll
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pre-distributed in a 50 mL Falcon tube, after centrifugation at 1600 rpm for 30 minutes at
20°C with brake off, PMBC were collected on the phase separation border with care been
taken not to disturb the underlying Ficoll layer which contains granulocytes. Collected
PMBC was diluted with PBS/EDTA to 50 mL and spun down by centrifugation twice at
200g for 10 minutes to remove platelets. The resulting pellet was resuspended in 50 mL of
MACS buffer; cell number was counted, aliquoted (e.g. 1X108 cells per sample) and spun
down.
Since CD19 (Cluster of Differentiation 19) is expressed on most B-lineage cells (from
earliest recognizable B-lineage cells to B-cell blasts but lost during maturation to plasma
cells), we used CD19 MicroBeads (# 30-090-880, Miltenyi Biotec Inc., Auburn, USA) to
isolate B cells from human buffy coats and tonsil tissues. Briefly, live cells prepared as
described above, were magnetically labeled with CD19 MicroBeads, and then loaded onto
a MACS MS column placed in the magnetic field of a MACS Separator. B cells expressing
CD19 were magnetically labeled and therefore retained within the column; CD19- cells ran
through. After removal from the magnetic field, column was placed on a 15 mL falcon
tube, a plunger was pushed into the column immediately and labeled cells were flushed
out. The purity of isolated fraction was verified by staining with CD45-PE and CD20-FITC
(both from Miltenyi). Naïve cells were isolated by naïve B cell isolation kit II, human
(Miltenyi) with addition of 50 µL of biotin-conjugated anti-CD10 antibody (Miltenyi) to
the biotin-conjugated antibody cocktail to increase the purity of naïve cell. The purity of
isolated cells was verified by staining with anti-human IgD-FITC (Miltenyi), anti-CD19APC (Immunotools, Friesoythe, Germany), and anti-human CD27-FITC (Miltenyi).
Centroblasts (CB) were isolated similarly to that as it was described before (Klein et al.
2003). 1x108 tosillar MC were resuspended in 400 µL of MACS buffer (Miltenyi) and
incubated 10 min at 4 º C with 20 µL of rat anti-human CD77 antibody (Beckman Coulter),
followed by incubation with 20 µL of mouse anti-rat-IgM antibody (Beckman Coulter).
After washing, cells were resuspended in 700 µL of the MACS buffer and incubated 15
min at 4 ºC with 100 µL of anti-mouse-IgG1-microbeads (#130-047-101, Miltenyi). After
washing the cells were loaded on LS column (Miltenyi) and the bound cells were collected.
The purity of the isolated CD77+ cell fraction was verified by staining with mouse anti-rat
IgM-FITC (Biosol, Eching, Germany) and with anti-CD38-PE antibody (ImmunoTools).
To isolate centrocytes (CC, CD77-/CD10+) we first depleted T-lymphocytes. 1x108 tosillar
MC were resuspended in 400 µL of MACS buffer (Miltenyi) and were incubated for 15
min at 4 ºC with 100 µM of CD2 MicroBeads (Miltenyi). T-lymphocytes were depleted by
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filtering through LS column. Not-bound cells were resuspended in 400 µL of MACS buffer
and CD77+ and CD39+ cells were depleted by incubation with anti-CD77, followed by
anti-rat-IgM and anti-CD39 antibody (Milteniy), after washing, resuspended in 100 µL of
the MACS buffer and incubation for 15 min at 4 ºC with 100 µL of anti-mouse-IgG1microbeads. The CD77+ and CD39+ cells were depleted by passing through the LS column.
The flow through was used to isolate CD10+ using CD10 MicroBead kit (Miltenyi). The
purity of isolated cells was verified by staining with anti-human CD10-PE (Immunotools)
and anti-human CD38-FITC (Miltenyi) antibody.
Germinal center cells (GCC), consisting of CB and CC, were directly isolated from
tonsillar MC with help of CD10 MicroBead kit (Miltenyi). The purity of isolated cells was
controlled

with

anti-human

CD10-PE

and

anti-human

CD19-APC

antibody

(Immunotools). Naïve B cells were isolated from tonsillar MC cells using Naïve B cell
isolation Kit and purity was evaluated by Anti-IgD-APC and CD27-PE.
Memory cells were isolated using memory B cells isolation kit, human (Miltenyi) with
addition of 50 µL of biotin-conjugated anti-CD10 antibody (Miltenyi) per 1x108 of
tonsillar MC at the depletion step of purification to increase the memory cell purity. The
purity of the isolated cell fraction was controlled by staining with anti-human CD27-FITC,
anti-CD19-APC, and anti-CD10 antibodies. (for more details see Table 4)
Table 4. Isolation of B cells subtypes
Cell Surface antigens
Naïve B cells

CD27-, IgD+

Germinal center cells CD10+
Centroblasts

CD10+, CD38+, CD77+

Centrocytes

CD10+, CD38+, CD77 low

Memory B cells

CD27+, CD80+,

Plasma cells

CD38+,

CD138+

2.6 Quantitative analysis of promoter methylation
Genomic DNA was isolated from CD19+ cells, various lymphoma cell lines and primary
lymphoma samples using DNeasy tissue kit (Qiagen) followed by bisulfate modification
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with EZ DNA Methylation-Gold Kit (Zymo Research, CA, USA). We located 2 CpG
islands at the promoter region of KLF4 gene with help of MethPrimer program (Li 2002).
For

amplification

of

modified

DNA,

PCR

primers

5’-

GAGGAGGAAAAGGTTGTAGAGAAGGAAGTTATAAGTAAGGA-3’ (forward) and
biotin-5’CCCCCACCCCCTCTACTCCCC-3’ (reverse) (annealing temperature 64 °C)
were designed using Biotage Assay Design software (Qiagen). Following amplification
using a HotStarTaq Polymerase Master Kit (Qiagen), the PCR product was pyrosequenced
with a sequencing primer 5’- GGTTGTAGAGAAGGAAGTTAT-3’ on a PSQ 96MA
system using Pyro Gold Reagents (Qiagen).
To isolate and convert DNA from microdissected HRS cells we used EZ DNA
Methylation-Direct Kit (Zymo Research). Nested PCR was performed to improve the
sensitivity and specificity of amplification using a outside primer pair, 5'GGAGAGAAGAAAGGGAGGGG-3' and 5'-TAAAAAAATAAAAAACCAAAAAAAC3' (annealing temperature 50 °C). The first reaction was carried out using a HotStarTaq
Polymerase Master Kit (Qiagen) for 35 cycles. Following PCR amplification and
pyrosequencing was done as described above for other samples. Data were acquired and
analyzed using Pyro Q-CpG software (Qiagen).
For detection of methylation in the cHL samples, we also used the quantitative MSP (Liu
2007). Sodium bisulfate treated gDNA was amplified by a LightCycler 480 system
(Roche) using a methylation specific primer pair (mKLF4) designed by MethPrimer online software (Li and Dahiya 2002). For normalization of DNA input we used primer set
(mACTB) corresponding to the region of ACTB gene free from CpG di-nucleotides (Liu et
al. 2007). The methylation ratio was calculated as ECt(mACTB)/ECt(mKLF4); where E is specific
amplification efficiency, and Ct is crossing point for mKLF4 and mACTB, respectively.
Primer sequences (5' to 3', sense and antisense, annealing temperature): mKLF4:
TATAGTAACGATGGAAGGGAGTTTC and ACGTTCGTTCTCTCTAATCGAA, 56
°C;

mACTB:

TGGTGATGGAGGAGGTTTAGTAAGT

and

AACCAATAAAACCTACTCCTCCCTTAA, 60 °C (Liu et al. 2007).

2.7 Immunoblot
2 x Laemmli sample buffer was prepared as follows (see Table 5 for details), before use, 2mercaptoethanol was added to 5%.
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Table 5. 2 x Laemmli sample buffer (pH 6.8)

For immunoblot, cells were washed, lysed on ice in 2 x Laemmli sample buffer and boiled
for 5 min. Proteins were separated by SDS-PAGE and electroblotted onto a PROTRAN
BA85 nitrocellulose membrane (Whatman GmbH, Dassel, Germany). Membranes were
blocked with 5% not-fat dry milk in PBS at 37°C for 15 minutes. Afterwards, membranes
were incubated with specific primary antibodies for 1 h at room temperature or overnight
at 4°C (see Table 6 for information of the first antibodies used in the study). Followed
sufficient washing with 0.2% Tween 20 in PBS, species-specific horseradish peroxidasecoupled secondary antibody (Table 7) was applied for 1 h at room temperature.
Afterwards, membrane was washed again with 0.2% Tween 20 in PBS followed by
washing with only PBS. Signals were visualized using the SuperSignal West Dura
extended-duration substrate (Perbio Science).
For stripping and reprobing, membranes were first washed with PBS for 5 minutes, rocked
in 0.2 M NaOH solution for 5 minutes, and then they were washed with distilled water for
5 minutes and PBS for 10 minutes before another round of immunodetection.
Table 6. Primary antibodies used in this study
Antibody

Company, catalogue number

Isotope

Dilution

Anti-KLF4

Santa Cruz, sc-20691 (H-180)

Rabbit IgG

1:500 in 2% BSA PBS

Anti-BAK1

Santa Cruz, sc-1035 (N-20)

Goat IgG

1:1000 in 2% BSA PBS

Rabbit IgG

1:500 in 5% milk PBS

Anti-CCND2 Santa Cruz, sc-593 (M-20)

Anti-Cleaved Cell Signaling, 9661 (ASP 175) Rabbit IgG

1:1000 in 5% milk PBS

Caspase-3
Anti-MSC

Santa Cruz, sc-9556 (M-20)

Goat IgG

1:1000 in 2% BSA PBS

Anti-Actin

Sigma-Aldrich, A5060 (20-33)

Rabbit IgG

1:15000 in 5% milk PBS
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Table 7.

Secondary antibodies used in this study

Antibody

Company, catalogue number

Dilution

Goat anti-rabbit IgG

Santa Cruz, sc-2004

1:15000 in 5% milk PBS

Donkey anti-goat IgG

Santa Cruz, sc-2020

1:10000 in 5% milk PBS

2.8 Cell proliferation assay, apoptosis and cell cycle analysis
Cells, stably expressing pCDNA3.1-KLF4ER or vector were seeded in 6-well plates at
density 0.1 x 106 per 3 mL culture medium per well for cHL cell lines and 0.05 x 106 for
BL cell lines). Cells were treated or not treated with 200 nM of 4-hydroxytamoxifen (4OHT, Calbiochem) every two days. Viable cells were counted by trypan blue dye
exclusion on day 2, day 4 and day 6.
For apoptosis and cell cycle analysis, 0.2 x 106/mL cells were seeded in the well of 6-well
plate in 3 ml of complete medium. At the same day the cells were treated with 4-OHT at
concentration of 200 µM or vehicle. To measure apoptosis, 1x105 cells were collected at
the indicated time points, resuspended in 500 µL of 1 X Annexin V binding buffer (Table
8) and stained by 1 µL Annexin V-FITC (BioVision Inc., CA, USA) and 2 µg/mL
propidium iodide (PI) (Sigma-Aldrich). After 5-minute incubation in the dark, cell death
was measured by a Flow Cytometer FACSCalibur (Beckson Dickinson, Mountain View,
CA).
Table 8.

Annexin V binding buffer
10 X (End Concentration)

1X (For 200 mL)

Hepes/NaOH (pH 7.4)

0.1 M

0.48 g

NaCl

1.4 M

1.64 g

CaCl2.2H2O

25 mM

0.15 g

Water

Add to 200 mL

To determine cell cycle distribution, 1x106 cells were spun down at 300 xG, fixed with
70% cold ethanol on ice for 1 hour or at -20°C overnight, subsequently, cells were washed
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and resuspended in 1 mL PBS supplemented by 40 µL of 1 mg/mL PI and 10 µL of 10
mg/mL Ribonuclease A.

After staining for 30 minutes at 37 °C, DNA contents were

measured by Flow cytometer FACSCalibur. Histograms were analyzed using ModFit cell
cycle analysis software (Verity Software, Topsham ME, USA).
2.9 ShRNA knock-down of BAK1
To knock-down BAK1 we used shRNA targeting the 5'-GTACGAAGATTCTTCAAAT-3'
sequence.

As

a

control

we

used

luciferase

mRNA

targeting

5´-

GATTATGTCCGGTTATGTA-3´ shRNA, designed to minimize innate immune response
(Judge, 2005). The BAK1 specific and control shRNA sequences were cloned into pRetroSuper vector. Briefly, two pairs of DNA oligonucleotides (5' to 3'),
(for BAK1)
GATCCCCGTACGAAGATTCTTCAAATTTCAAGAGAATTTGAAGAATCTTCGTAC
TTTTTA and
AGCTTAAAAAGTACGAAGATTCTTCAAATTCTCTTGAAATTTGAAGAATCTTCG
TACGGG
(for luciferase),
GATCCCCGATTATGTCCGGTTATGTATTCAAGAGATACATAACCGGACATAAT
CTTTTTGGAAA AND
AGCTTTTCCAAAAAGATTATGTCCGGTTATGTATCTCTTGAATACATAACCGGA
CATAATCGGG
were synthesized by biomers.net Ulm, Germany). Oligos were dissolved in sterile,
nuclease-free H2O to a concentration of 3 µg/µL, 1 µL of each was mixed with 48 µL
annealing buffer (100 mM NaCl and 50 mM HEPES pH 7.4). Subsequently, oligos were
annealed by incubating the mixtures 4 minutes at 90°C, and then at 70°C for 10 minutes,
afterwards, they were slowly cooled to room temperature. pRetro-Super vector was
linearized by sequential digestion with Bgl II and HindIII restriction enzymes, the
linearized vector was separated on a 1% agarose gel and then recovered using a Gel
Extraction Kit (Qiagen). Annealed Oligos were ligated into pRetro-Super vector. The
pRetro-Super-BAK1 (pRS-BAK1) vector was prepared with an EndoFree plasmid
purification kit (Qiagen).
pRS-luci and pRS-BAK1 vectors were transfected into the KM-H2 and L428 cells by
nucleofection as described above. After selection for five days with puromycin (0.5 µg/ml
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for KM-H2 and 1 µg/ml for L428) live resistant cells were isolated by ficoll gradient
separation and used for further experiments.

2.10 Gene expression profiling using Affymetrix GeneChip
2.10.1 Sample preparation
cHL cell lines KM-H2 and L428 cell stably transfected by pCDNA3.1-KLF4ER were
seeded in duplicate and treated with 4-OHT (200 nM) for 24 hours to activate the KLF4ER
fusion protein. RNA was isolated with RNAeasy mini Kit (Qiagen).
2.10.2 Affymetrix Gene Chip
Microarray analyses were performed using 200 ng total RNA as starting material and 5.5
µg ssDNA per hybridization (GeneChip Fluidics Station 450; Affymetrix, Santa Clara,
CA). Total RNA was amplified and labeled following the Whole Transcript (WT) Sense
Target Labeling Assay (Affimetrix). Labeled ssDNA was hybridized to Human Gene 1.0
ST Affymetrix GeneChip arrays. Chips were scanned with an Affymetrix GeneChip
Scanner 3000 and analyzed using Affymetrix® Expression Console Software.
2.10.3 Data analysis
Probe level data were obtained using the robust multichip average (RMA) normalization
algorithm. A fold change cutoff of 3 was applied. The analysis of differentially expressed
genes was done on a gene-by-gene basis using annotation supplied by GeneSifter
microarray data analysis system (www.genesifter.net, VizX Laboratories, Seattle, WA,
USA). For both cell lines, two biological replicas were analysed. Microarray data have
been deposited in the National Center for Biotechnology Information's Gene Expression
Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/gds) under accession number GSE21296;
12.04.2010.
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2.11 Specific materials
2.11.1 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

EDTA–dihydrate

AppliChem, Germany

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

Potassium chloride

Carl Roth GmbH , Germany

Potassium dihydrogen phosphate

Merck, Germany

Propidium iodide

AppliChem, Germany

SDS

AppliChem, Germany
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Sodium chloride

AppliChem, Germany

Sodium hydroxide, pellets

AppliChem, Germany

TEMED

AppliChem, Germany

Tris (ultrapure)

AppliChem, Germany

Tween 20

AppliChem, Germany

Urea

AppliChem, Germany

Yeast extract

AppliChem, Germany

2.11.2 Reagents and materials
Item

Company

1kb plus DNA ladder

Invitrogen, USA

Amaxa cell line nucleofector kit V

Lonza

Bg1II restriction enzyme

New England Biolabs

EndoFree Plasmid Maxi Kit

Qiagen

G418

Geneticin, Life Technologies

HindIII restriction enzyme

New England Biolabs

Rapid DNA Dephos & Ligation Kit

Roche Diagnostics, Germany

Moloney murine leukemia virus reverse transcriptase

Promega, Medison, WI

Gel loading buffer II

Ambion, USA

PROTRAN BA85 nitrocellulose membrane

Whatman

dNTPs

Genaxxon, Germany

Medical X-Ray Film Super RX

Fujifilm, Japan

PageRuler protein ladder

Fermentas Life Sciences, USA

QuantiTect SYBR Green PCR Kit

Qiagen

QIAprep Miniprep Kit

Qiagen

QIAquick Gel Extraction Kit

Qiagen

RNase A

Fermentas Life Sciences, USA

RNase inhibitor

Invitrogen, USA

QuantiTect SYBR Green PCR Kit

Qiagen, Hilden, Germany

Taq DNA polymerase

Invitrogen, USA

Whatman paper

Biometra, USA

XL-1 blue competent cells

Stratagene, USA
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2.11.3 Cell culture
Component

Company

RPMI

Gibco, Canada

DMEM

Pan Biotech, Germany

L-Glutamin 200mM

Gibco, Canada

5-aza-2'-deoxycytidine (5-aza-dC)

Calbiochem, Germany

Penicillin /Streptomycin

Gibco, Canada

4-hydroxytamoxifen (4-OHT)

Calbiochem

Puromycin

Calbiochem, Germany

zVAD-fmk

Biotrend Chemicals AG (Zurich)

2.11.4 Buffers
PBS buffer 10x
NaCl

87.7 g

Na2HPO4

11.7 g

KCl

2g

KH2PO4

2.4 g

dd H2O to 1000 ml
pH 7.3-7.4
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

5g

NaCl

5g

(for plates: Agar

15 g)
dd H2O to 1000 ml
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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

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
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3 Results
3.1 KLF4 is epigenetically silenced in B-cell lymphomas
3.1.1 KLF4 is silenced in B-cell lymphoma cell lines.
To investigate the role of KLF4 in B-cell lymphomagenesis, we studied its expression in
various B-cell lymphoma cell lines in comparison with human lymphoblastoid cell lines
(LCL) and tonsillar CD19+ B cells. LCLs are human B cells immortalized by infection
with Epstein-Barr virus. We studied KLF4 expression in 4 LCLs, Burkitt´s lymphoma
(BL), primary mediastinal B-cell lymphoma (PMBL), and classical Hodgkin lymphoma
(cHL) cell lines using Q-PCR. We found that in LCLs, expression of KLF4 is much higher
than in B-cell lymphoma cell lines (Figure 1). All the B cell lymphoma cell lines showed
low or absence of KLF4 expression with the lowest levels of KLF4 mRNA detected in
cHL cell lines.

Figure 1. KLF4 is not expressed in B-lymphoma cell lines. Expression of KLF4 in Bcell lymphoma and in LCL cell lines was analyzed by Q-PCR. The results are represented
as mean value ± SD of target gene (KLF4) to reference gene (RPL13A) ratio.

In light of the previous reports which found expression of KLF4 in B cells decrease upon
CD40 and B cell receptor stimulation (Good and Tangye 2007), expression of KLF4 in B
cell subsets, most importantly, in germinal center should be clarified since many classes of
B cell lymphomas are believed to be derived from GC B cells which may have a low
expression of KLF4. Thus, low expression levels of KLF4 in B lymphomas might simply
reflect physiologically low levels of KLF4 in their GC progenitors. To this end, we isolated
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different B cell subsets including naïve B cells, germinal center CD10+ B cells (GCC),
centroblasts CD77+ (CB) and centrocytes CD77-/CD10+ (CC), memory B cells. When we
define KLF4 expression levels in tonsillar CD19+ cells as 100%, then naïve cells express
2.9 fold higher levels, whereas CD10+ GCC, CB, CC, and memory cells express 49%,
78%, 54%, and 33%, respectively. Thus KLF4 expression in GC cells, including CB and
CC, is only 2 fold less than in CD19+ cells i.e. still much higher than in B-cell lymphoma
cell lines and LCLs (Figure 2).

Figure 2. Differential expression of KLF4 in the tonsillar B cell subsets. CD19+ cells
(n=9) and B cell subsets: naïve B cells, germinal center CD10+ B cells (GCC), centroblasts
CD77+ (CB), centrocytes CD77-/CD10+ (CC) and memory B cells (N=3-4) were isolated
from human tonsils. Expression was determined by Q-PCR and calculated in relation to
internal control gene RPL13A by comparative Ct method. CD19+ tonsillar cells were used
as comparator. Data are represented as mean±SD.
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3.1.2 Inhibition of DNA methylation activates KLF4 expression.
Tumor suppressor genes are often epigenetically silenced in tumors (Das and Singal 2004).
To investigate whether absence of KLF4 expression was due to promoter
hypermethylation, we treated three cHL cell lines KM-H2, L1236, and L428 with the DNA
methyltransferase I (DNMT1) inhibitor 5-aza-dC.

Figure 3. Reactivation of KLF4 expression in cHL cell lines by treatment with 5-azadC. cHL cell lines were incubated with 2 µM 5-aza-dC for 24 h, then medium was
replaced. After additional 96 h incubation cells were harvested and used for mRNA
extraction. KLF4 expression was analyzed by Q-PCR.

5-aza-dC treatment restored KLF4 expression in cHL cell lines to levels comparable to
those of KLF4 expression in tonsillar CD19+ B cells (Figure 3), indicating promoter
methylation may be responsible for absence of KLF4 expression in cHL cell lines.
3.1.3 Quantification of KLF4 promoter methylation in B-cell lymphomas.
We found a CpG island in the promoter region of KLF4 with help of Methprimer online
software (http://www.urogene.org/methprimer/index1.html, 12.04.2008). It begins from
about 700 base pairs upstream and extends to about 300 base pairs downstream of the
transcription start site. In this region, we designed primers to evaluate the methylation level
using Pyrosequencing and Q-MSP (Figure 4).
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Figure 4. Promoter region of KLF4 investigated in this study. The 5’ Untranslated
Region (5’-UTR) of KLF4 gene harbors a typical CpG island highly enriched of CpG
dinucleotides, we measured by pyrosequencing the methylation status of 7 sequential CpG
dinucleotides located -252 to -226 base pairs from transcription start site (PYRO,
CGCGCGCCGGCGGCCGGCAGTTTCCCG,). NEST-F and NEST-R locates outer
primers for nested PCR. MSP-F and MSP-R show positions of methylation-specific
primers for Q-MSP. The transcription start site is indicated by an arrow.

First we measured the methylation level of KLF4 promoter in various cell lines. In 5
KLF4-expressing LCL lines, the methylation rate of individual CpGs never exceeded 15%.
In contrast, in 4 BL cell lines, 1 PMBL cell line, and in 3 cHL cell lines, the methylation
rate varied between 86% and 100%. Only in the L1236 cHL cell line the methylation rate
was between 16% and 50% (Figure 5 left). Thus, low methylation of KLF4 promoter
correlated with high KLF4 expression and vice versa.

29

Figure 5. Methylation status of KLF4 promoter in various B cell lines and primary
samples. Methylation levels of the 7 CpG sites were based on the results of
Pyrosequencing and represented by color coding, CpG site with percentage between 0 to
15% was deemed as no methylation, whereas CpG site with a percentage between 16 to
50% was considered to be methylated, 51 to 85% and 86 to 100% as highly and completely
methylation respectively. UM1 LCL represented non-malignant B cell lines, the rest of the
cell lines were BL, PMBL and cHL. Primary samples including CD19+, FL, DLBCL and
BL were investigated for methylation of KLF4 promoter region.

CpG-island methylation may arise in due cause of long time in vitro culturing of tumor cell
lines (Ehrich et al. 2008). To exclude this, we compared KLF4 promoter methylation in
tonsillar and peripheral blood B cells with samples of primary B-cell lymphoma cases. In
all 13 samples of CD19+ cells methylation level of CpGs was lower than 15%. Moreover,
the B cell subsets, namely, naïve B cells, germinal center B cells consisting of centroblasts
and centrocytes, mermory cells are all negative for methylation of KLF4 promoter. On the
contrary, in 8 of 9 cases of FL, 8 of 9 cases of diffuse large B-cell lymphoma (DLBCL),
and in 5 of 5 cases of BL, methylation of promoter CpGs varied between 16% and 85%
(Figure 5 right). B cell lymphomas are derived from germinal center B cells, where we
show for the first time, promoter methylation doesn’t play any role in KLF4 expression
under physiological condition, but rather, it specifically occurs during lymphomagenesis.

The lower methylation ratio in primary tumors compared to cell lines may be due to the
ongoing KLF4 promoter methylation process in lymphoma cells, or by contamination with
stromal cells. The proportion of stromal cells was estimated as low as 20% in the nonHodgkin lymphoma samples. Of note, this difference between cell lines and primary
samples has also been observed by other researchers in most of genes investigated, and
heterogeneity of the clinical samples was also suggested to be the reason (Ehrich et al.
2008).
Genomic and Epigenomic characterization of cHL has always been difficult because of
paucity of Hodgkin and Reed-Sternberg (HRS) cells in tumor tissue. The proportion of
cHL varies between 1 and 4%. Obviously, pyrocequencing is not able to detect very low
frequency of methylation. To assess methylation in samples with the expected low
frequency of methylated alleles we used a quantitative methylation-specific PCR (Q-MSP)
approach (Figure 6).

Figure 6. Q-MSP of KLF4 promoter in cHL tumor samples. We took advantage of the
sensitivity of PCR amplification to analyze the methylation status of KLF4 promoter.
Bisulfite-converted genomic DNA from 7 samples of normal CD19+ cells isolated from
peripheral blood or from tonsils, 8 samples of primary cHL cases, and from B-cell
lymphoma cell lines L428, KM-H2, L540, Namalwa, Raji, and Ramos were analyzed for
presence of methylated KLF4 alleles by Q-MSP. The data represent the ratio of methylated
to unmethylated KLF4 alleles in the sample. The ACTB template, which is amplified
independently of methylation, is used as a reference. CD19+ B cells and lymphoma cell
lines that have been determined for their methylation levels of KLF4 promoter by
pyrosequcing were used as controls. The methylation ratio was calculated as ECt(mACTB)
/ECt(mKLF4); where E

is specific amplification efficiency, and Ct is crossing point for

mKLF4 and mACTB, respectively. KLF4 promoter methylation level in cHL samples is
significantly higher than in normal CD19+ cells (2-sided T-test).

With Q-MSP, using bisulfite converted DNA as template, a primer set specifically
amplifies and quantifies the methylated allelles of KLF4 promoter, another primer set
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corresponds to a region in ACTB gene that is negative for CpG dinucleotides, which
enables amplification independent of methylation. The quantified value of methylated
KLF4 is normalized against value of ACTB gene, which gives a ratio between 0 and 1 (no
methylation to complete methylation).
We found that the methylation levels of the several lymphoma cell lines taken as controls
were about 1 (100% methylation), whereas the CD19+ B cells showed no more than 0.1
(10%) methylation, which are in good accordance with the results generated by
pyrosequcing, supporting the reliability of this method. The methylation level in primary
cHL samples were significantly higher than in normal CD19+ cells and correlated well with
the estimated proportion of HRS in cHL tumors.
To exclude that KLF4 promoter methylation detected with the MSP was derived from
stromal cells, we used laser capture microdissection to isolate about 100 HRS cells and the
same number of stromal or bystander cells from each of 10 cHL samples. Using a nested
PCR approach followed by pyrosequencing we found hypermethylated CpGs in 7 of 10
cHL samples (Figure 7). Among the 7 samples, the methylation levels of HRS cells are
ranging from 16% to 85%. More importantly, the methylation status of the KLF4 promoter
in stromal and bystander cells of cHL were very low (between 0 to 15%) and did not
exceed levels observed in the normal B cells. In our preparation, the purity of HRS cells
was deemed to be around 80% due to inevitabe contamination by bystander and stroma
cells, which might contributes to the observed relative lower level of methylation in HRS
cells compared with that of cell lines.

Figure 7. Methylation status of KLF4 promoter in HRS cells and stromal cells of cHL.
Genomic DNA was isolated from 100 microdissected HRS or stromal and bystander cells
of each cHL samples. Bisulfite-converted samples were amplified by nested PCR with
primers located as show in Figure 4 and methylation status of 7 individual CpGs was
measured as described in the 2.6.

32

Therefore we conclude that KLF4 promoter methylation is a common event in Blymphomagenesis. Although the expression level of KLF4 in B cell lymphomas is lacking
in our study, other groups have demonstrated DLBCL had very low expression of KLF4
when compared with germinal center B cells (Kharas et al. 2007). Taken together our data
indicate that low expression of KLF4 is a common event in B cell lymphoma and promoter
methylation may be responsible for KLF4 silencing.

3.2 KLF4 induces cell cycle arrest in BL cell lines.
The epigenetic silencing of KLF4 in B-cell lymphoma suggests a tumor suppressor activity
of this gene in B-cell lymphomagenesis. To test this hypothesis, we generated BL and cHL
cell lines stably expressing a KLF4-ER fusion gene. This construct contains the full length
KLF4 coding sequence fused in frame with a mutated estrogen receptor ligand-binding
domain (ER). This KLF4-ER fusion protein, in the absence of ligand, is inactive because it
is complexed with heat shock protein 90 (HSP90) which sequestrate the fusion protein in
the cytoplasm. Upon treatment with 4-hydroxytamoxifen (4-OHT), KLF4ER translocates
to the nucleus to activate transcription of KLF4 target genes (Alder et al. 2008). The
advantage of this construct is that the activity of KLF4 is tightly dependent on the presence
of 4-OHT, but is not induced by estrogens that may be present in serum.

Figure 8. Expression of KLF4-ER protein in stable clones of BL cell lines. Expression
of KLF4-ER in Ramos and Namalwa stably transfected clones was measured by
immunobloting using anti-KLF4 antibody. ACTB was used as a loading control.

First we investigated effect of KLF4 expression in BL cell lines. The expression of the
KLF4-ER protein in the Namalwa and Ramos clones was shown by immunoblot (Figure
8). 4-OHT was added to enable nuclear transport of KLF4-ER protein, which led to
attenuated growth of both BL cell lines (Figure 9).

Figure 9. Ectopic expression of KLF4 attenuated growth of BL cell lines. Cell lines
were plated in 6-well plates at density 0.5x105 cells per well in 3 ml of complete culture
medium (Day 0). 4-OHT was added at concentration 200 nM at the days 0, 2 and 4. Cells
were counted with haemocytometer. Cell viability was controlled by trypan blue staining.
All experiments were repeated at least three times. The data represent mean±SD of the
most representative experiment.

Figure 10. KLF4 induced cell cycle arrest in BL cell lines. Cells were seeded at a density
1x105/mL of the complete medium and treated with 200 nM 4-OHT at the same day, after
48 hours cells were harvested and cell cycle distribution was measured by PI staining as
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described in Material and Methods. Mean±SD obtained in three independent experiments
are shown.

4-OHT had no noticeable impact on growth of BL cell lines transfected with the empty
vector, and without exposure to 4-OHT, the growth of KLF4ER transfected cells was
indistinguishable from cells transfected by empty vector. Growth inhibition by KLF4
activation was associated with an accumulation of cells in G0/G1 phase accompanied by a
proportional decrease of cells in S-phase in both cell lines (Figure 10). The KLF4-induced
G1/S arrest is in line with several previous reports (Kharas et al. 2007). In addition, KLF4
activation increased cell death in both BL cell lines (Figure 11). Thus, KLF4 affects
growth of BL cell lines by influencing cell cycle progression and survival.

Figure 11. KLF4 induced cell death in BL cell lines. Cells were seeded at concentration of
1x106 cells per 10 ml of complete medium. 4-OHT was added at the same concentration and
schedule as for cell proliferation experiment and cell cycle experiments. Cell death was
measured by annexin V/PI staining, annexin V and PI double negative cells were judged to
be viable. The results are represented as specific apoptosis (SA): SA (%) = 100(AE - AC)/ (1
- AC), where AE equals % of apoptotic cells in the experimental (+4-OHT) group and AC
equals % of apoptotic cells in the control (not treated) group. The data expressed as
mean±SD of one most representative of at least three independent experiments.

35

3.3 KLF4 causes apoptosis in cHL cell lines.
To investigate potential tumor suppressor effects of KLF4 in cHL cell lines, we generated
KM-H2 and L428 cell lines stably expressing the KLF4-ER fusion protein (Figure 12).

Figure 12. Expression of KLF4-ER fusion protein in cHL cell lines. KLF4 expression in
KM-H2-KLF4-ER and L428-KLF4-ER as well as in KM-H2-pcDNA and L428-pcDNA
clones was investigated as described for Figure 8.

Figure 13. KLF4 activation is incompatible with growth of cHL cell lines. The
experiments were done as described for Figure 9 except that cells were seeded at density of
1x105/well due to the relatively slow growth kinetic of cHL cell lines.

Activation of KLF4 rapidly decreased viability of both cHL cell lines, and the effect was
much more striking than for the BL cell lines (Figure 13). To uncover the possible
mechanisms, we began by investigation of the cell cycle distribution change after KLF4
activation. Again we observed G1/S arrest in KMH2 cells similar to that of BL cell lines.
Nevertheless, L428 cell line didn’t show any inhibition of cell cycle progression (Figure
14).
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Figure 14. Effect of KLF4 on cell cycle distribution of cHL cell lines. Cell cycle
analysis of KMH2 cells was done 2, 4 and 6 days after treatment as described for Figure
10. Results shown here was 4 days after treatment of 4-OHT (similar changes was observed
after 2 days of treatment and became at the late observation poins). In L428, no obvious
difference of cell cycle profile was observed between treated cells and control. Shown here
was result for 1 day after treatment.

Figure 15. KLF4 induces apoptosis in cHL cell lines. See description for Figure 11.

Using annexin V / PI staining we found that the decrease in the viable cell numbers in cHL
cell lines was mainly due to induction of cell death (Figure 15). Although KLF4 induced
massive apoptosis in both cell lines, the kinetic of cell death was slightly different. In KMH2 cells specific apoptosis slowly increased from 15.5% on day 2 of 4-OHT treatment to
90.5 % on day 6. In L428, 45% of cells were apoptotic already 1 day after the treatment
and on day 2 specific apoptosis reached 86.6 % (Figure 15). Meanwhile, 4-OHT did not
induce apoptosis in cells transfected with the empty vector.
Caspase activation is typically involved in apoptosis. Among executioner caspases
(caspase-3, -6 and –7), caspase 3 is critical, as it is either partially or totally responsible for
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the proteolytic cleavage of many key proteins during apoptosis including the nuclear
enzyme poly ADP-ribose polymerase (PARP). After KLF4 activation, cleaved Caspase-3
was observed in L428 cells, but not in KM-H2 cells. The absence of caspase-3 cleavage in
KM-H2 cells could be explained by the low levels of caspase-3 expression in this cell line
(Wrone-Smith et al. 2001) (Figure 16).

Figure 16. Involvement of caspase activation in KLF4 induced apoptosis. KM-H2 and
L428 cells expressing KLF4ER fusion gene or empty vector were treated with 4OHT.After 48 h (KM-H2) or 24 h (L428), protein was prepared from the collected cells.
Caspase-3 activation was demonstrated by immunoblotting using an antibody against
cleaved caspase-3.

To investigate the role of caspase activation in KLF4-induced cell death we pretreated
L428 and KM-H2 cell lines with a broad-spectrum caspase inhibitor zVAD-fmk. The
concentration of zVAD-fmk used to prevent caspase activation in literature for these two
cell lines was ranging from 2 µM to 160 µM. We tested the antiapoptotic effect of zVADfmk in a concentration range of 2 µM to 320 µM. Caspase inhibition in L428 cells was
confirmed by immunoblot with a anti-cleaved caspase-3 antibody (Figure 17). zVAD-fmk
slightly inhibited apoptosis in both cell lines. In KM-H2 cells, the maximum anti-apoptotic
effect was observed at concentration 160 µM, and in L428 cells, 320 µM (Figure 17).
Further increasing of the concentration in L428 cells was hindered by cytotoxicity of the
vehicle DMSO and the fear that specificity of zVAD-fmk might be compromised.
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Figure 17. zVAD-fmk partially inhibits KLF4 induced apoptosis. Immunoblotting of
cleaved caspase-3 in L428 cells was done as described for Figure 14 with addition of
zVAD-fmk in two different concentrations. To measure apoptosis of cells treated by 4OHT and zVAD-fmk, cells were seeded at density 1x105 cells/well of 24-well plate in 1
mL of the complete medium. At the same day, ZVAD-fmk was added at concentration of
2, 5, 10, 20, 40, 80, 160 and 320 µM respectively followed by 200 nM of 4-OHT 2 hours
later. Cell death was measured for 5 days (KM-H2) and 3 days (L428) after seeding using
Annexin V-FITC/PI double staining and expressed as percentage of dead cells. The data
are shown as mean±SD of three independent experiments.

In both cHL cell lines, zVAD.fmk moderately inhibited KLF4 induced apoptosis (Figure
18). Thus, KLF4 induced apoptosis in cHL cell lines involves capase activation,
nevertheless caspase-independent mechanisms seem to play a major role.

Figure 18. Caspase inhibition provides modest protection for the cHL cell lines from
KLF4-induced apoptosis. See description for Figure 17. At the same day of seeding,
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ZVAD.fmk was added at concentration of 160 µM (KM-H2) or 320 µM (L428) followed
by 200 nM of 4-OHT 2 hours later. Cell death was measured by Annexin V-FITC/PI
double staining and given as percentage of dead cells. The data are shown as mean±SD of
three independent experiments.

3.4 KLF4 activates genes are involved in regulation of cell cycle and apoptosis.
Since cHL cell lines were much more sensitive to KLF4 activation than BL cells, we
investigated the molecular aspects of KLF4 action in cHL cell lines. First, we validated the
functional activity of the construct by testing induction of known KLF4 target genes
including

CDKN1A/p21,

CDKN1C/p57

and

CCND2/cyclin

D2,

CDKN1A

or

CDKN1Cusing Q-PCR. Transactivation of these genes was reported to be responsible for
KLF4 mediated G1/S cell cycle arrest, whereas CCND2 was shown to be upregulated or
downregulated by KLF4 in different context (Kharas et al. 2005; Wei et al. 2008; Yoon et
al. 2003; Yoon et al. 2004; Chen et al. 2003). In our study, KLF4 increased expression of
CDKN1A and CCND2 mRNA in both cell lines, whereas CDKN1C was strongly
upregulated by KLF4 activation specifically in KM-H2 cells (Figure 19).

Figure 19. Validation of functional activity of KLF4 constructs in cHL cell lines by
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induction of specific target genes. 2x106 KM-H2-KLF4ER and L428-KLF4ER cells were
seeded in 10 ml of complete culture medium and treated with 200 nm of 4-OHT at the
same day. 24 h later cells were harvested, and expression of CDKN1A, CCND2 and
CDKN1C was assessed by Q-PCR. The data represent relative mRNA expression
(mean±SD) calculated by comparative Ct method. The relevant non-treated controls were
used as comparators. Gene expression was normalized to expression of RPL13A. All
measurements were made in triplicate.

The most prominent tumor-suppressive effect of KLF4 in cHL cell lines we observed was
induction of apoptosis. We therefore set out to search for genes responsible for KLF4induced apoptosis. Using a Human Apoptosis Primer Library (Real Time Primers, Elkins
Park, USA), we examined the expression level of 88 genes involved in apoptosis pathways.
Among which, 14 genes were modulated by KLF4 activation in both L428 and KM-H2
cells by more than 2 fold (Table 9).
Table 9. Genes modulated by klf4 activation in cHL cell lines.

KM-H2-KLF4ER and

L428-KLF4ER cells were treated with 4-OHT. 24 h (L428-KLF4ER) or 48 h later (KMH2) cells were harvested, and expression of genes in apoptosis pathway was analyzed.
Only genes which expression was changed more than 2 fold in both cell lines are shown.
The data are shown as fold modulation ± SD of 3 independent experiments.
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Among the upregulated genes were caspase 4 and 5, which are not classified as initiator or
effector caspases and their involvement in apoptosis has rarely been reported (Hitomi et al.
2004). CASP7, although being an effector caspase, is mainly regulated at the posttranslational level (Riedl and Shi 2004), and its activation could be inhibited by zVADfmk. Therefore it was unlikely that CASP7 played a dominant role in KLF4-induced
apoptosis in cHL cells. We found a moderate upregulation of several genes involved in the
extrinsic apoptosis pathway, CASP8 and FADD-like apoptosis regulator (c-FLIP), tumor
necrosis factor receptor superfamily members 10a (TRAILR1) and 10c (TRAILR3).
Among the genes upregulated by KLF4 activation we also found two genes encoding
mitochondrial

proapoptotic

proteins:

second

mitochondria-derived

activator

of

caspases/direct inhibitor of apoptosis-binding protein with low pI (Smac/DIABLO) and
BCL2-antagonist/killer 1 (BAK1). Because of the level of its upregulation (13 to 23 fold)
we focused on BAK1. BAK1 is a multidomain, pro-apoptotic member of the BCL-2 family
and an essential gateway to the mitochondrion-mediated cell death program. Triggered by
various proteins like PUMA and NOXA, oligomerization of BAK1 and BAX in the
mitochondrial outer membrane forms channels that cause release of mitochondrial proteins
like cytochrome c, SMAC/Diablo, Apoptosis Inducing Factor (AIF), HtrA2/Omi, and
endonuclease G, which may induce caspase activation, but may also lead to caspaseindependent cell death (Kroemer and Martin 2005). Given that BAK1 is upstream of
Smac/DIABLO in the mitochondrial apoptotic pathway and exhibits the highest
upregulation among the 14 genes, we further investigated the role of BAK1 in KLF4induced apoptosis in cHL cell lines.

3.5 BAK1 is responsible for KLF4-induced cell death.
First, we verified KLF4-induced BAK1 mRNA up-regulation in cHL cell lines, and
compared it with BAK1 expression induced in BL cells, using BAK1 mRNA-specific
primers by Q-PCR (Figure 20). We found that 24h after KLF4 activation, BAK1 mRNA
levels were increased more than 20 fold in both cHL cell lines, which is in good correlation
with results obtained using the Human Apoptosis Primer Library (Table 3.1).
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Figure 20. KLF4 induces BAK1 mRNA expression. 2x106 KM-H2, L428, Namalwa, and
Ramos cells stably expressing KLF4ER fusion protein, or empty vector were seeded in 10
ml of complete culture medium and treated with 200 nm of 4-OHT at the same day. 24 h
later cells were harvested and BAK1 expression was assessed by Q-PCR. The data
represent relative mRNA expression (mean±SD) calculated by comparative Ct method. The
relevant non-treated controls were used as comparators. RPL13A was used as reference
gene. All experiments were performed in triplicate.

Interestingly, in BL cell lines KLF4 activation induced only 2-fold up-regulation of BAK1,
which correlated with the significantly lower levels of KLF4-induced apoptosis in
Namalwa and Ramos cell lines. In agreement with mRNA upregulation, BAK1 protein was
also found to be upregulated in cHL cell lines (Figure 21).

Figure 21. KLF4 activation induces BAK1 protein expression in cHL cell lines. KMH2 and L428 cells expression KLF4ER fusion gene and empty vector were treated with 4OHT, after 48 h (KM-H2) or 24 h (L428), protein was prepared from collected cells.
Western immunoblot was done using an anti-BAK1 antibody. As a loading control,
membrane was striped and re-probed with an ACTB antibody.
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To clarify the role of BAK1 in KLF4-induced apoptosis we silenced BAK1 in cHL cell
lines using a specific shRNA construct. As control we used vector expressing a shRNA
specific for luciferase mRNA. The BAK1 specific shRNA reduced BAK1 protein
expression in L428-KLF4-ER and KM-H2-KLF4-ER cell lines, whereas the control
shRNA did not (Figure 22).

Figure 22. shRNA againest BAK1 specifically downregulates BAK1 protein
expression. KM-H2-KLF4ER or L428-KLF4ER cells were transiently transfected with
pSR-luci and pRS-shBAK1 vectors using nucleofection followed by 5 days selection with
0.5 µg/ml (KM-H2) and 1 µg/ml (L428) of puromycin. BAK1 expression was determined
by immunoblot.

The transient expression of pRS-shBAK1 in L428-KLF4-ER and KM-H2-KLF4-ER
significantly decreased KLF4-induced apoptosis (Figure 23). In both lines, the control
shRNA had no impact on the cell viability, whereas cells with BAK1 knockdown by
shRNA showed about 50% decrease of cell death. Thus, KLF4-mediated apoptosis in cHL
cell lines depends on induction of BAK1 expression.

Figure 23. silencing of BAK1 expression by shRNA prevents KLF4 induced cell death.
KM-H2-KLF4ER and L428-KLF4ER were transfected with pRS-BAK1 or pRS-luci and
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were selected for 5 days with puromycin. Then cells were recovered for 1 day in the
complete culture medium without puromycin followed by treatment with 200 nM of 4OHT (day 0). Apoptosis was measured on the indicated time points. Mean ± SD of the
specific apoptosis obtained in two independent experiments are shown.

3.6 Gene expression profiling reveals novel target genes of KLF4
B cell differentiation is tightly controlled by multiple transcription factors such as E2A,
EBF1 and PAX5. The majority of B-lymphomas preserve B-cell phenotype to use BCR
signaling as survival strategy (Kuppers 2009). HRS cells of cHL have lost B cell
phenotypes and at the same time gain expression of markers typically seen in other
lineages especially those of T cells. Recently it was shown that aberrant expression of
multiple transcription factors is largely responsible for extinguishing the B-cell phenotype
in cHL (Kuppers 2009). Promoter methylation of KLF4 might be preceded by
transcriptional repression by Notch1 overexpression and silencing of PU.1, both of which
are upstream regulators of KLF4 (Ghaleb and Yang 2008; Feinberg et al. 2007) and
perturbed expression of both is recognized to play important roles in B cell reprogramming
in cHL (Kuppers 2009).
We speculated that, apart from its influence on cell cycle control and survival, KLF4
silencing might also contribute to the peculiar phenotype of HRS cells. To elucidate the
role of KLF4 in lymphomagenesis of cHL, we performed gene expression profiling, which
revealed novel genes modulated by KLF4 activation in cHL (Table 10).
As expected, KLF4 activation induced expression of BAK1, moreover, we observed
upregulation of several B-cell or B-cell lymphoma specific genes which typically
expressed at were very low levels or absent in cHL: CD52 and CD82. CD52 and ZBTB7A
(upregulated by 2 times in both of the cell lines) were particularly of interest and thus we
validated their upregulation with Q-PCR (Figure 24). CD52 is a cell surface glycoprotein
with unknown function that is expressed on normal T and B lymphocyte, monocytes, and
majority of B-cell non-Hodgkin lymphomas, whereas most cases of acute myeloid
leukemia (AML), multiple Myeloma and Hodgkin lymphoma are negative for its
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expression. A humanized monoclonal antibody alemtuzumab specifically targeting CD52
has been approved by Food and Drug Administration for treatment of relapsed or
refractory B-cell chronic lymphocytic leukemia (B-CLL as known as CLL), a response rate
of 44% in B-cell non-Hodgkin lymphomas has been reported, however its application has
been hindered by complications including increased risk for opportunistic infections due to
impaired T cell immunity (Rodig et al. 2006).

Table 10. KLF4 modulates expression of multiple genes in cHL. KM-H2 and L428 cells
with ectopic expression of KLF4ER fusion gene were treated with 4-OHT for 24 h, and
RNA was prepared. The mRNA expression of genes was profiled using Affymetrix Human
Gene 1.0 ST array. Genes that showed more than 3 times upregulation or downregulation
in both of the cell lines were presented.
Full name

Fold of Induction
KMH2

L428

CD52 molecule

19.25

8.02

lamin A/C

3.46

4.15

ATPase, Ca++ transporting, plasma membrane 4

8.17

8.61

mitogen-activated protein kinase kinase kinase 6

3.50

3.70

S100 calcium binding protein A3

4.48

3.32

S100 calcium binding protein A16

10.31

30.86

annexin A8-like 2

3.38

5.47

annexin A8

3.38

5.66

tetraspanin 14

6.39

5.80

tripartite motif-containing 8

3.57

3.30

annexin A8-like 1

11.29

7.73

CD82 molecule

5.31

5.87

family with sequence similarity 89, member B

5.62

3.62

solute carrier family 25 (mitochondrial carrier: glutamate), member 22

5.34

4.92

phosphatidylinositol transfer protein, membrane-associated 1

4.35

4.42

calcium channel, voltage-dependent, beta 3 subunit

6.97

7.57

major facilitator superfamily domain containing 5

3.26

4.42

LAG1 homolog, ceramide synthase 5

4.69

3.26

integrin, beta 7

12.98

33.18

TYRO3 protein tyrosine kinase

4.81

11.63

Upregulated
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KMH2L428

Upregulated
sulfide quinone reductase-like (yeast)

4.53

3.04

pleckstrin homology domain containing, family O member 2

4.01

5.48

sorting nexin 33

4.14

4.58

solute carrier family 6 (neurotransmitter transporter, creatine), member 8

9.05

4.37

Ras-related associated with diabetes

4.83

6.01

NAD(P)H dehydrogenase, quinone 1

3.86

3.68

LIM and SH3 protein 1

4.55

3.60

nerve growth factor receptor (TNFR superfamily, member 16)

3.99

4.11

solute carrier family 9 (sodium/hydrogen exchanger), member 3 regulator 1

3.70

3.97

midnolin

3.55

3.41

myeloid-associated differentiation marker

3.10

5.52

troponin T type 1 (skeletal, slow)

4.18

3.89

FOS-like antigen 2

6.69

4.19

chromosome 2 open reading frame 54

4.07

6.46

cell division cycle 25 homolog B (S. pombe)

4.63

3.25

fermitin family homolog 1 (Drosophila)

5.06

3.06

interleukin 17 receptor A

3.23

3.23

guanine nucleotide binding protein (G protein), alpha inhibiting activity polypeptide 2

3.69

3.61

PHD finger protein 7

6.37

3.03

serpin peptidase inhibitor, clade I (neuroserpin), member 1

5.73

3.02

poly(rC) binding protein 4

6.17

3.39

chloride channel 2

4.80

3.33

zinc finger, SWIM-type containing 6

4.75

3.42

BCL2-antagonist/killer 1

8.45

5.38

adenosylhomocysteinase-like 2

3.07

3.28

EPH receptor B6

13.06

5.53

transmembrane and ubiquitin-like domain containing 1

4.57

3.57

bone morphogenetic protein 1

3.34

4.39

Kruppel-like factor 10

5.33

4.45

transmembrane protein 65

3.77

3.18

GLI pathogenesis-related 2

7.29

3.94

nuclear factor I/B

6.01

3.65

KIAA1539

4.76

7.45

family with sequence similarity 129, member B

3.78

9.54

1-acylglycerol-3-phosphate O-acyltransferase 2

4.11

3.74

TIMP metallopeptidase inhibitor 1

3.02

3.18

dedicator of cytokinesis 11

3.67

3.67

E74-like factor 4 (ets domain transcription factor)

3.86

3.51

gamma-aminobutyric acid (GABA) B receptor, 1

3.95

3.48
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Full name

Fold of

Induction

KMH2L428
Downregulated
regulator of G-protein signaling 1

0.16

0.27

four jointed box 1 (Drosophila)

0.24

0.33

ATP-binding cassette, sub-family C (CFTR/MRP), member 1

0.30

0.29

transmembrane protein 97

0.29

0.21

TAF4b RNA polymerase II, TATA box binding protein (TBP)-associated factor, 105kDa

0.21

0.26

CD86 molecule

0.28

0.27

profilin 2

0.28

0.19

chemokine (C-X-C motif) ligand 10

0.08

0.13

glioblastoma amplified sequence

0.07

0.31

musculin (activated B-cell factor-1)

0.32

0.24

ZBTB7A is a proto-oncogene that represses transcription of the tumor suppressor
CDKN2A (Maeda et al. 2005). It also plays important roles in hematopoietic development.
Loss of ZBTB7A causes lethal anemia in mouse embryos due to increased apoptosis
induced by Bim (Maeda et al. 2009); by repression of Notch, ZBTB7A instructs early
lymphoid progenitors in mice to develop into B lineage cells at the expense of T cell
development (Maeda et al. 2007). In B cell lymphomas, its role might be complex, as it is
reported to be overexpressed in a subset of DLBCL, nevertheless, its high expression
predicts better clinical outcome (Maeda et al. 2005).
Genes downregulated by KLF4 include CD86 and CXCL10 (Figure 24), both of which are
highly overexpressed in cHL due to consitutively active NF-kappaB (Hinz et al. 2001;
Teichmann et al. 2005). CD86 encodes a type 1 membrane glycoprotein expressed by
antigen-presenting cells. Binding of the CD86 protein with CD28 antigen and cytotoxic Tlymphocyte-associated protein 4 (CTLA-4) generates costimulatory and inhibitory signals
in T cells, respectively. CXCL10 is a chemokine and ligand for the receptor CXCR3;
binding of CXCL10 to CXCR3 generates pleiotropic effects such as stimulation of
monocytes, natural killer and T-cell migration and modulation of adhesion molecule
expression.
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Figure 24. Validation of microarray data using Q-PCR. 2x106 KM-H2 and L428 cells
stably expressing KLF4ER fusion protein, or empty vector were seeded in 10 ml of
complete culture medium and treated with 200 µm of 4-OHT at the same day. 24 h later
cells were harvested and gene expression was assessed by Q-PCR. The data represent
relative mRNA expression (mean±SD) calculated by comparative Ct method. The relevant
non-treated controls were used as comparators. RPL13A was used as reference gene. All
experiments were performed in triplicate.

3.7 KLF4 regulates expression of MSC
More strikingly, we found that KLF4 activation induced downregulation of MSC,
constitutive activity of which is a hallmark of cHL. The down-modulation of MSC was
validated using Q-PCR (Figure 25). With Western Blotting, expression of MSC protein in
KLF4 activated cHL cells almost completely disappeared, in contrast with the abundant
MSC protein in empty vector transfected cells and KLF4 transfected cells not treated by 4OHT.
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Figure 25. Downregulation of MSC by KLF4. Q-PCR of MSC was done as described for
Figure 24 using a primer pair recognizing MSC mRNA. For immunoblotting, KM-H2 and
L428 cells expression KLF4ER fusion gene and empty vector were treated with 4-OHT,
after 48 h (KM-H2) or 24 h (L428), protein was prepared from collected cells. Expression
of MSC was demonstrated with immunoblotting using specific antibody against MSC.

50

4 Discussion
We have shown that KLF4 promoter is hypermethylated in cell lines and primary cases of
B-cell lymphoma. Hypermethylation of the KLF4 promoter is associated with gene
silencing. Re-expression of KLF4 leads to growth retardation in BL cell lines and induces
apoptosis in cHL cell lines. Activation of BAK1 transcription plays a major role in KLF4induced apoptosis in cHL cell lines. Moreover, activation of KLF4 in cHL cell lines also
suppresses MSC, a transcription factor whose expression is the hallmark of cHL and plays
important roles in reprogramming B cells to the unique cHL phenotype.
KLF4 promoter hypermethylation has been shown for a variety of epithelial tumors where
KLF4 typically functions as a tumor suppressor (Wei et al. 2005; Zhao et al. 2004).
Abnormal CpG island methylation can completely repress transcription similar to genetic
mutations (Jones and Laird 1999). The impact of genetic and epigenetic mechanisms on
KLF4 down-regulation differs among the tumor types. In gastric adenomas and
adenocarcinomas, loss of KLF4 alleles is the most common cause of KLF4 downregulation (about 25% of cases), whereas hypermethylation was reported only in 2 of 128
cases (Cho et al. 2007). Another study revealed some degree of hypermethylation in all
gastric carcinoma cases tested (Wei et al. 2005). Inactivation of KLF4 by methylation was
also observed in adult T-cell leukemia (Yasunaga et al. 2004). Epigenetic abnormalities are
common in B-cell lymphomas (Ushmorov et al 2006; Ushmorov et al. 2008; Frank et al.
2009; Ehlers et al. 2008). Promoter methylation of KLF4 was also been shown in FL and
DLBCL (Bennett et al. 2009; Duff et al. 2009). We now show that KLF4 promoter
hypermethylation is also observed in cHL and therefore may be considered as a common
event in germinal center B-cell lymphomas.
It is likely that low transcriptional activity of the KLF4 gene precedes the
hypermethylation of the KLF4 promoter. Notch1, a known repressor of KLF4, is highly
expressed in cHL (Kuppers 2009) and it plays important roles in immortalization of Blymphocytes by Epstein Barr virus (Cahir-mcfarland et al. 2000). KLF4 has been shown to
be down-regulated in germinal center B cells compared with naïve cells, whereas Notch1 is
most abundantly expressed in germinal center B cells (Baldi et al. 2004). This implies a
negative correlation between KLF4 and Notch1 expression in B cells. In contrast, the
transcription factor PU.1, a transcriptional activator of KLF4, which can also be
upregulated by KLF4 (Feinberg et al. 2007), is epigenetically silenced in cHL (Ushmorov
et al. 2006). PU.1 has been shown to be positive correlated with prognosis in follicular
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lymphoma (Torlakovic et al. 2006), suggesting a tumor suppressor role in FL. More
interestingly, KLF4, PU.1 and Notch1 are all reported to be context-dependent
oncogenes/tumor suppressors (Radtke and Raj 2003; Rowland and Peeper 2006; Rimmelé
et al. 2007). Whether there are common therapeutic targets in tumors either addicted or
sensitive to expression of KLF4, PU.1 or Notch1 needs to be further elucidated.
The observed heterogeneity of methylation patterns among the CpGs of the same tumor as
well as between tumor samples may indicate that KLF4 methylation is gradually acquired
in the process of lymphomagenesis. Inheritance of the hypermethylation pattern and its
maintenance indicates a negative influence of KLF4 on B cell growth and survival. Indeed,
we found that KLF4 activation moderately delays growth of BL cell lines and induces
massive cell death in cHL cell lines.
HRS cells of cHL are generally believed to be derived from pre-apoptotic germinal center
B cells (Kuppers 2009); hence the transforming events must not only rescue HRS cells
from apoptosis but also endow them with the ability of uncontrolled proliferation.
Numerous anti-apoptotic pathways are typically activated in HRS cells. Death receptor
induced apoptosis is inhibited by c-FLIP over-expression (Mathas et al. 2004) and upregulation of XIAP suppresses caspase activation (Kashkar et al. 2003). Constitutively
activated NF-κB leads to high expression of Bcl-xL (Hinz et al. 2001) along with defective
BAX activation (Kashkar et al. 2002), although whether lack of CASP3 expression in a
cHL cell line KM-H2 mirrors a subset of cHL cases has to be elucidated. Therefore, to
induce apoptosis in HRS cells KLF4 must corrupt the multi-component anti-apoptotic
machinery. Our study also reveals a potential weak spot of HRS cells, BAK1 upregulation
can break through all the aforementioned protective barriers of HRS cells. This concept is
not surprising since BAK1 and BAX, among various important functions in regulation of
apoptosis, govern the integrity of mitochondria, activation of them leads to release of
numerous mitochondrial pro-apoptotic proteins (cytochrome C etc), making apoptosis
inevitable.
Remarkably, it has been demonstrated that KLF4 may inhibit apoptosis via transcriptional
repression of p53 (Rowland and Peeper 2005; Ghaleb and Yang 2007). The ability of
KLF4 to induce apoptosis was demonstrated in adult T-cell leukemia (Yasunaga et al.
2004) and in a mouse model of pre-B-cell leukemia (Kharas et al. 2007). In pre-B-cell
leukemia KLF4 induced caspase-dependent and caspase-independent cell death, which
could be attenuated by BCL2L1/Bcl-xL overexpression (Kharas et al. 2007). Similarly, in
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our experiments KLF4-induced cell death in the human cHL cell lines also could not be
completely inhibited by caspase inhibitor zVAD-fmk and involved mitochondrial
mechanisms. KLF4-induced activation of BAK1 and DIABLO, effectors of mitochondriadependent apoptosis, is reminiscent to KLF4-induced mitochondrial damage described in
the pre-B-cell lymphoma (Kharas et al. 2007). In healthy cells, BAK1 is specifically
sequestrated through interaction with MCL1 or BCL2L1/BCL-xL and induces apoptosis
only if freed from both (Willis et al. 2005). BCLxL is up-regulated in 94% of cHL cases
(Bai et al. 2007) and was shown to play a major role in protection of cHL cell lines against
apoptosis induced by NF-κB inactivation (Hinz et al. 2001). Thus, we assume that KLF4
induces apoptosis by stimulating the overproduction of BAK1 in amounts, exceeding the
sequestration capacity of BCLxL. Remarkably, the caspase-independent character of KLF4induced cell death also hints at the BAK1 involvement. BAX and BAK1 were shown to
promote caspase-independent apoptosis in prostate adenocarcinoma cells (Nutt et al. 2002).
Similarly, lysosomal membrane permeabilization induces cell death in a BAX/BAK1
dependent, but caspase-independent fashion (Boya et al. 2003).
We believe that KLF4 induced cell death involves both caspase-dependent and
independent apoptosis, as cleaved caspase 3 was observed in one of the cell line L428 and
the pan-caspase inhibitor zVAD.fmk did provide moderate protection for the KLF4
activated cells. The lack of caspase 3 activation in KM-H2 may account for the difference
of the apoptosis kinetic and response to zVAD.fmk between the two cell lines: KM-H2
cells are deficient of the major executioner of apoptosis, so they die a slow death, whereas
L428 cells die quickly and respond better to zVAD.fmk. (Wrone-Smith et al. 2001)
In a study on butyrate-induced apoptosis in colon cancer cell lines, for which BAK1 was
shown to be responsible, it was shown that the promoter region of BAK1 harbors binding
sites for SP3/KLF4, and upregulation of BAK1 by butyrate was associated with increased
SP3/KLF4 binding. Given that butyrate can upregulate KLF4 (Chirakkal et al. 2006), it is
reasonable to assume that in colon cancer cell lines, KLF4 can also upregulate BAK1 and
such that induce apoptosis. This provides another explanation for the tumor suppressor
function of KLF4 in colon cancer.
Last but not least, loss of KLF4 seems to provide HRS cells with other benefits, in addition
to the evading cell cycle control and apoptosis. Re-introduction of KLF4 in cHL seems to
be able to restore partly the B-cell phenotype of HRS cells by influencing expression of
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several genes that are typically aberrantly expressed in cHL, such as CD52, CD86,
CXCL10 and ZBTB7A. This may be due to the almost complete down-regulation of MSC
expression. Of note, upregulation of CD52 could be of relevance for therapeutic targeting
of cHL using monoclonal antibody Alemtuzumab (Rodig et al. 2006).
The T-cell transcription factor Notch1 is a negative regulator of the B cell program and is
normally not activated in B cells. In hematopoietic development, inhibition of Notch by
ZBTB7A is indispensable for B cell lineage determination (Maeda et al. 2007), which
makes the control of Notch signaling in cHL more complicated. Notch1 is highly
expressed in HRS cells. In HRS cells NOTCH1 is activated by stimulation with its ligand
JAGGED1, produced in the HL microenvironment (Kuppers 2009). In addition, absence of
NOTCH inhibitor DELTEX 1 may also be responsible for NOTCH activation. Through
antagonizing E2A, EBF1 and PAX5 and induction of MSC, Notch1 remodels the B-cell
transcription factor network and induces expression of B-lineage inappropriate genes
(Kuppers 2009). Upregulation of ZBTB7A by KLF4 implies a feedback loop, namely, by
inhibition of KLF4, Notch1 represses expression of its own inhibitor ZBTB7A. In KLF4
overexpressing cHL cell lines, ZBTB7A is upregulated; hence Notch1 might be repressed.
ZBTB7A has been believed to be a proto-oncogene, whereas its expression was shown to
be positive correlated with prognosis in DLBCL (Maeda et al. 2005), whether it could also
exert tumor suppressor function under certain circumstances by mechanisms such as
inhibition of Notch would be of interest for further investigation.
Furthermore, the strong inhibition of the repressor MSC/ABF-1 by KLF4 is of significant
interest. MSC/ABF-1 is highly expressed in LCL, PMBL, and cHL. Of note, the
MSC/ABF-1 promoter is often hypermethylated in FL, DLBCL, and BL. This may explain
the absence of MSC/ABF-1 expression in these tumors in spite of low levels of KLF4.
MSC/ABF-1 forms heterodimers with E-box transcription factors E47/E12 suppressing
their transactivating potential. E47/E12 proteins are principal regulators of B-cells
maturation, activating their target genes IGH, CD79A, and AICDA. E47/E12 control B cell
proliferation by activating the target gene p21waf/cip1. Inactivation of E47/E12 by
MSC/ABF-1 and ID2 was suggested to be responsible for silencing of the B-cell-specific
expression program and increased proliferation potential of cHL (Kuppers 2009). It is
possible that down-regulation of KLF4 is a prerequisite for MSC/ABF-1 expression.
Interestingly, MSC is also a Notch1 target, whether downregulation of MSC by KLF4 in
cHL cell lines is through inhibition of Notch1 deserves to be further investigated.
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Since KLF4 is a downstream target of PU.1 in myeloid lineage and could also modulate
expression the PU.1, it would be of interest to know if this pathway also holds true in the
lymphoid lineage. After KLF4 activation in cHL cell lines, no change of PU.1 expression
was observed, which might be because PU.1, along with other B-cell-specific transcription
factors is silenced in cHL by promoter methylation (Ushmorov et al. 2006).
Therefore, loss of KLF4 expression due to perturbation of upstream regulators Notch1 and
PU.1 or due to promoter methylation might lead to reprogramming of B cells towards HRS
cells because of de-repression of MSC and Notch.
To conclude, our data provide new insight into the mechanisms of lymphomagenesis,
especially in cHL. Epigenetic silencing of KLF4 might be necessary to circumvent the
apoptotic barriers faced by crippled germinal center B cells in the process of oncogenesis.
Silencing of KLF4 may also contribute to the peculiar phenotypes of HRS cells through
de-repression of MSC. Generally, epigenetic mechanisms including promoter methylation
of KLF4 might be operative in cHL pathogenesis and its reversible nature makes it an
attractive therapeutic target.
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5 SUMMARY
B-cell lymphoma is the most common form of hematological malignancies in the western
world. Significant progress has been made over the past two decades concerning our
understanding of B-cell lymphomas pathogenesis, nevertheless, further efforts are needed
to elucidate the transforming events and identify the therapeutic targets.
The transcription factor Kruppel-like factor 4 (KLF4) may act both as an oncogene and a
tumor suppressor in a context-dependent manner. In models of T-lymphoma and pre-B-cell
lymphoma, KLF4 was demonstrated to act as tumor suppressor. We found that the KLF4
promoter is often methylated in B-cell lymphoma cell lines and in primary cases of B-cell
lymphomas, namely, follicular lymphoma (FL), diffuse large B-cell lymphoma (DLBCL),
Burkitt´s lymphoma (BL), as well as in classical Hodgkin lymphoma (cHL) cases.
Promoter CpG island hypermethylation has been established as one of the key mechanisms
that silence tumor suppressor genes and promote tumorigenesis. In the present study, the
hypermethylation of KLF4 promoter was found to be associated with absence of its
expression. Conditional over-expression of KLF4 in two BL cell lines moderately retarded
their growth, mainly due to cell cycle arrest in the G0/G1 phase. In the cHL cell lines KMH2 and L428 KLF4 expression induced massive cell death. Cell death could not be
inhibited completely with a broad-spectrum caspase inhibitor. Using a quantitative RTPCR (Q-PCR) gene expression array we identified KLF4 target genes including the
proapoptotic gene BAK1, activation level of which was much higher than that of other
regulators of apoptosis. We further investigated role of BAK1 in KLF4-induced apoptosis
in cHL cells. Using a shRNA-mediated knock-down approach we found that pro-apoptotic
protein BAK1 is largely responsible for KLF4-induced cell death. Moreover, we found that
KLF4 down-regulates musculin (MSC) / activated B-cell factor-1 (ABF-1) in cHL cell
lines.

Of note, aberrant expression of ABF-1 is proposed to be responsible for the unique

loss of B-cell phenotype of cHL. We conclude that epigenetic silencing of KLF4 in B-cell
lymphomas and particularly in cHL may play important role in lymphomagenesis and
favor lymphoma survival by loosening cell cycle control and protecting from apoptosis.
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