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Introduction

Kinases play critical roles in cell signaling and their activities are substantially altered in 
many cancer cells, providing potential targets for drug development. Kinome profiling 
is an array-based method to identify activity of all kinases in cells by monitoring 
phosphorylation of consensus peptides. The modulation of B cell receptor (BCR) and 
CD40 signal transduction pathways represents a promising approach for altering the 
biological behavior of B cell malignancies. In this introduction, we present our current 
understanding of cell signaling regulation (BCR and CD40) and their involvement in 
deregulation in two kinds of small B cell lymphomas, chronic lymphocytic leukemia 
(CLL) and mantle cell lymphoma (MCL).

Kinome profiling 1.1   

Kinases are enzymes that transfer phosphate groups from high-energy donor 
molecules, such as ATP, to specific target molecules (substrates); the process is 
termed phosphorylation1. The largest group of kinases is formed by protein kinases, 
which direct the activity, localization and overall function of many proteins, and serve to 
orchestrate the activity of almost all cellular processes. Defective protein kinases can 
transform normal cells into malignant cells2-10. Up to now 518 different kinases have 
been identified in humans and many kinases have been already linked to diseases 
(http://www.cellsignal.com/reference/kinase_disease.html). Thus, the important role 
in cell malignancy signaling makes kinases attractive targets for drug design.

Kinome profiling is a high-throughput approach to identify the kinase activity in cells. 
Several studies have been published11-13 using a  pepchip  that contains 1024 
different substrates of about 7 amino acids long that can only be phosphorylated by  
specific kinases. This kinome profiling technique allows quantitative and qualitative 
analysis of about 200 kinases by adding cell lysates to the pepchip. Differentially 
regulated kinases can be identified by comparison of kinase activity in cell lysates 
before and after stimulation. The identification of differentially changed kinase activities 
provides the basis for a better insight in signal transduction. A schematic overview of 
the kinome profiling mechanism and procedure is shown in Figure 1.

BCR and CD40 signaling pathways in B cells1.2   

Cell signaling pathways involve changes of protein-protein interactions inside the cell 
induced by external signals. In short, the process starts from growth factors binding 
to receptors at the cell surface. Then, these receptors become phosphorylated 
and generate a binding site for a different protein and thus induce protein-protein 
interaction. In B cells, the ligands (anti-Ig or CD40L) bind to the B cell surface 

Chapter 1

8

thesis book.indb   8 05/11/2008   13:35:55



 1

receptors (B cell receptor complex or CD40) and activate the receptor complexes 
by phosphorylation of distinct components of these complexes. The phosphorylated 
receptor binds to an adaptor protein  which couples the signal to processes further 
downstream (Figure 2). 

BCR and CD40

The B cell receptor complex comprises of Ig, with uniform binding activity, associated 
with CD79a and CD79b.The cytoplasmic tails of CD79a/CD79b each contain an 
ITAM that serves as a docking site for kinases and adapter proteins that recruit 
downstream signaling molecules14;15 (Figure 2). In particular, phosphorylation of 
the BCR complex leads to recruitment and activation of the protein tyrosine kinase 
Syk, which, in turn, promotes the phosphorylation of PLCγ, Btk, BLNK and Vav14;16. 
Additionally, the Tec family member Btk is recruited to the plasma membrane where 
it is involved in activation of PLCγ. The SLP-65/BLNK adapter protein has recently 
been shown to play a role in BCR-induced recruitment and activation of key signal 
transducing effector proteins16. Downstream intermediate signaling proteins are 
also activated, like Ras, which ultimately leads to the activation of MAP kinases 
including ERK, JNK and p38. In addition, BCR signal transduction influences not 

Figure 1: Schematic overview of the kinome profiling mechanism and procedure.  
A: The substrate fixed on the glass slide is about 7 peptides long and can only be 
phosphorylated by specific kinases to detect the kinase activity. B: Duplication of the 
substrates in the pepchip. C: General protocol of the kinase array. D: An example of 
the pepchip array results (Figure reprinted with permission of Dr. S.H. Diks )
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only cellular selection, maturation, and survival, but are imperative in generating the 
ultimate effector function of B cells, i.e. antibody production17;18. Deregulation of the 
BCR signaling pathway can contribute to B cell malignancies19;20.

CD40 is a member of the tumor necrosis factor receptor (TNFR) superfamily and 
is constitutively expressed in B lymphocytes (Figure 2). If a T cell recognizes the 
peptide presented by a B cell, the T cell will synthesize CD40L. CD40L binds to the 
CD40 receptor on the B cell and this leads to B cell activation21. CD40 itself lacks 
intrinsic kinase or other signal transduction activity but rather mediates its diverse 
effects via an intricate series of downstream adapter molecules, especially via various 
members of the TNFR-associated factor (TRAF) family of cytoplasmic proteins22-26. 
Signaling through CD40 activates the kinase NIK, which in turn activates IKKa 
complexes that phosphorylate C-terminal residues in NFkB p10027. Phosphorylation 

Figure 2: Schematic overview of BCR and CD40 signaling in B cells.  The B cell re-
ceptor complex comprises of Ig and is associated with CD79a and CD79b. Phospho-
rylation of the BCR complex leads to recruitment and activation of the protein tyrosine 
kinase Syk, which, in turn, promotes the phosphorylation of PLCγ, Btk, BLNK and 
Vav. CD40 is a member of the tumor necrosis factor receptor (TNFR) superfamily 
and is constitutively expressed on B lymphocytes. The BCR signaling pathway can 
activate all three MAPKs (ERK,JNK and p38), whereas CD40 signaling may utilize a 
limited set of elements in the ERK cascade but will mainly lead to the activation of p38 
and JNK. The active ERK dimer, JNKs and p38 can translocate to the nucleus where 
they phosphorylate a variety of transcription factors regulating gene expression. The 
transcription factors mainly include activator protein 1 (AP-1), early growth response 
1 (EGR1) and ELK1. 
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of NFkB p100 leads to its ubiquitination and proteasomal processing to NF-kB2 p52, 
creating transcriptionally competent NF-kB2 p52/RelB complexes that translocate 
to the nucleus and induce target gene expression28. Furthermore, downstream 
intermediate signaling proteins of CD40 also include the activated MAP kinases. 
However, activation of MAPK via CD40 is distinct from that stimulated by surface Ig 
on B cells29. CD40 signaling may utilize a limited set of elements in the ERK cascade 
but will mainly lead to the activation of JNKs, which is different from the BCR signaling 
pathway29-31. 

In general, activation of BCR or CD40 can cause the same downstream signaling - 
the Mitogen-activated protein kinases (MAPK) pathway, so we focused on the MAPK 
cascades (Figure 3).

MAPK cascades:

MAPK are a family of Ser/Thr protein kinases widely conserved among eukaryotes 
and critical to cell activation, proliferation and differentiation. MAPK signaling cascades 
are organized hierarchically into three-tiered modules. MAPKs are phosphorylated 
and activated by MAPK-kinases (MAPKKs), which in turn are phosphorylated and 

Figure 3: Schematic overview of MAPK cascades.  MAPK signaling cascades 
are organized hierarchically into three-tiered modules. MAPKs are phospho-
rylated and activated by MAPK-kinases (MAPKKs), which in turn are phospho-
rylated and activated by MAPKK-kinases (MAPKKKs). The MAPKKKs are in 
turn activated by interaction with other protein kinases, connecting the MAPK 
module to cell surface receptors, such as BCR and CD40. MAPK mainly inclu-
ded ERK1/2, p38 and JNK1/2, which are all critical to cell growth, differentiation, 
Ig class switching and apoptosis.
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activated by MAPKK-kinases (MAPKKKs). The MAPKKKs are in turn activated by 
interaction with other protein kinases, connecting the MAPK module to cell surface 
receptors or external stimuli. To date, ERK1/2, JNKs and p38 are amongst the most 
frequently studied kinases in B cells. Different from ERK, JNKs and p38 have MLK3 
as the same upstream activator32. 

ERKs: ERK1 and ERK2 are ubiquitously expressed in human tissues and have 85% 
similarity in sequence identity33. They were found during a search for protein kinases 
that are rapidly phosphorylated after activation of cell surface tyrosine kinases. Upon 
stimulation, a sequential three-part protein kinase cascade is initiated, consisting of 
Raf, mitogen-activated protein kinase kinase (MEK) 1/2  and ERK1/2 34;35. MEK1 and 
MEK2 activate ERK1/p44 and ERK2/p42 through phosphorylation of activation loop 
residues Thr202/Tyr204 and Thr185/Tyr187, respectively. 

The ERK cascade plays an important role in the prevention of apoptosis and the 
induction of cell cycle progression, but the function depends on the cell type. Richard 
36et al found that MEK-ERK inhibition did not block BCR-induced growth arrest or 
apoptosis of WEHI-231 cells or apoptosis of immature splenic B cells, but suppressed 
BCR-induced proliferation of mature splenic B cells. Therefore, activation of the MEK-
ERK pathway is only necessary for a subset of B cell responses to Ag, especially 
mature B cells. Furthermore, aberrant activation of this pathway is commonly observed 
in malignantly transformed cells37-40. Thus, it is an appropriate pathway to target for 
therapeutic intervention. In non-Hodgkin’s lymphoma (NHL) cell lines, Rituximab can 
interrupt the ERK1/2 signaling pathway not only by inhibiting the kinase activity of 

MEK1/2, but also by upregulating Raf-1 kinase inhibitor protein (RKIP) expression41. 
RKIP exerts its suppressive effects via physical association with Raf-142-46, which 
results in the incapability to relay the signal to downstream molecules (MEK1/2, 
ERK1/2). Recently, a number of scaffolding proteins and endogenous inhibitors for the 
ERK pathway have been identified, and their important roles in regulating signaling 
through this pathway are now emerging47. Thus, the  inhibition of the ERK1/2 pathway 
by different methods and mechanisms can enhance the  chemosensitization of NHL 

B cells48;49.

JNKs: JNK1 and JNK2 are ubiquitously distributed. By contrast, JNK3 is found mainly in 
neuronal tissue and testis50;51. This kinase is activated by various cell stimuli, especially 
by stress and inflammatory cytokines, such as TNF-alpha and UV radiation25;52;53. The 
core signaling unit is composed of one of the mixed lineage kinases (MLKs), typically 
MLK3, which phosphorylate and activate MKK4-7, which then phosphorylate and 
activate the SAPK/JNK kinase through phosphorylation of Thr183/Tyr185 site 54-56. In 
B cells, JNKs  can be activated by the  ligation of CD4057. Even while it only results 
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in limited activation, JNK  is essential for the anti-IgM-induced apoptosis in  B cells58. 
Takada 59et al examined the kinetics of anti-IgM-induced activation of MAP kinases and 
established cell lines (CH31 and WEHI-231) overexpressing a dominant-negative (dn) 
mutant form of JNK1 (dnJNK1). Following anti-IgM stimulation, dnJNK1 prevented a 
decline in mitochondrial membrane potential and diminished procaspase-3 activation, 
which led to a decreased rate of apoptosis. Retroviral transduction of BimL into WEHI-
231 cells overexpressing dnJNK1 resulted in a comparable level of apoptotic cells to 
control cells, which suggested that JNKs activation for anti-IgM-induced apoptosis 
is mediated by upregulation of BimL60. Bim can inhibit the anti-apoptotic function of 
BCL-2 by binding to its BH3 domain. Furthermore, a recent study61 demonstrated that 
IFN-alpha induces cell death through activation of JNK in human Daudi B lymphoma 
and U266 myeloma cells. Moreover, Daudi cells overexpressing the constitutively 
active or dominant-negative form of JNK were substantially susceptible or resistant to 
anti-IgM-induced apoptosis. 

In addition to its role in apoptosis, JNK signal transduction is also important for cell 
survival. Disruption of JNK1 in mice causes defective transformation and failure to 
survive of pre-B cells and the effect of JNK1 deficiency can be rescued by transgenic 
expression of BCL-258. Several human B lymphomas and cell lines were found to 
constitutively express high levels of the activated form of JNK. JNK-specific small 
interfering RNA (siRNA) inhibited the growth of B lymphomas by downregulating 
c-Myc and Egr-1, which are important for B-lymphoma survival and growth62. Taken 
together, these results indicate that JNK is a very important factor in B cell apoptosis 
as well as in cell survival.

P38:  Four isoforms of p38 MAP kinase (α/β/γ/δ) have been identified and can be 
activated by a variety of cellular stresses including osmotic shock, inflammatory 
cytokines, lipopolysaccharides (LPS), UV light and growth factors63 . MKK3, MKK6 
and SEK activate p38 MAP kinase by phosphorylation at Thr180 and Tyr182 64;65. p38 
MAPK is important for CD40-induced proliferation in B lymphocytes66. Cross-linking 
of CD40 rapidly stimulates p38 MAPK and inhibition of p38 MAPK activity in vivo 
with the specific cell-permeable inhibitor SB203580 strongly perturbed CD40-induced 
tonsillar B cell proliferation. In contrast, the same inhibition strongly potentiated anti-
IgM-mediated tonsillar B cell proliferation. Thus, p38 MAPK can have either a positive 
or a negative role in cell proliferation depending on the cell type and stimulus64;67-70. 
By investigating different kinds of B cell lymphoma cell lines, Ogasawara71 et al found 
that ERK and p38 MAPK were constitutively active in all lines whereas JNK kinase 
activity was not observed in any cell line, which suggests that ERK and p38 play a 
role in the oncogenesis of B cell malignancies independent of JNK. Recent studies 
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72;73 also revealed  that p38 kinases activity plays an important role in the biology of 
follicular lymphoma. Thus, inhibition of the p38 pathway could be explored in novel 
therapies for follicular lymphoma 74.

Based on the above notions, we can speculate that there are many double-edged 
functions (apoptosis and proliferation) of the three MAP kinases- ERK, JNKs and 
p38. Likely, the exact function of these kinases depends on the cell type and nature 
of the stimulus. Secondly, there is much cross-talk between JNK/SAPK and ERK/
MAPK pathways75. Furthermore, the function of JNK leading to apoptosis may result 
in the inhibition of the ERK/MAPK pathway. Thirdly, the complex and sometimes 
opposed functions of these kinases may also be due to the effect on two important 
downstream signaling pathways –nuclear and mitochondrial signaling pathways. 
This will be discussed in more detail below.

Nuclear signaling of MAPKs: 

 The active ERK dimer, JNKs and p38 can translocate to the nucleus where they 
phosphorylate a variety of transcription factors regulating gene expression. In B 
cells the transcription factors mainly include activator protein 1 (AP-1), early growth 
response 1 (EGR1) and ELK1 as well as cAMP response element-binding protein 
(CREB) (Figure 2).

AP-1: The JNKs and p38 are the dominant kinases that can phosphorylate AP-1 
in response to environmental stresses and inflammatory stimuli76;77. The AP-1 
transcription factor is mainly composed of Jun, Fos and CREB /ATF protein dimers78. 
Studies in genetically modified mice and cells have highlighted a crucial role for 
AP-1 in a variety of cellular events involved in normal development or neoplastic 
transformation causing cancer79;80. Phosphorylation of c-Jun or ATF2 within their trans-
activation domains lead to enhanced trans-activity. The JNKs can phosphorylate the 
c-Jun trans-activating domain at Ser63 and Ser7381. Mutation of Ser63/73 renders 
c-Jun non-responsive to mitogenic and stress-induced signaling pathways, which 
indicates that phosphorylation of these serines is essential for stimulation of c-Jun 
activity and for cooperation with H-ras in oncogenic transformation82;83. The p38 and 
JNKs can phosphorylate ATF2 at Thr69 and Ser71 in the trans-activation domain84;85. 
Hayakawa86 et al showed that JNK-dependent phosphorylation of ATF2 plays an 
important role in drug resistance.  JNK may be a rational target for sensitizing tumor 
cells to DNA-damaging chemotherapy agents.

ELK1 and ERG1: The transcription factor Elk-1 is a component of the ternary 
complex factor (TCF) that binds the serum response element (SRE) and mediates 
gene activity in response to serum and growth factors 87;88.  ERK1/2, as well as JNKs 
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can phosphorylate two critical residues in ELK-1 (Ser383, Ser389)89;90. This enhances 
the binding of TCFs to the SRF and thereby elevates trans-activation at the SRE, 
which  contributes to the c-fos induction91;92. EGR1 is an early growth response gene 
that displays fos-like induction kinetics following mitogenic stimulation. EGR1 was 
first identified as a putative G0/G1 switch regulatory gene in human blood lymphocyte 
cultures and named G0S3093. It links B-cell antigen receptor (BCR) signals to 
downstream activation events through the regulation of the lymphocyte homing and 
migration protein CD44 by binding at the bp -301 of the human CD44 promoter 94. 
Furthermore, ERK1/2 and JNKs also play an important role in BCR-induced down-
regulation of EGR1 protein expression in immature B lymphoma cells 95. 

CREB: CREB is a bZIP transcription factor that activates target genes through cAMP 
response elements. CREB is able to mediate signals from numerous physiological 
stimuli, resulting in regulation of a broad array of cellular responses. CREB is activated 
by phosphorylation at Ser133 by various signaling pathways including ERK, JNKs and 
p38 signaling96-100.  p38 can also phosphorylate CHOP/GADD153 (CREB homologous 
protein (CHOP) / growth arrest and DNA damage-153(GADD153)), which is a bZIP 
transcription factor of the CREB family101. ATFs, including ATF2, are also members of 
the CREB subfamily and AP-1 heterodimers containing ATF transcription factors can 
also bind to CREB77.

MAPK signaling in or on mitochondria: 

 Mitochondria have long been neglected as potential sites of signal transduction. 
The recognition over the past decade of this organelle as the master gate keeper of 
programmed cell death has caused cell biologists to be more open-minded regarding 
signaling and mitochondria. 

RAF-1/BAD: Over the past decade, several investigators reported that a fraction 
of the RAF kinases are recruited to the mitochondria102-105. Raf-1 can protect cells 
from apoptosis, independently of its signals to MEK and ERK, by translocating to 
the mitochondria where it binds BCL-2 and displaces BAD, which is a pro-apoptotic 
member of the BCL-2 family. On the other hand, the mitochondrial localized RAF-1 
can control apoptosis independent of BCL-2, which may account for its interaction 
with VDAC and inhibition of cytochrome c release from mitochondria106;107. A recent 
study revealed that certain cannabinoids, including Delta9-tetrahydrocannabinol 
(THC), induce apoptosis in leukemic cells by down-regulation of  the RAF-1/ERK/
RSK pathway leading to translocation of BAD to mitochondria108.

JNK/p38/BAX: Bax is a key component for cellular induced apoptosis through 
mitochondrial stress109 . Recent studies110;111 revealed that  BAX can be phosphorylated 
at Thr(167) by JNK and p38 kinase, and can also be activated  and translocated 
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to the mitochondria  after treatment with staurosporine. Through interactions with 
pore proteins on the mitochondrial membrane, BAX increases the membrane’s 
permeability, which leads to the release of cytochrome c from mitochondria, activation 
of caspase-9 and initiation of the caspase activation pathway for apoptosis 112-114.  It 
has also been  reported 115 that local activation of JNK in the mitochondria can protect 
against necrotic cell death associated with ROS production, facilitating the growth of 
neural tumor cells subjected to serum deprivation.

In summary, it is now clear that the plasma membrane does not represent the only 
platform for MAPK signaling. MAPKs also play an important role in the regulation 
of translation and transcription by its nuclear location after cytosolic activation. 
Furthermore, signaling on internal membranes was found in mitochondria, which are 
organelles that play a central role in apoptosis. Thus, the MAPK pathway represents 
a clear example of compartmentalized signaling.

More studies about the MAPK signaling on endomembranes will help us to understand 
the physiologic significance of compartment-specific signaling. Elucidation of the 
spatial complexity of signaling networks in a physiologic context should be one of 
the next frontiers in signal transduction research116.

CLL1.3   

CLL is characterized by the accumulation of almost non-proliferating mature 
lymphocytes in blood, bone marrow, lymph nodes, and spleen. It is the most common 
leukemia in the western world, but is rare in Asian and Japan117. The disease mainly 
occurs in elderly persons, with a male to female ratio of 2:1. Until now the cause of 
CLL is unknown, it seems to neither to be associated with chemicals nor irradiation. 
Patients with familiar occurrence has been noted118. 

 Morphology, Immunophenotype and Chromosomal abnormalities1.3.1   

CLL cells can be divided into two subtypes based on morphology: typical and 
atypical. Typical morphology is found in a majority of cases, which is defined as 
small mature-appearing lymphocytes with a large nuclear to cytoplasmic ratio, 
condensed chromatin with rare nucleoli and with less than 10% atypical cells.  
Approximately 15% of patients show atypical morphology reflected by an increased 
(>10%) number of circulating prolymphocytes or an increased (>15%) number of 
circulating lymphoplasmacytic and cleaved cells, designated ‘atypical’ CLL119;120. 
The percentage of atypical cells e.g. prolymphocytes and/or paraimmunoblasts is 
especially important because it predicts prolymphocytic transformation 121.

CLL cells have an immunophenotype that resembles antigen-experienced memory 
B cells122. The typical CLL phenotype is CD5+, CD23+, weak expression of surface 
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Ig (sIg) and weak or absent expression of membrane CD20, CD22 and CD79b. 
Furthermore, CLL cells uniformly expressed CD27, which is a memory B cell 
marker.  Because no single marker is specific for CLL, a composite phenotype 
considering this set of 5 or 6 markers compounded into a scoring system helps to 
distinguish CLL from the other B-cell malignancies. 

Chromosome abnormalities are detectable in 80% of CLL cases123;124. The most 
frequently observed abnormalities are deletions in band 13q14, followed by 
deletions in 11q22-q23, 17p13 and 6q21. The most common gains of chromosomal 
material are trisomies 12, 8 and 3. Until now a single abnormality that may be 
considered as the primary oncogenic event in B-CLL has not been identified.

Prognostic markers1.3.2   

From a prognostic point of view, CLL represents a heterogeneous disorder. 
Indolent versus aggressive forms of the disease can be discriminated by clinical 
and  laboratory parameters 119;125;126.

Clinical staging is very important for assessing the prognosis of CLL127. Patients 
with Binet stage A have a median survival of more than 10 years, those with 
intermediate-risk Binet stage B have a median survival of about 7 years, and those 
patients with high-risk disease Binet stage C have a median survival of about only 
2 years (Table 1).

      Table 1 Clinical stage and prognosis:

stage Binet Classification for CLL median 
survival 
(years)

A < 3 involved areas, Hb > 10g%, Plt > 100G/L >10

B > 3 involved areas, Hb > 10g%, Plt > 100G/L 7

C any number of involved areas, Hb < 10g%,

Plt < 100G/L

2

However, there is heterogeneity in the course of the disease and the clinical system 
can not predict if there will be disease progression within the early-stage of the 
patient. Recent studies have focused in particular on identifying new molecular 
markers to help predict the most effective and adapted treatments128. 

VH mutation and ZAP-70 expression status are presently common used prognosis 
markers for CLL. In 1999, two reports129;130 showed that CLL cases with unmutated 
IgH genes, i.e. homology of ≥98% with germ line sequences, are associated with a 
more aggressive form. Due to the difficulties in VH sequencing, many studies are 
focused on identifying “surrogate” markers.  Later on, two reports 131;132 showed that 
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CLL cases with unmutated IgH genes have a distinct gene expression profile and are 
frequently ZAP-70 positive, i.e.  ≥20% of the circulating B-CLL cells are ZAP-70+ by 
flow-cytometric analysis. By immunohistochemical analysis in CLL paraffin tissues, 
ZAP-70 expression status also correlate with immunoglobulin heavy-chain variable 
region gene mutational status and prognosis 133-135. In B-CLL cases analyzed by 
flow cytometry discordance of ZAP-70 and IgH mutation status has been reported 
in 9%-20% 131;136;137. In CLL cases analyzed by immunohistochemistry about 10% of 
the cases showed inconsistent results133-135. It is known that B-CLL cases with both 
mutated and unmutated VH3-21 germline sequences are usually ZAP-70 positive 
and are characterized by a bad prognosis independent of geographic origin and 
mutation status 138-141. Therefore, ZAP-70 may be a stronger predictor than VH 
mutation status136.

CD38 is another important prognostic marker for CLL142. In 1999, Damle129 et al 
correlated the CD38 expression level with the VH gene mutation status. Later 
on, Hamblin143 et al reported that the CD38 expression level can change during 
the course of the disease and suggested that additional studies are required for 
comparing CD38 expression with other prognostic factors. More and more studies 
showed that CD38 should be combined with Ig V mutation, ZAP-70 expression and 
other prognostic markers to predict disease progression144-149. CD38 can be induced 
by IL-2 or CD40L and IL-4 stimulation, which resulted in prolonged cell survival and 
induced the appearance of plasmablasts in CLL patients150;151. CD38 expression in 
tissues is higher in proliferation centers and associated with an increased number 
of CD31 (+) vascular endothelial cells, which also provide an explanation for the 
association between CD38 expression and adverse outcome in CLL and suggests 
that its expression can be regulated by the microenvironment of the tumor152 .

Genomic aberrations are also important prognosis markers in CLL128. Interestingly, 
it seems that the presence of certain genomic aberrations is correlated with the VH 
mutation status. The unfavorable aberrations (deletion of 11q,17p) mostly happen 
in the VH unmutated group; the favorable aberration (deletion of 13q) is more 
frequently found in the VH mutated group147. On the other hand, some cases in the 
VH unmutated group did not show the unfavorable aberrations. VH mutation status, 
17p deletion, 11q deletion, age, WBC, and LDH were identified as independent 
prognostic factors by multivariate analysis147.

Recent studies showed that microRNAs are new players with clinical significance 
in CLL153. Several studies154-157  showed that miRNA expression is deregulated in 
B-CLL and that this may have clinical (prognostic) significance. Calin 154;155 et al 
reported miRNA profiles in B-CLL using microarrays and found altered expression 
in comparison to normal CD5+ B-cells, a putative counterpart of  CLL. Later on, 
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two reports 156;157 also demonstrated that miR-155  and miR-150 are differentially 
expressed between patients with different clinical outcomes  by a  miRNA cloning and 
sequence approach. There are some discrepancies between these studies, which 
might be explained by the different methods of detecting miRNA expression (chapter 
6).  

Protein kinase signaling in CLL1.3.3   

The (de)regulation of BCR signaling pathway has been studied extensively. In 1995, 
Lankester 158et al reported that a subgroup of B-CLLs  show absence of mitogenic 
responses upon BCR cross-linking, with a diminished induction of BCR-associated 
protein tyrosine kinase activity and lower levels of Syk expression. In 2002, Chen159 
et al revealed that increased BCR signaling is associated with ZAP-70 expression. 
However, Deglesne160 et al reported that the survival response to B-cell receptor 
ligation is restricted to progressive chronic lymphocytic leukemia cells, irrespective 
of ZAP70 expression. As for the tyrosine kinase function of ZAP-70 in CLL, two 
groups161;162 found that there is absent or inefficient kinase activity of ZAP-70 in CLL, 
which suggested that ZAP-70 most likely acts as an adapter protein that facilitates 
B-cell receptor (BCR) signaling in CLL cells. Interestingly, Syk, ERK, and Akt  kinase 
activities are usually higher in the ZAP-70+ group161;162. Furthermore, ERK and Akt 
are important downstream signaling molecules of Syk, so the kinase function of Syk 
in CLL needs to be further studied.

With respect to CD40 signaling in CLL cells, there are some contradictory reports. 
Whereas the expression of CD40 on CLL cells was found to be similar to that of 
normal B cells, a defective CD40 signaling pathway in CLL might account for  the 
reported CD40 ligand deficiency 163. Activation of CD40 on CLL cells using soluble 
anti-CD40 mAb did not influence survival or apoptosis, which is different from the 
effect on normal B cells164. However, Romano165 et al reported that CD40 triggering 
in vivo by the anti-CD40 monoclonal antibody (MoAb) G28-5 could counteract the 
apoptotic effect of fludarabine on CLL cells by activating NF-kappaB/Rel. Later on, an 
in vitro study166 showed that  stimulation by CD40-CD40L resulted in increased viability 
and cell cycle progression of CLL cells, as did stimulation with IL-4.  Furthermore, 
Grdisa 166et al also revealed that CD40L and /or IL-4 stimulation can not prevent 
Fludarabine-induced apoptosis. In addition, different antibodies against CD40 may 
have the different effects and the CD40 signaling pathway functions in CLL need to 
be further studied.

Mantle cell lymphoma1.4   

Mantle cell lymphoma (MCL) is a relatively rare type of non-Hodgkin lymphoma 
(NHL), comprising about 6% of all cases. The ratio of males to females is about 4:1. At 
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diagnosis, the typical patient is in its 60s and has advanced disease. MCL is a subtype 
of CD5 positive small B cell lymphoma, originating from naive pre-germinal center B 
cells. MCL was first described as “centrocytic lymphoma” in the Kiel classification, but 
renamed mantle cell lymphoma in the REAL classification (1994). This was prolonged 
in the 2001 WHO classification167. MCL cells generally over-express cyclin D1 due to 
the t(11:14) chromosomal translocation. Except for allogeneic stem cell transplantation, 
until now there is no suitable treatment method and intensive treatment strategies do 
not provide superior outcomes in mantle cell lymphoma168.

Morphology, Immunophenotype and Chromosomal abnormalities1.4.1   

MCL cells can be divided into two subtypes based on morphology: typical and 
blastoid. Typical morphology is found in more than 80% of the cases, and is defined 
by the presence of small to intermediate sized cells with irregular nuclei. Blastoid 
variants can be split up in cases that resemble lymphoblastic lymphoma wich have 
intermediate nuclei, relatively course chromatin and numerous mitotic figures, and 
a (pleomorphic) variant with larger nuclei that contain prominent nucleoli, more 
reminiscent of diffuse large B cell lymphoma. Yin 169 et al identified five patients with 
typical MCL who subsequently developed the blastoid variant. By sequence analysis 
of the VDJ regions of the rearranged IgH allele, they proved clonal identity in each 
set of paired samples, which supports the concept that blastoid MCL can represent 
histologic transformation.

The typical MCL phenotype is CD20, CD79a strong+, sIgM strong+, CD5+, CD23- (or 
weakly positive), and most importantly Cyclin D1+. Occasional cases are cyclin D1 
negative and do not have the chromosomal translocation t(11;14). These extremely rare 
Cyclin D1-negative mantle cell lymphomas exhibited the characteristic morphologic 
features and had overexpression of cyclin D2 or D3170;171. A recent study showed 172 
specific overexpression of Sox11 mRNA and nuclear protein in both cyclin D1-positive 
and - negative MCL compared with other lymphomas and benign lymphoid tissue, so 
Sox 11 may be useful for the diagnosis of MCL as a complement to cyclin D1.

The most frequently observed genomic abnormality is the t(11;14) translocation, 
which due to juxtaposition to the IgH enhancer, leads to Cyclin D1 overexpression. In 
addition to t(11;14), secondary chromosome changes are very common  in mantle cell 
lymphoma, and are even more frequent in blastoid variants 173;174. In fact, cytogenetic 
studies revealed that MCL is one of the malignant lymphoid neoplasms with the highest 
level of genomic instability175;176. In addition to chromosomal imbalances, tetraploid 
clones are common in pleomorphic and blastoid variants, perhaps because of the 
sequestration of p27Kip1 protein by cyclin D1177-179. As reported above, the rare cyclin 
D1-negative mantle cell lymphoma exhibit the unique gene expression signature of 
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MCL but lack t (11; 14) (q13; q32). Upregulation of cyclin D2 or D3 by chromosomal 
translocation may substitute for cyclin D1 in the pathogenesis of MCL 170;171;180.

Prognostic markers in MCL1.4.2   

The International Prognostic Index (IPI) is the most commonly used prognostic model 
for mantle cell lymphoma (MCL). However, its prognostic value is limited due to the 
fact that most patients are relatively old and present with an advanced stage. Recently, 
Hoster181 et al reported a new prognostic index (MCL international prognostic index, 
MIPI) of overall survival (OS) by using data of 455 advanced stage MCL patients 
treated in 3 clinical trials. According to the MIPI, patients were classified into low risk 
(44% of patients, median OS not reached), intermediate risk (35%, 51 months), and 
high risk groups (21%, 29 months), based on the 4 independent prognostic factors: 
age, performance status, lactate dehydrogenase (LDH), and leukocyte count. The 
MIPI is the first prognostic index particularly suited for MCL patients and may serve 
as an important tool to facilitate risk-adapted treatment decisions in patients with 
advanced stage MCL. 

Considering MCL cell morphology, blastoid variants (BV) are more aggressive in 
nature and usually have a bad prognosis. Parrens 182 et al showed that BV-MCL 
cases were characterized by a combined high percentage of cells expressing cyclin 
D1 and/or CDK4 with a proliferation (MIB-1-Ki67) index above 50%. However, the 
reproducibility of this morphologic distinction is poor. Ki-67 has the central role in 
the prognosis and is superior to all other histomorphological and clinical criteria 183. 
Katzenberger 184 et al reported median survival times of about one year for patients 
with 61-90% Ki-67 and nearly 4 years for 5-20% Ki-67 index. Determann 185et al  
showed that different Ki-67 indexes of less than 10%, 10% to less than 30%, and 
30% or more were associated with a significantly different overall survival in patients 
treated with CHOP (P = .001) as well as in patients treated with CHOP in combination 
with anti-CD20 therapy (R-CHOP, P = .013) in 249 advanced-stage MCL patients 
treated in randomized trials. Minichromosome maintenance protein 6, a proliferation 
marker superior to Ki-67, is an independent predictor of survival in patients with 
mantle cell lymphoma186. 

Although originated from the pre-germinal center B cells, 15–40% of MCLs may carry 
some degree of somatic hypermutations. In some studies, VH mutated MCL tended to 
have a  favourable clinical outcome187;188. Huiet al 189;190 reported that high expression 
of ZAP-70 or high expression of CDC2 correlates with worse clinical outcome. Recent 
studies showed that cytogenetic abnormalities additional to t(11;14) also correlate 
with clinical features in leukaemic presentation of mantle cell lymphoma, and may 
influence prognosis191;192. A recent report 193 revealed that there was a significant 
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association between lower expression levels of RAF-1 and a prolonged progression 
free survival (PFS), which suggests that RAF-1 can also be a prognostic marker.

Protein kinase signaling in MCL1.4.3   

With respect to deregulation of cell signaling in MCL, the cell cycle and DNA damage 
pathways have been studied most194. Several in vitro studies have consistently 
provided evidence for the idea that CD40-CD40L signaling plays an important role in 
enhancing cell cycle progression and malignant progression of MCL cells. Andersen 
195et al reported that  there is a significant time- and dose-dependent induction of DNA 
synthesis when  mantle cell lymphoma (MCL) cells were cultured in the presence of 
recombinant human CD40L trimer (huCD40LT). Castillo 196et al found that CD40L 
and/or IL-4 stimulation  of  MCL cells can  result in the improvement of cell viability, 
upregulation of Ki-67, and induction of the proliferating cell nuclear antigen (PCNA). 

Syk, a tyrosine kinase involved in B-cell receptor signaling, was overexpressed at 
protein levels in a small subset of mantle cell lymphoma samples197. The Jeko-1 MCL 
cell line that is overexpressing Syk, is more sensitive to the Syk inhibitor piceatannol 
than MCL cell lines with low expressing levels of Syk, which suggests that Syk 
inhibition can be explored as a new therapeutic strategy.

Based on the notion that overexpression  of RAF-1 at mRNA level is associated 
with a shorter progression free survival of MCL patients193, it would be interesting to 
know whether there is any deregulation of the kinase activity of Raf-1 in MCL. In that 
case, Sorafenib, an oral multi-kinase inhibitor that targets RAF-1 kinase would be an 
interesting compound for treatment of mantle cell lymphoma. 

                                                                        

 Figure 1-3 designed by Lydia Visser

Chapter 1

22

thesis book.indb   22 05/11/2008   13:36:02



 1

References

 1.  Fischer EH, Krebs EG. Conversion of phosphorylase b to phosphorylase a in muscle extracts. J 
Biol Chem. 1955;216:121-132.

 2.  Bain J. The selectivity of protein kinase inhibitors: a further update. Biochem.J. 2007;408:297-
315.

 3.  Baselga J. Targeting tyrosine kinases in cancer: the second wave. Science 2006;312:1175-
1178.

 4.  Krause DS, Van Etten RA. Tyrosine Kinases as Targets for Cancer Therapy. N Engl J Med 
2005;353:172-187.

 5.  Schiffer CA. BCR-ABL tyrosine kinase inhibitors for chronic myelogenous leukemia. N.Engl.J.Med. 
2007;357:258-265.

 6.  Sebolt-Leopold JS, English JM. Mechanisms of drug inhibition of signalling molecules. Nature 
2006;441:457-462.

 7.  Workman P. Drugging the cancer kinome: progress and challenges in developing personalized 
molecular cancer therapeutics. Cold Spring Harb.Symp.Quant.Biol. 2005;70:499-515.

 8.  Chu IM, Hengst L, Slingerland JM. The Cdk inhibitor p27 in human cancer: prognostic potential 
and relevance to anticancer therapy. Nat Rev Cancer 2008;8:253-267.

 9.  Antoni L, Sodha N, Collins I, Garrett MD. CHK2 kinase: cancer susceptibility and cancer therapy 
- two sides of the same coin? Nat Rev Cancer 2007;7:925-936.

 10.  Mackay HJ, Twelves CJ. Targeting the protein kinase C family: are we there yet? Nat Rev Cancer 
2007;7:554-562.

 11.  de Borst MH, Diks SH, Bolbrinker J et al. Profiling of the renal kinome: a novel tool to identify 
protein kinases involved in angiotensin II-dependent hypertensive renal damage. Am.J.Physiol 
Renal Physiol 2007;293:F428-F437.

 12.  Diks SH, Kok K, O’Toole T et al. Kinome profiling for studying lipopolysaccharide signal transduction 
in human peripheral blood mononuclear cells. J.Biol.Chem. 2004;279:49206-49213.

 13.  van Baal JW, Diks SH, Wanders RJ et al. Comparison of kinome profiles of Barrett’s esophagus 
with normal squamous esophagus and normal gastric cardia. Cancer Res. 2006;66:11605-
11612.

 14.  Rolli V, Gallwitz M, Wossning T et al. Amplification of B cell antigen receptor signaling by a Syk/
ITAM positive feedback loop. Mol.Cell 2002;10:1057-1069.

 15.  Kurosaki T. Molecular dissection of B cell antigen receptor signaling (review). Int.J.Mol.Med. 
1998;1:515-527.

 16.  Ishiai M, Sugawara H, Kurosaki M, Kurosaki T. Cutting edge: association of phospholipase 
C-gamma 2 Src homology 2 domains with BLNK is critical for B cell antigen receptor signaling. 
J.Immunol. 1999;163:1746-1749.

 17.  Dal Porto JM, Gauld SB, Merrell KT et al. B cell antigen receptor signaling 101. Mol.Immunol. 
2004;41:599-613.

 18.  Niiro H, Clark EA. Regulation of B-cell fate by antigen-receptor signals. Nat.Rev.Immunol. 
2002;2:945-956.

 19.  Chiorazzi N, Hatzi K, Albesiano E. B-cell chronic lymphocytic leukemia, a clonal disease 
of B lymphocytes with receptors that vary in specificity for (auto)antigens. Ann.N Y.Acad.Sci. 

                    Introduction to protein kinase signaling

23

thesis book.indb   23 05/11/2008   13:36:02



2005;1062:1-12.

 20.  Chiorazzi N, Ferrarini M. B cell chronic lymphocytic leukemia: lessons learned from studies of 
the B cell antigen receptor. Annu.Rev.Immunol. 2003;21:841-894.

 21.  Calderhead DM, Kosaka Y, Manning EM, Noelle RJ. CD40-CD154 interactions in B-cell signaling. 
Curr.Top.Microbiol.Immunol 2000;245:73-99.

 22.  Bishop GA, Moore CR, Xie P, Stunz LL, Kraus ZJ. TRAF proteins in CD40 signaling. Adv.Exp.
Med.Biol. 2007;597:131-151.

 23.  Hornung M, Lindemann D, Kraus C, Peters A, Berberich I. The CD40 TRAF family member 
interacting motif carries the information to rescue WEHI 231 cells from anti-IGM-induced growth 
arrest. Eur.J.Immunol. 1998;28:3812-3823.

 24.  Pullen SS, Miller HG, Everdeen DS et al. CD40-tumor necrosis factor receptor-associated factor 
(TRAF) interactions: regulation of CD40 signaling through multiple TRAF binding sites and TRAF 
hetero-oligomerization. Biochemistry 1998;37:11836-11845.

 25.  Rowland SL, Tremblay MM, Ellison JM et al. A Novel Mechanism for TNFR-Associated Factor 
6-Dependent CD40 Signaling. J Immunol 2007;179:4645-4653.

 26.  Kuhne MR, Robbins M, Hambor JE et al. Assembly and regulation of the CD40 receptor complex 
in human B cells. J.Exp.Med. 1997;186:337-342.

 27.  Kosaka Y, Calderhead DM, Manning EM et al. Activation and regulation of the IkappaB kinase in 
human B cells by CD40 signaling. Eur.J.Immunol 1999;29:1353-1362.

 28.  Li Q, Verma IM. NF-[kappa]B regulation in the immune system. Nat Rev Immunol 2002;2:725-
734.

 29.  Kashiwada M, Kaneko Y, Yagita H, Okumura K, Takemori T. Activation of mitogen-activated 
protein kinases via CD40 is distinct from that stimulated by surface IgM on B cells. Eur.J.Immunol. 
1996;26:1451-1458.

 30.  Tuscano JM, Riva A, Toscano SN, Tedder TF, Kehrl JH. CD22 cross-linking generates B-cell 
antigen receptor-independent signals that activate the JNK/SAPK signaling cascade. Blood 
1999;94:1382-1392.

 31.  Sutherland CL, Heath AW, Pelech SL, Young PR, Gold MR. Differential activation of the ERK, 
JNK, and p38 mitogen-activated protein kinases by CD40 and the B cell antigen receptor. 
J.Immunol. 1996;157:3381-3390.

 32.  Gallo KA, Johnson GL. Mixed-lineage kinase control of JNK and p38 MAPK pathways. Nat Rev 
Mol Cell Biol 2002;3:663-672.

 33.  Boulton TG, Cobb MH. Identification of multiple extracellular signal-regulated kinases (ERKs) 
with antipeptide antibodies. Cell Regul. 1991;2:357-371.

 34.  Itoh T, Kaibuchi K, Masuda T et al. A Protein Factor for ras p21-Dependent Activation of Mitogen-
Activated Protein (MAP) Kinase Through MAP Kinase Kinase. Proceedings of the National 
Academy of Sciences 1993;90:975-979.

 35.  Kyriakis JM, App H, Zhang Xf et al. Raf-1 activates MAP kinase-kinase. Nature 1992;358:417-
421.

 36.  Richards JD, Dave SH, Chou CH, Mamchak AA, DeFranco AL. Inhibition of the MEK/ERK 
Signaling Pathway Blocks a Subset of B Cell Responses to Antigen. J Immunol 2001;166:3855-
3864.

 37.  Konopleva M, Shi Y, Steelman LS et al. Development of a conditional in vivo model to evaluate 

Chapter 1

24

thesis book.indb   24 05/11/2008   13:36:02



 1

the efficacy of small molecule inhibitors for the treatment of Raf-transformed hematopoietic cells. 
Cancer Res 2005;65:9962-9970.

 38.  Shelton JG, Steelman LS, Lee JT et al. Effects of the RAF/MEK/ERK and PI3K/AKT signal 
transduction pathways on the abrogation of cytokine-dependence and prevention of apoptosis in 
hematopoietic cells. Oncogene 2003;22:2478-2492.

 39.  Chang F, Steelman LS, McCubrey JA. Raf-induced cell cycle progression in human TF-1 
hematopoietic cells. Cell Cycle 2002;1:220-226.

 40.  McCubrey JA, Steelman LS, Chappell WH et al. Roles of the Raf/MEK/ERK pathway in cell 
growth, malignant transformation and drug resistance. Biochim.Biophys.Acta 2007;1773:1263-
1284.

 41.  Jazirehi AR, Vega MI, Chatterjee D, Goodglick L, Bonavida B. Inhibition of the Raf-MEK1/2-
ERK1/2 signaling pathway, Bcl-xL down-regulation, and chemosensitization of non-Hodgkin’s 
lymphoma B cells by Rituximab. Cancer Res 2004;64:7117-7126.

 42.  Granovsky AE, Rosner MR. Raf kinase inhibitory protein: a signal transduction modulator and 
metastasis suppressor. Cell Res 2008;18:452-457.

 43.  Rath O, Park S, Tang HH et al. The RKIP (Raf-1 Kinase Inhibitor Protein) conserved pocket binds 
to the phosphorylated N-region of Raf-1 and inhibits the Raf-1-mediated activated phosphorylation 
of MEK. Cell Signal. 2008;20:935-941.

 44.  Park S, Rath O, Beach S et al. Regulation of RKIP binding to the N-region of the Raf-1 kinase. 
FEBS Lett. 2006;580:6405-6412.

 45.  Hagan S, Garcia R, Dhillon A, Kolch W. Raf kinase inhibitor protein regulation of raf and MAPK 
signaling. Methods Enzymol. 2005;407:248-259.

 46.  Yeung K, Seitz T, Li S et al. Suppression of Raf-1 kinase activity and MAP kinase signalling by 
RKIP. Nature 1999;401:173-177.

 47.  Kolch W. Coordinating ERK/MAPK signalling through scaffolds and inhibitors. Nat Rev Mol Cell 
Biol 2005;6:827-837.

 48.  Smal C, Lisart S, Ferrant A, Bontemps F, Van Den NE. Inhibition of the ERK pathway promotes 
apoptosis induced by 2-chloro-2’-deoxyadenosine in the B-cell leukemia cell line EHEB. 
Nucleosides Nucleotides Nucleic Acids 2006;25:1009-1012.

 49.  Jazirehi AR, Bonavida B. Cellular and molecular signal transduction pathways modulated by 
rituximab (rituxan, anti-CD20 mAb) in non-Hodgkin’s lymphoma: implications in chemosensitization 
and therapeutic intervention. Oncogene 2005;24:2121-2143.

 50.  Kyriakis JM, Banerjee P, Nikolakaki E et al. The stress-activated protein kinase subfamily of 
c-Jun kinases. Nature 1994;369:156-160.

 51.  Yang DD, Kuan CY, Whitmarsh AJ et al. Absence of excitotoxicity-induced apoptosis in the 
hippocampus of mice lacking the Jnk3 gene. Nature 1997;389:865-870.

 52.  Derijard B, Hibi M, Wu IH et al. JNK1: A protein kinase stimulated by UV light and Ha-Ras that 
binds and phosphorylates the c-Jun activation domain. Cell 1994;76:1025-1037.

 53.  Shi CS, Leonardi A, Kyriakis J, Siebenlist U, Kehrl JH. TNF-Mediated Activation of the Stress-
Activated Protein Kinase Pathway: TNF Receptor-Associated Factor 2 Recruits and Activates 
Germinal Center Kinase Related. J Immunol 1999;163:3279-3285.

 54.  Lopez-Bergami P, Ronai Z. Requirements for PKC-augmented JNK activation by MKK4/7. The 
International Journal of Biochemistry & Cell Biology 2008;40:1055-1064.

                    Introduction to protein kinase signaling

25

thesis book.indb   25 05/11/2008   13:36:02



 55.  Davis RJ. Signal Transduction by the JNK Group of MAP Kinases. Cell 2000;103:239-252.

 56.  Ichijo H. From receptors to stress-activated MAP kinases. Oncogene 1999;18:6087-6093.

 57.  Sakata N, Patel HR, Terada N et al. Selective activation of c-Jun kinase mitogen-activated 
protein kinase by CD40 on human B cells. J Biol.Chem. 1995;270:30823-30828.

 58.  Li X, Franklin CC, Kraft AS, Carter RH. Ligation of membrane IgM stimulates a novel c-Jun 
amino-terminal domain kinase activity in Daudi human B cells. Mol.Immunol. 1997;34:409-418.

 59.  Takada E, Toyota H, Suzuki J, Mizuguchi J. Prevention of anti-IgM-induced apoptosis 
accompanying G1 arrest in B lymphoma cells overexpressing dominant-negative mutant form of 
c-Jun N-terminal kinase 1. J Immunol. 2001;166:1641-1649.

 60.  Takada E, Hata K, Mizuguchi J. Requirement for JNK-dependent upregulation of BimL in anti-
IgM-induced apoptosis in murine B lymphoma cell lines WEHI-231 and CH31. Exp.Cell Res 
2006;312:3728-3738.

 61.  Hayashida M, Hoshika A, Kanetaka Y, Yanase N, Mizuguchi J. IFN-alpha sensitizes daudi B 
lymphoma cells to anti-IgM induced loss of mitochondrial membrane potential through activation 
of c-Jun NH(2)-terminal kinase. J Interferon Cytokine Res 2006;26:421-429.

 62.  Gururajan M, Chui R, Karuppannan AK et al. c-Jun N-terminal kinase (JNK) is required for 
survival and proliferation of B-lymphoma cells. Blood 2005;106:1382-1391.

 63.  Ashwell JD. The many paths to p38 mitogen-activated protein kinase activation in the immune 
system. Nat Rev Immunol 2006;6:532-540.

 64.  Nebreda AR, Porras A. p38 MAP kinases: beyond the stress response. Trends in Biochemical 
Sciences 2000;25:257-260.

 65.  Tibbles LA, Ing YL, Kiefer F et al. MLK-3 activates the SAPK/JNK and p38/RK pathways via 
SEK1 and MKK3/6. EMBO J 1996;15:7026-7035.

 66.  Craxton A, Shu G, Graves JD et al. p38 MAPK is required for CD40-induced gene expression 
and proliferation in B lymphocytes. J.Immunol. 1998;161:3225-3236.

 67.  Witt O, Sand K, Pekrun A. Butyrate-induced erythroid differentiation of human K562 leukemia 
cells involves inhibition of ERK and activation of p38 MAP kinase pathways. Blood 2000;95:2391-
2396.

 68.  Nagata Y, Takahashi N, Davis RJ, Todokoro K. Activation of p38 MAP kinase and JNK but not 
ERK is required for erythropoietin-induced erythroid differentiation. Blood 1998;92:1859-1869.

 69.  Rausch O, Marshall CJ. Cooperation of p38 and extracellular signal-regulated kinase mitogen-
activated protein kinase pathways during granulocyte colony-stimulating factor-induced 
hemopoietic cell proliferation. J.Biol.Chem. 1999;274:4096-4105.

 70.  Chakravortty D, Kato Y, Sugiyama T et al. Inhibition of p38 mitogen-activated protein kinase 
augments lipopolysaccharide-induced cell proliferation in CD14-expressing Chinese hamster 
ovary cells. Infect.Immun. 2001;69:931-936.

 71.  Ogasawara T, Yasuyama M, Kawauchi K. Constitutive activation of extracellular signal-regulated 
kinase and p38 mitogen-activated protein kinase in B-cell lymphoproliferative disorders. 
Int.J.Hematol. 2003;77:364-370.

 72.  Lin Z, Crockett DK, Jenson SD, Lim MS, Elenitoba-Johnson KSJ. Quantitative Proteomic and 
Transcriptional Analysis of the Response to the p38 Mitogen-activated Protein Kinase Inhibitor 
SB203580 in Transformed Follicular Lymphoma Cells. Mol Cell Proteomics 2004;3:820-833.

 73.  Irish JM, Czerwinski DK, Nolan GP, Levy R. Altered B-cell receptor signaling kinetics distinguish 

Chapter 1

26

thesis book.indb   26 05/11/2008   13:36:02



 1

human follicular lymphoma B cells from tumor-infiltrating nonmalignant B cells. Blood 
2006;108:3135-3142.

 74.  Elenitoba-Johnson KSJ, Jenson SD, Abbott RT et al. Involvement of multiple signaling pathways 
in follicular lymphoma transformation: p38-mitogen-activated protein kinase as a target for 
therapy. Proceedings of the National Academy of Sciences 2003;100:7259-7264.

 75.  Shen YH, Godlewski J, Zhu J et al. Cross-talk between JNK/SAPK and ERK/MAPK Pathways: 
Sustained activation of JNK blocks ERK activation by mitogenic factors. J.Biol.Chem. 
2003;278:26715-26721.

 76.  Karin M. The regulation of AP-1 activity by mitogen-activated protein kinases. Philos.Trans.R.Soc.
Lond B Biol.Sci 1996;351:127-134.

 77.  Karin M, Liu Z, Zandi E. AP-1 function and regulation. Curr.Opin.Cell Biol. 1997;9:240-246.

 78.  Hess J, Angel P, Schorpp-Kistner M. AP-1 subunits: quarrel and harmony among siblings. J Cell 
Sci 2004;117:5965-5973.

 79.  Liebermann DA, Gregory B, Hoffman B. AP-1 (Fos/Jun) transcription factors in hematopoietic 
differentiation and apoptosis. Int.J Oncol. 1998;12:685-700.

 80.  Shaulian E, Karin M. AP-1 as a regulator of cell life and death. Nat.Cell Biol. 
2002;4:E131-E136.

 81.  Kyriakis JM, Banerjee P, Nikolakaki E et al. The stress-activated protein kinase subfamily of 
c-Jun kinases. Nature 1994;369:156-160.

 82.  Binetruy B, Smeal T, Karin M. Ha-Ras augments c-Jun activity and stimulates phosphorylation 
of its activation domain. Nature 1991;351:122-127.

 83.  Smeal T, Binetruy B, Mercola DA, Birrer M, Karin M. Oncogenic and transcriptional cooperation 
with Ha-Ras requires phosphorylation of c-Jun on serines 63 and 73. Nature 1991;354:494-
496.

 84.  Livingstone C, Patel G, Jones N. ATF-2 contains a phosphorylation-dependent transcriptional 
activation domain. EMBO J 1995;14:1785-1797.

 85.  Gupta S, Campbell D, Derijard B, Davis RJ. Transcription factor ATF2 regulation by the JNK 
signal transduction pathway. Science 1995;267:389-393.

 86.  Hayakawa J, Depatie C, Ohmichi M, Mercola D. The Activation of c-Jun NH2-terminal Kinase 
(JNK) by DNA-damaging Agents Serves to Promote Drug Resistance via Activating Transcription 
Factor 2 (ATF2)-dependent Enhanced DNA Repair. J.Biol.Chem. 2003;278:20582-20592.

 87.  Marais R, Wynne J, Treisman R. The SRF accessory protein Elk-1 contains a growth factor-
regulated transcriptional activation domain. Cell 1993;73:381-393.

 88.  Shore P, Sharrocks AD. The transcription factors Elk-1 and serum response factor interact by 
direct protein-protein contacts mediated by a short region of Elk-1. Mol.Cell.Biol. 1994;14:3283-
3291.

 89.  Kortenjann M, Thomae O, Shaw PE. Inhibition of v-raf-dependent c-fos expression and 
transformation by a kinase-defective mutant of the mitogen-activated protein kinase Erk2. Mol.
Cell.Biol. 1994;14:4815-4824.

 90.  Whitmarsh AJ, Shore P, Sharrocks AD, Davis RJ. Integration of MAP kinase signal transduction 
pathways at the serum response element. Science 1995;269:403-407.

 91.  Kaptein JS, Yang CL, Lin CK et al. Synergy between signal transduction pathways is obligatory for 
expression of c-fos in B and T cell lines: implication for c-fos control via surface immunoglobulin 

                    Introduction to protein kinase signaling

27

thesis book.indb   27 05/11/2008   13:36:02



and T cell antigen receptors. Immunobiology 1995;193:465-485.

 92.  McMahon SB, Monroe JG. A ternary complex factor-dependent mechanism mediates induction 
of egr- 1 through selective serum response elements following antigen receptor cross-linking in 
B lymphocytes. Mol.Cell.Biol. 1995;15:1086-1093.

 93.  Forsdyke DR. cDNA cloning of mRNAS which increase rapidly in human lymphocytes cultured 
with concanavalin-A and cycloheximide. Biochem.Biophys.Res Commun. 1985;129:619-625.

 94.  Maltzman JS, Carman JA, Monroe JG. Role of EGR1 in regulation of stimulus-dependent CD44 
transcription in B lymphocytes. Mol.Cell.Biol. 1996;16:2283-2294.

 95.  Ke J, Gururajan M, Kumar A et al. The Role of MAPKs in B Cell Receptor-induced Down-
regulation of Egr-1 in Immature B Lymphoma Cells. J.Biol.Chem. 2006;281:39806-39818.

 96.  Funding AT, Johansen C, Kragballe K, Iversen L. Mitogen- and Stress-Activated Protein Kinase 2 
and Cyclic AMP Response Element Binding Protein are Activated in Lesional Psoriatic Epidermis. 
J Invest Dermatol 2007;127:2012-2019.

 97.  Schiller M, Bohm M, Dennler S, Ehrchen JM, Mauviel A. Mitogen- and stress-activated 
protein kinase 1 is critical for interleukin-1-induced, CREB-mediated, c-fos gene expression in 
keratinocytes. Oncogene 2006;25:4449-4457.

 98.  Lee CW, Nam JS, Park YK et al. Lysophosphatidic acid stimulates CREB through mitogen- and 
stress-activated protein kinase-1. Biochem.Biophys.Res Commun. 2003;305:455-461.

 99.  Deak M, Clifton AD, Lucocq LM, Alessi DR. Mitogen- and stress-activated protein kinase-1 
(MSK1) is directly activated by MAPK and SAPK2/p38, and may mediate activation of CREB. 
EMBO J 1998;17:4426-4441.

     100.  Xing J, Kornhauser JM, Xia Z, Thiele EA, Greenberg ME. Nerve Growth Factor Activates Extracellular 
Signal-Regulated Kinase and p38 Mitogen-Activated Protein Kinase Pathways To Stimulate CREB 
Serine 133 Phosphorylation. Mol.Cell.Biol. 1998;18:1946-1955.

     101. Wang XZ, Ron D. Stress-induced phosphorylation and activation of the transcription factor CHOP 
(GADD153) by p38 MAP Kinase. Science 1996;272:1347-1349.

     102. Jin S, Zhuo Y, Guo W, Field J. p21-activated Kinase 1 (Pak1)-dependent phosphorylation of Raf-
1 regulates its mitochondrial localization, phosphorylation of BAD, and Bcl-2 association. J.Biol.
Chem. 2005;280:24698-24705.

     103. Rapp UR, Rennefahrt U, Troppmair J. Bcl-2 proteins: master switches at the intersection of death 
signaling and the survival control by Raf kinases. Biochim.Biophys.Acta 2004;1644:149-158.

     104. Wang HG, Reed JC. Bc1-2, Raf-1 and mitochondrial regulation of apoptosis. Biofactors 1998;8:13-
16.

    105. Wang HG, Rapp UR, Reed JC. Bcl-2 targets the protein kinase Raf-1 to mitochondria. Cell 
1996;87:629-638.

     106.  Le M, V, Troppmair J, Benz R, Rapp UR. Negative regulation of mitochondrial VDAC channels 
by C- Raf kinase. BMC.Cell Biol. 2002;3:14.

      107. Zhong J, Troppmair J, Rapp UR. Independent control of cell survival by Raf-1 and Bcl-2 at the   
mitochondria. Oncogene 2001;20:4807-4816.

 108. Jia W, Hegde VL, Singh NP et al. Delta9-tetrahydrocannabinol-induced apoptosis in Jurkat 
leukemia T cells is regulated by translocation of Bad to mitochondria. Mol.Cancer Res. 2006;4:549-
562.

      109. Wei MC, Zong WX, Cheng EH et al. Proapoptotic BAX and BAK: a requisite gateway to 

Chapter 1

28

thesis book.indb   28 05/11/2008   13:36:02



 1

mitochondrial dysfunction and death. Science 2001;292:727-730.

    110.  Kim BJ, Ryu SW, Song BJ. JNK- and p38 kinase-mediated phosphorylation of Bax leads to its 
activation and mitochondrial translocation and to apoptosis of human hepatoma HepG2 cells. J 
Biol.Chem. 2006;281:21256-21265.

   111.  Song JJ, Lee YJ. Daxx deletion mutant (amino acids 501-625)-induced apoptosis occurs through 
the JNK/p38-Bax-dependent mitochondrial pathway. J Cell Biochem. 2004;92:1257-1270.

   112.  Korsmeyer SJ, Wei MC, Saito M et al. Pro-apoptotic cascade activates BID, which oligomerizes 
BAK or BAX into pores that result in the release of cytochrome c. Cell Death.Differ. 2000;7:1166-
1173.

   113.  Gross A, Jockel J, Wei MC, Korsmeyer SJ. Enforced dimerization of BAX results in its translocation, 
mitochondrial dysfunction and apoptosis. EMBO J 1998;17:3878-3885.

   114.  Narita M, Shimizu S, Ito T et al. Bax interacts with the permeability transition pore to induce 
permeability transition and cytochrome c release in isolated mitochondria. Proceedings of the 
National Academy of Sciences 1998;95:14681-14686.

    115.  Lopez-Sanchez N, Rodriguez JR, Frade JM. Mitochondrial c-Jun NH2-Terminal Kinase Prevents 
the Accumulation of Reactive Oxygen Species and Reduces Necrotic Damage in Neural Tumor 
Cells that Lack Trophic Support. Mol Cancer Res 2007;5:47-60.

    116.  Mor A, Philips MR. Compartmentalized Ras/MAPK signaling. Annu.Rev.Immunol. 2006;24:771-
800.

    117.  Dighiero G, Hamblin TJ. Chronic lymphocytic leukaemia. Lancet 2008;371:1017-1029.

   118.  Houlston RS, Sellick G, Yuille M, Matutes E, Catovsky D. Causation of chronic lymphocytic 
leukemia--insights from familial disease. Leuk.Res 2003;27:871-876.

   119.  Chiorazzi N, Allen SL, Ferrarini M. Clinical and laboratory parameters that define clinically relevant 
B-CLL subgroups. Curr.Top.Microbiol.Immunol. 2005;294:109-133.

   120.  Matutes E, Polliack A. Morphological and immunophenotypic features of chronic lymphocytic 
leukemia. Rev.Clin.Exp.Hematol. 2000;4:22-47.

   121.  Ma Y, Mansour A, Bekele BN et al. The clinical significance of large cells in bone marrow in 
patients with chronic lymphocytic leukemia. Cancer 2004;100:2167-2175.

   122.  Damle RN, Ghiotto F, Valetto A et al. B-cell chronic lymphocytic leukemia cells express a surface 
membrane phenotype of activated, antigen-experienced B lymphocytes. Blood 2002;99:4087-
4093.

   123.  Stilgenbauer S, Lichter P, Dohner H. Genetic features of B-cell chronic lymphocytic leukemia. 
Rev.Clin.Exp.Hematol. 2000;4:48-72.

   124.  Dohner H, Stilgenbauer S, Dohner K, Bentz M, Lichter P. Chromosome aberrations in B-cell 
chronic lymphocytic leukemia: reassessment based on molecular cytogenetic analysis. J Mol.
Med 1999;77:266-281.

   125.  Montserrat E. New Prognostic Markers in CLL. Hematology 2006;2006:279-284.

    126.  Hamblin TJ. Prognostic markers in chronic lympocytic leukaemia. Best Practice & Research 
Clinical Haematology 2007;20:455-468.

   127.  Binet JL, Auquier A, Dighiero G et al. A new prognostic classification of chronic lymphocytic 
leukemia derived from a multivariate survival analysis. Cancer 1981;48:198-206.

   128.  Stilgenbauer S, Dohner H. Genotypic prognostic markers. Curr.Top.Microbiol.Immunol. 
2005;294:147-164.

                    Introduction to protein kinase signaling

29

thesis book.indb   29 05/11/2008   13:36:03



   129.  Damle RN, Wasil T, Fais F et al. Ig V gene mutation status and CD38 expression as novel 
prognostic indicators in chronic lymphocytic leukemia. Blood 1999;94:1840-1847.

   130.  Hamblin TJ, Davis Z, Gardiner A, Oscier DG, Stevenson FK. Unmutated Ig V(H) genes are 
associated with a more aggressive form of chronic lymphocytic leukemia. Blood 1999;94:1848-
1854.

   131.  Crespo M, Bosch F, Villamor N et al. ZAP-70 expression as a surrogate for immunoglobulin-
variable-region mutations in chronic lymphocytic leukemia. N.Engl.J.Med. 2003;348:1764-
1775.

   132.  Wiestner A, Rosenwald A, Barry TS et al. ZAP-70 expression identifies a chronic lymphocytic 
leukemia subtype with unmutated immunoglobulin genes, inferior clinical outcome, and distinct 
gene expression profile. Blood 2003;101:4944-4951.

   133.  Admirand JH, Rassidakis GZ, Abruzzo LV et al. Immunohistochemical detection of ZAP-70 in 
341 cases of non-Hodgkin and Hodgkin lymphoma. Mod.Pathol. 2004;17:954-961.

   134.  Carreras J, Villamor N, Colomo L et al. Immunohistochemical analysis of ZAP-70 expression in 
B-cell lymphoid neoplasms. J.Pathol. 2005;205:507-513.

   135.  Zanotti R, Ambrosetti A, Lestani M et al. ZAP-70 expression, as detected by immunohistochemistry 
on bone marrow biopsies from early-phase CLL patients, is a strong adverse prognostic factor. 
Leukemia 2006;21:102-109.

   136.  Rassenti LZ, Huynh L, Toy TL et al. ZAP-70 compared with immunoglobulin heavy-chain 
gene mutation status as a predictor of disease progression in chronic lymphocytic leukemia. 
N.Engl.J.Med. 2004;351:893-901.

    137.  Orchard JA, Ibbotson RE, Davis Z et al. ZAP-70 expression and prognosis in chronic lymphocytic 
leukaemia. Lancet 2004;363:105-111.

   138.  Thorselius M, Krober A, Murray F et al. Strikingly homologous immunoglobulin gene 
rearrangements and poor outcome in VH3-21-using chronic lymphocytic leukemia patients 
independent of geographic origin and mutational status. Blood 2006;107:2889-2894.

   139.  Falt S, Merup M, Tobin G et al. Distinctive gene expression pattern in VH3-21 utilizing B-cell 
chronic lymphocytic leukemia. Blood 2005;106:681-689.

   140.  Tobin G, Thunberg U, Johnson A et al. Chronic lymphocytic leukemias utilizing the VH3-21 
gene display highly restricted Vlambda2-14 gene use and homologous CDR3s: implicating 
recognition of a common antigen epitope. Blood 2003;101:4952-4957.

    141.  Nollet F, Cauwelier B, Billiet J et al. Do B-cell chronic lymphocytic leukemia patients with Ig 
VH3-21 genes constitute a new subset of chronic lymphocytic leukemia? Blood 2002;100:1097-
1098.

   142.  Matrai Z. CD38 as a prognostic marker in CLL. Hematology. 2005;10:39-46.

   143.  Hamblin T, Orchard J, Ibbotson R et al. CD38 expression and immunoglobulin variable region 
mutations are independent prognostic variables in chronic lymphocytic leukemia, but CD38 
expression may vary during the course of the disease. Blood 2002;99:1023-1029.

   144.  Cruse JM, Lewis RE, Webb RN, Sanders CM, Suggs JL. Zap-70 and CD38 as predictors of 
IgVH mutation in CLL. Exp.Mol.Pathol. 2007;83:459-461.

   145.  D’Arena G, Tarnani M, Rumi C et al. Prognostic significance of combined analysis of ZAP-70 
and CD38 in chronic lymphocytic leukemia. Am.J.Hematol. 2007;82:787-791.

   146.  Del G, I, Morilla A, Osuji N et al. Zeta-chain associated protein 70 and CD38 combined predict 

Chapter 1

30

thesis book.indb   30 05/11/2008   13:36:03



 1

the time to first treatment in patients with chronic lymphocytic leukemia. Cancer 2005;104:2124-
2132.

   147.  Krober A, Seiler T, Benner A et al. V(H) mutation status, CD38 expression level, genomic 
aberrations, and survival in chronic lymphocytic leukemia. Blood 2002;100:1410-1416.

   148.  Lin K, Sherrington PD, Dennis M et al. Relationship between p53 dysfunction, CD38 expression, 
and IgV(H) mutation in chronic lymphocytic leukemia. Blood 2002;100:1404-1409.

   149.  Schroers R, Griesinger F, Trumper L et al. Combined analysis of ZAP-70 and CD38 expression as 
a predictor of disease progression in B-cell chronic lymphocytic leukemia. Leukemia 2005;19:750-
758.

    150.  Deaglio S, Capobianco A, Bergui L et al. CD38 is a signaling molecule in B-cell chronic lymphocytic 
leukemia cells. Blood 2003;102:2146-2155.

    151.  Willimott S, Baou M, Huf S, Deaglio S, Wagner SD. Regulation of CD38 in proliferating 
chronic lymphocytic leukemia cells stimulated with CD154 and interleukin-4. Haematologica 
2007;92:1359-1366.

   152.  Patten P, Buggins A, Richards J et al. CD38 expression in chronic lymphocytic leukemia is 
regulated by the tumor microenvironment. Blood 2008;111:5173-5181.

   153.  Calin GA, Croce CM. Genomics of chronic lymphocytic leukemia microRNAs as new players with 
clinical significance. Semin.Oncol. 2006;33:167-173.

   154.  Calin GA, Liu CG, Sevignani C et al. MicroRNA profiling reveals distinct signatures in B cell 
chronic lymphocytic leukemias. Proc.Natl.Acad.Sci.U.S.A 2004;101:11755-11760.

   155.  Calin GA, Ferracin M, Cimmino A et al. A MicroRNA signature associated with prognosis and 
progression in chronic lymphocytic leukemia. N.Engl.J.Med. 2005;353:1793-1801.

   156.  Fulci V, Chiaretti S, Goldoni M et al. Quantitative technologies establish a novel microRNA profile 
of chronic lymphocytic leukemia. Blood 2007;109:4944-4951.

   157.  Marton S, Garcia MR, Robello C et al. Small RNAs analysis in CLL reveals a deregulation of 
miRNA expression and novel miRNA candidates of putative relevance in CLL pathogenesis. 
Leukemia 2008;22:330-338.

   158.  Lankester AC, van Schijndel GM, van der Schoot CE et al. Antigen receptor nonresponsiveness 
in chronic lymphocytic leukemia B cells. Blood 1995;86:1090-1097.

   159.  Chen L, Widhopf G, Huynh L et al. Expression of ZAP-70 is associated with increased B-cell 
receptor signaling in chronic lymphocytic leukemia. Blood 2002;100:4609-4614.

    160.  Deglesne PA, Chevallier N, Letestu R et al. Survival response to B-cell receptor ligation is 
restricted to progressive chronic lymphocytic leukemia cells irrespective of Zap70 expression. 
Cancer Res. 2006;66:7158-7166.

    161.  Gobessi S, Laurenti L, Longo PG et al. ZAP-70 enhances B-cell-receptor signaling despite absent 
or inefficient tyrosine kinase activation in chronic lymphocytic leukemia and lymphoma B cells. 
Blood 2007;109:2032-2039.

   162.  Chen L, Huynh L, Apgar J et al. ZAP-70 enhances IgM signaling independent of its kinase activity 
in chronic lymphocytic leukemia. Blood 2008;111:2685-2692.

   163.  Cantwell M, Hua T, Pappas J, Kipps TJ. Acquired CD40-ligand deficiency in chronic lymphocytic 
leukemia. Nat.Med. 1997;3:984-989.

   164.  Laytragoon-Lewin N, Duhony E, Bai XF, Mellstedt H. Downregulation of the CD95 receptor 
and defect CD40-mediated signal transduction in B-chronic lymphocytic leukemia cells. 

                    Introduction to protein kinase signaling

31

thesis book.indb   31 05/11/2008   13:36:03



Eur.J.Haematol. 1998;61:266-271.

   165.  Romano MF, Lamberti A, Tassone P et al. Triggering of CD40 antigen inhibits fludarabine-
induced apoptosis in B chronic lymphocytic leukemia cells. Blood 1998;92:990-995.

   166.  Grdisa M. Influence of CD40 ligation on survival and apoptosis of B-CLL cells in vitro. Leuk.Res. 
2003;27:951-956.

   167.  Swerdlow SH, Williams ME. From centrocytic to mantle cell lymphoma: A clinicopathologic and 
molecular review of 3 decades. Human Pathology 2002;33:7-20.

   168.  Martin P, Chadburn A, Christos P et al. Intensive treatment strategies may not provide superior 
outcomes in mantle cell lymphoma: overall survival exceeding 7 years with standard therapies. 
Ann.Oncol. 2008

   169.  Yin CC, Medeiros LJ, Cromwell CC et al. Sequence analysis proves clonal identity in five patients 
with typical and blastoid mantle cell lymphoma. Mod.Pathol. 2007;20:1-7.

   170.  Herens C, Lambert F, Quintanilla-Martinez L et al. Cyclin D1-negative mantle cell lymphoma with 
cryptic t(12;14)(p13;q32) and cyclin D2 overexpression. Blood 2008;111:1745-1746.

    171.  Fu K, Weisenburger DD, Greiner TC et al. Cyclin D1-negative mantle cell lymphoma: a 
clinicopathologic study based on gene expression profiling. Blood 2005;106:4315-4321.

   172.  Ek S, Dictor M, Jerkeman M, Jirstrom K, Borrebaeck CA. Nuclear expression of the non B-cell 
lineage Sox11 transcription factor identifies mantle cell lymphoma. Blood 2008;111:800-805.

   173.  Wlodarska I, Pittaluga S, Hagemeijer A, De Wolf-Peeters C, Van Den BH. Secondary chromosome 
changes in mantle cell lymphoma. Haematologica 1999;84:594-599.

   174.  Bea S, Ribas M, Hernandez JM et al. Increased number of chromosomal imbalances and high-
level DNA amplifications in mantle cell lymphoma are associated with blastoid variants. Blood 
1999;93:4365-4374.

   175.  Salaverria I, Perez-Galan P, Colomer D, Campo E. Mantle cell lymphoma: from pathology and 
molecular pathogenesis to new therapeutic perspectives. Haematologica 2006;91:11-16.

   176.  Jares P, Colomer D, Campo E. Genetic and molecular pathogenesis of mantle cell lymphoma: 
perspectives for new targeted therapeutics. Nat Rev Cancer 2007;7:750-762.

   177.  Ott G, Kalla J, Ott MM et al. Blastoid variants of mantle cell lymphoma: frequent bcl-1 
rearrangements at the major translocation cluster region and tetraploid chromosome clones. 
Blood 1997;89:1421-1429.

   178.  Quintanilla-Martinez L, vies-Hill T, Fend F et al. Sequestration of p27Kip1 protein by cyclin D1 in 
typical and blastic variants of mantle cell lymphoma (MCL): implications for pathogenesis. Blood 
2003;101:3181-3187.

   179.  Vaishampayan UN, Mohamed AN, Dugan MC, Bloom RE, Palutke M. Blastic mantle cell lymphoma 
associated with Burkitt-type translocation and hypodiploidy. Br.J.Haematol. 2001;115:66-68.

   180.  Wlodarska I, Dierickx D, Vanhentenrijk V et al. Translocations targeting CCND2, CCND3, and 
MYCN do occur in t(11;14)-negative mantle cell lymphomas. Blood 2008;111:5683-5690.

   181.  Hoster E, Dreyling M, Klapper W et al. A new prognostic index (MIPI) for patients with advanced-
stage mantle cell lymphoma. Blood 2008;111:558-565.

   182.  Parrens M, Belaud-Rotureau MA, Fitoussi O et al. Blastoid and common variants of mantle 
cell lymphoma exhibit distinct immunophenotypic and interphase FISH features. Histopathology 
2006;48:353-362.

   183.  Tiemann M, Schrader C, Klapper W et al. Histopathology, cell proliferation indices and clinical 

Chapter 1

32

thesis book.indb   32 05/11/2008   13:36:03



 1

outcome in 304 patients with mantle cell lymphoma (MCL): a clinicopathological study from the 
European MCL Network. Br.J.Haematol. 2005;131:29-38.

   184.  Katzenberger T, Petzoldt C, Holler S et al. The Ki67 proliferation index is a quantitative indicator 
of clinical risk in mantle cell lymphoma. Blood 2006;107:3407.

   185.  Determann O, Hoster E, Ott G et al. Ki-67 predicts outcome in advanced-stage mantle cell 
lymphoma patients treated with anti-CD20 immunochemotherapy: results from randomized trials 
of the European MCL Network and the German Low Grade Lymphoma Study Group. Blood 
2008;111:2385-2387.

   186.  Schrader C, Janssen D, Klapper W et al. Minichromosome maintenance protein 6, a proliferation 
marker superior to Ki-67 and independent predictor of survival in patients with mantle cell 
lymphoma. Br.J.Cancer 2005;93:939-945.

   187.  Cogliatti SB, Bertoni F, Zimmermann DR et al. IgV H mutations in blastoid mantle cell lymphoma 
characterize a subgroup with a tendency to more favourable clinical outcome. J.Pathol. 
2005;206:320-327.

   188.  Lai R, Lefresne SV, Franko B et al. Immunoglobulin VH somatic hypermutation in mantle cell 
lymphoma: mutated genotype correlates with better clinical outcome. Mod.Pathol. 2006;19:1498-
1505.

   189.  Hui D, Reiman T, Hanson J et al. Immunohistochemical detection of cdc2 is useful in predicting 
survival in patients with mantle cell lymphoma. Mod.Pathol. 2005;18:1223-1231.

   190.  Hui D, Dabbagh L, Hanson J, Amin HM, Lai R. High ZAP-70 expression correlates with worse 
clinical outcome in mantle cell lymphoma. Leukemia 2006;20:1905-1908.

   191.  Parry-Jones N, Matutes E, Morilla R et al. Cytogenetic abnormalities additional to t(11;14) 
correlate with clinical features in leukaemic presentation of mantle cell lymphoma, and may 
influence prognosis: a study of 60 cases by FISH. Br.J.Haematol. 2007;137:117-124.

   192.  Salaverria I, Zettl A, Bea S et al. Specific secondary genetic alterations in mantle cell lymphoma 
provide prognostic information independent of the gene expression-based proliferation signature. 
J.Clin.Oncol. 2007;25:1216-1222.

   193.  Nagy B, Galimberti S, Benedetti E et al. RAF-1 over-expression does condition survival of 
patients affected by aggressive mantle cell lymphoma. Leuk.Res. 2007;31:1595-1597.

   194.  Fernandez V, Hartmann E, Ott G, Campo E, Rosenwald A. Pathogenesis of mantle-cell 
lymphoma: all oncogenic roads lead to dysregulation of cell cycle and DNA damage response 
pathways. J.Clin.Oncol. 2005;23:6364-6369.

   195.  Andersen NS, Larsen JK, Christiansen J et al. Soluble CD40 ligand induces selective proliferation 
of lymphoma cells in primary mantle cell lymphoma cell cultures. Blood 2000;96:2219-2225.

   196.  Castillo R, Mascarenhas J, Telford W et al. Proliferative response of mantle cell lymphoma cells 
stimulated by CD40 ligation and IL-4. Leukemia 2000;14:292-298.

   197.  Rinaldi A, Kwee I, Taborelli M et al. Genomic and expression profiling identifies the B-cell 
associated tyrosine kinase Syk as a possible therapeutic target in mantle cell lymphoma. 
Br.J.Haematol. 2006;132:303-316.

                    Introduction to protein kinase signaling

33

thesis book.indb   33 05/11/2008   13:36:03



thesis book.indb   34 05/11/2008   13:36:03



Chapter 2

Kinome comparison of ZAP-70+ and ZAP-70- CLL 
identifies novel kinases and potential targets for 

therapy

Miao Wang1, P.M. Kluin1, Stephano Rosati1, Kaushal Parikh2, Maikel 
Peppelenbosch2, Simon Daenen3, Lydia Visser1 

1Pathology and Laboratory Medicine, University Medical Center Groningen, 
Groningen, Netherlands;  2Cell Biology, University Medical Center Groningen, 
Groningen, Netherlands 3Hematology, University Medical Center Groningen, 
Groningen, Netherlands. 

In preparation 

thesis book.indb   35 05/11/2008   13:36:03



Chapter 2

36

Abstract 
Chronic lymphocytic leukemia (CLL) is a heterogeneous disease with a highly 
variable clinical course. ZAP-70 expression can serve as an important prognostic 
marker for progressive disease. We compared purified cells of two ZAP-70+ and two 
ZAP-70- CLL cases by kinome profiling on a pepchip kinase array. The results were 
validated by western blot and smaller MAPK arrays. Higher kinase activity existed 
in ZAP-70+ CLL than ZAP-70- CLL, especially for the kinases Syk, S6K, and JNK. 
We investigated Syk and ZAP-70 mRNA expression by qRT-PCR; total ZAP-70 and 
phosphorylated (p) -ZAP-70 protein expressions by ELISA in 23 CLL cases and 10 B 
cell lines. Total ZAP-70 protein expression significantly correlated with ZAP-70/Syk 
mRNA ratios (cutoff value is 0.2), but not with the p-ZAP-70 level, which was low in 
all cases. We found that inhibition of Syk led to apoptosis in CLL cells, but ZAP-70 
positive CLL cells were more resistant to Syk inhibition than ZAP-70 negative CLL 
cells. JNK inhibition with SP600125 induced G2/M cell cycle arrest and inhibition 
of S6K through rapamycin led to G0/G1 arrest. Thus, all three inhibitors could be 
of potential interest as a treatment modality for CLL with Syk inhibition being the 
strongest candidate. 
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Introduction: 
Chronic lymphocytic leukemia (CLL) is characterized by a slow accumulation of 
monoclonal CD5+, CD19+, and CD23+ B cells in bone marrow, blood, lymph nodes, 
and spleen. It is a heterogeneous disease with a highly variable clinical course (1). 
Some patients may live for a long time without ever requiring therapy, while others 
experience a rapid progression of their disease. Total ZAP-70 expression was shown 
to correlate with disease progression and survival (2-4). As for the function of ZAP-70 
in CLL, there are several controversial reports. Chen et al (5) reported that ZAP-70 
directly enhances IgM signaling in chronic lymphocytic leukemia, while Deglesne(6) et 
al reported that a survival response to B-cell receptor ligation is restricted to progressive 
chronic lymphocytic leukemia cells irrespective of ZAP-70 expression. ZAP-70 is a Syk 
family protein tyrosine kinase expressed in T and NK cells, that plays a critical role in 
mediating T cell activation in response to T cell receptor (TCR) engagement(7). Protein 
phosphorylation is probably the most important regulatory event in cells. Abnormally 
high activation or lack of activation of certain signaling proteins may disrupt the proper 
function of signal transduction and may result in disease. We hypothesized that 
comparison the kinomes of ZAP-70 + CLL cells with ZAP70- CLL cells would  generate 
an insight into the function of ZAP-70 in these cells. 

Kinome profiling is an approach to identify and quantify phosphorylated proteins for the 
systematic analysis of complex phosphorylation networks. In the present study, kinome 
profiles were obtained for ZAP-70 positive and negative CLL cases using a peptide 
array which can detect the activity of 227 different kinases on 1024 peptide substrates 
in triplicate.  The method has been used in several clinical and plant studies(8-13). In 
this study, we have attempted to obtain further insight into the cell signaling pathway 
of ZAP-70+ and ZAP-70- CLL cells by applying more dedicated peptide arrays. By 
using specific kinase inhibitors, we studied cell growth, apoptosis, and the cell cycle to 
identify the kinase function.

Material and Methods
Samples and cell lines

CLL cells were obtained from frozen suspensions of fresh lymph nodes of patients 
obtained from the Department of Pathology. Diagnosis was confirmed by morphology 
and immunohistochemistry including assessment at  ZAP-70 as reported before(14). 
Blood from B-CLL patients was collected by the Department of Haematology. 

CLL cell lines (JVM-3, MEC-1, MEC-2) and mantle cell lymphoma cell lines (JEKO-1 
and Granta-519) were obtained from Deutsche Sammlung von Mikroorganismen und 
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Zellkulturen GmbH (DSMZ, Braunschweig, Germany). The Burkitt cell lines DG75 and 
CA46 are obtained from the ATCC (LGC standards, Middlesex, UK). The mantle cell 
lines UPN-1 and HBL-2 were obtained from Dr. W. Klapper (Kiel, Germany). The T cell 
line MOLT4 was obtained from the ATCC and used as a ZAP-70 positive control. The 
CLL cell line MO1043 was a gift from Dr. Ricardo Dalla-Favera (Columbia University, 
New York, NY). JEKO-1, UPN-1, HBL-2, JVM-3, DG75, CA46, MOLT4 and MO1043 
cells were propagated in RPMI 1640 containing 10% FBS; Granta-519 cells was 
propagated in D-MEM containing 10% FBS. MEC1 and MEC2 cells were propagated in 
Iscove’s modified Dulbecco’s medium containing 10% FBS. 

Cell purification and culture

B cells were isolated from CLL lymph node suspensions by negative selection. For T 
cell depletion, cells were incubated with antibodies against CD4, CD8 and CD2 (ATCC) 
and depleted with Dynal magnetic beads (Invitrogen, Breda, The Netherlands). The 
remaining B-cells were tested by flowcytometry or immunohistochemistry for purity. A 
purity of at least 95% was considered sufficient for use in further experiments. Cell 
pellets were lysed in 1x cell lysis buffer (Cell Signaling) or in Trizol for RNA isolation. 

For MTT assays, apoptosis and  cell cycle analysis, cell lines were cultured at 1x 106/mL 
during  24 hours in the presence of varying concentrations of piceatannol (a selective 
Syk inhibitor), SP600125 (a selective JNK inhibitor, Biaffin Gmbh & Co KG, Kassel, 
Germany) and rapamycin (a mTor inhibitor as S6K inhibitor, Santa Cruz, San Diego, 
CA, USA). Optimal concentrations of all inhibitors were checked by western blot.

Kinase array

For kinase array experiments, PepChip Kinase arrays (Pepscan Systems, Lelystad, 
the Netherlands) were used. The kinase array was performed according to the supplied 
protocol. In short, 50 µL lysate was added to 12 µL activation mix containing 50% 
glycerol, 250 µmol/L ATP, 60 mmol/L MgCl2, 0.05% (v/v) Brij-35, 0.25 mg/mL bovine 
serum albumin, and 2,000 µCi/mL [ -33P]ATP. The peptide arrays were incubated 
with lysates for 90 minutes in a humidified stove at 37°C. Subsequently, the array was 
washed twice in PBS containing 0.1% Triton X-100, twice with 2 mol/L NaCl containing 
0.1% Tween 20, and twice in distilled water. Slides were air dried and exposed to a 
phosphoimaging screen for 72 hours and scanned on a STORM apparatus (Molecular 
Dynamics, GE Healthcare, Roosendaal, the Netherlands). As a control for a specific 
binding of [ -33P] ATP to peptide motifs, [ -33P] ATP was used: no radioactivity was 
detected. Kinase array data were analyzed as reported before(13). 

RTK array, MAPK array and antibodies 

Purified B cells were used for RTK array and MAPK array detection by a commercially 
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available kit (R&D) according to the manufacturer’s protocol. p-ZAP-70 (Tyr319) 
Sandwich ELISA Kit) and total ZAP-70 Sandwich ELISA Kit were used according to the 
manufacturer’s instructions (Cell Signaling Technology, Boston, MA, USA). Antibodies 
against p-Syk (Tyr525/526), survivin (71G4B7E), and BCL-XL were purchased from Cell 
Signaling Technology. HIP-55 was purchased from BD Biosciences (San Diego, USA). 
ZAP-70 (clone 2F3.2) was purchased from Upstate Technology, Syk was purchased 
from Abcam (Cambridge, UK), HRP-labeled rabbit anti mouse antibody, HRP-labeled 
goat anti rabbit antibody were purchased from DAKO (Glostrup, Denmark). 

qRT-PCR

RNA was extracted using TRIZOL. Turbo DNAse treatment and qRT-PCR were 
performed as described by the manufacturer (Ambion, Foster City, CA, USA). GAPDH 
was used for normalization ( Ct = Ct gene – Ct GAPDH) and to check the quality of the 
samples, ie only cases with a cycle threshold (Ct) value lower than 35 were used. The 
probes and primers were all obtained from Applied Biosystems (Foster City CA, USA). 
Syk and ZAP-70 mRNA expression were analyzed by qRT-PCR. Relative expression 
levels were determined by using the formula 2- Ct.

Western Blot

Cell lysates were separated on a polyacrylamide gel and electro blotted onto a 
nitrocellulose membrane. Blots were incubated for 60 min in blocking buffer TBST 
(TBS with 0.05% Tween 20, pH 7.6 with 5% skimmed milk), washed by 0.1% TBST 
and incubated with primary antibodies at 4 ºC overnight. Immunostaining was amplified 
by incubation with HRP-conjugated antibodies for 60 min. Blots were washed and 
chemiluminescence was detected with ECL (Pierce, Rockford, USA).  

Immunoprecipitation

The cell lysates were roughly diluted to 1mg/ml total cell protein with PBS. 4μg of 
antibody (ZAP70, Upstate; Syk, Abcam) were added to  500μg cell lysate and the 
reaction mixture was incubated at 4°C overnight. 100μl of washed Protein G agarose 
beads (Biochem) were added to capture the immunocomplex and incubated at 4°C 
for 2 hours. The beads were washed and resuspended in 30μl sample lysis buffer and 
30ul 3x denature buffer (187.5 mM Tris-HCl (pH 6.8 at 25°C), 6% (w/v) SDS, 30% 
glycerol and 0.03% (w/v) bromophenol blue, 125m M dithiothreitol (DTT) . Heat the 
sample to 95–100°C for 5 minutes and analyze sample by Western blotting.

Cell growth analysis

MTT assay was performed as previously described. 20 μl of 5 mg/ml  
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma, USA) in 
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Figure 1.   Higher Syk kinase activity in ZAP-70+ CLL cells than ZAP-70- cells. 
A-C: Comparison of Syk kinase activity in ZAP-70+ and ZAP-70- CLL cells from 
three substrates (A: 786; B: 530; C: 310) of the pepchip (P<0.05). The arbitary units 
of pepchip results are shown on the y axis. Each bar represents the mean value for 
the 2 samples (triplicates results for substrates) ± SD. D.  Western blot indicating 
higher p-Syk (Tyr 525/Tyr 526) levels in ZAP-70+ CLL cells. 5 ZAP-70+ CLL cases 
and 5 ZAP-70- CLL cases were analyzed and showed similar results. One sample 
of each group is shown as a representative case. Actin is used as a loading control. 
P: phosphorylated
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medium was added to 200ul cell suspension and incubated for 4 hours at 37°C to let 
the cells absorb the MTT. The cells were centrifuged at 1000 rpm for 10 minutes and 
the supernatant was removed. 150μl of DMSO (Sigma) per well was added to dissolve 
the pellet completely. The absorption was measured at 540nm in an ELISA reader.

Apoptosis and cell cycle analysis

For apoptosis 1 x 106 cells were stained with annexin V-FITC and CD19-APC and 
analyzed by flowcytometry. Cell cycle profiles were analyzed by flow cytometry. Cells 
(1 × 106) were washed in phosphate-buffered saline with 0.1% BSA. Hypotonic DNA 
staining buffer (0.1% Sodium citrate; 0.3% Triton–x 100; 0.01% Propidium iodide, 
0.002% Ribonuclease A) was added to the pellet and mixed well. Acquisition was 
performed on the flow cytometer (Calibur, Becton Dickinson, San Jose, CA).The 
percentage of cells in different compartments of the cell cycle and sub-G1 were 
analyzed by ModFit LT3.

Statistical analysis

All data  were derived from at least three independent experiments. Quantity one 
software was used to quantify the MAPK array spots. Statistical analyses were 
conducted using Prism 5 software, and values were presented as means ± SD or 
range. Significant  differences between the groups were determined using the 
Student’s t-test.

Results

Higher Syk activity in ZAP-70+ CLL cells  

The pepchip consists of 1024 specific substrates including 16 positive and 16 negative 
controls. Substrates are spotted in triplicate. Kinase activities of 227 kinases are 
measured. Different kinase activities in lysates from the two ZAP-70+ and the two 
ZAP-70- cases were determined by significant fold change ratios of the combined 
values of phosphorylated peptides resembling a substrate of a specific kinase. In 
total, 106 kinase substrates that were significantly differentially phosphorylated   are 
identified by comparison of the pepchip spots patterns of ZAP-70+ CLL cells with 
ZAP-70- CLL cells. 71 kinase substrates are higher in ZAP-70+ CLL cells, whereas 35 
kinase substrates are higher in ZAP-70- CLL cells (P < 0.05; Supplementary Data 1). 
Thus, ZAP-70+ CLL cells have a higher kinase activity in the total pepchip compared 
to ZAP-70- CLL cells.  

Obviously, the three different substrates of Syk all showed a higher kinase activity in 
ZAP-70+ cases than ZAP-70- cases (ZAP-70+/ZAP-70- ratio > 3) (Supplementary 
Data 1, Figure 1A). This finding was confirmed by western blot to verify the Syk kinase 
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Figure 2. ZAP-70 protein expression correlates with the ZAP-70/Syk mRNA ratio, but 
not with p-ZAP-70 level.  A and B: qRT-PCR mRNA analysis for ZAP-70 (A) and Syk (B) 
in purified cells from 45 CLL cases and 10 B cell lines. Each bar represents the mean value 
± SD. C, D: ZAP-70/Syk mRNA ratio (cutoff value is 0.2) and ZAP-70 protein expression.  C: 
ZAP-70 protein analysis assessed by ELISA in 23 CLL samples. The OD450 reading of ZAP-
70 protein expression is shown on the y axis. CLL samples with a ZAP-70/Syk mRNA ratio 
higher than 0.20 had a significant higher expression of  total ZAP-70 protein (P<0.01). D: With 
the exception of the DG75 cell line, the seven B cell lines with a ZAP-70/Syk mRNA ratio of 
<0.20 had low ZAP-70 protein expression; the two cell lines (JEKO-1 and MO1043) with a 
ZAP-70/Syk mRNA ratio of >0.20 showed a high expression of ZAP-70 protein. E: p-ZAP-70 
analysis in 23 CLL cases and 10 B cell lines by p-ZAP-70 ELISA. There was no correlation of 
total ZAP-70 expression with the p-ZAP-70 level, which was low in all cases. F: MO1043 total 
cell lysate was immunoprecipitated with ZAP-70 or Syk and the expression of HIP-55, Syk 
and ZAP-70 was investigated by western blot. 
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activity (p-Syk (Tyr525/526)) in 5 independent ZAP-70+ CLL and 5 independent    
ZAP-70- cases (Figure 1B). 

Total ZAP-70 protein expression correlates with the ZAP-70/Syk mRNA ratio, 
but not with p-ZAP-70 level 

First, we determined the ZAP-70/SyK mRNA ratio in purified B-cells from 45 CLL 
cases and also in 10 B cell lines. In general, Syk mRNA levels were approximately 
10-fold higher than ZAP-70 mRNA levels. Furthermore, CLL cells had a much higher 
Syk and ZAP-70 expression than the B cell lines (Figure 2A and 2B). 

Secondly, we also assessed  total ZAP-70  protein expression by ELISA and correlated 
the protein expression with the ZAP-70/Syk mRNA ratio in 23 CLL cases. There was 
a significantly higher expression of ZAP-70 protein in CLL samples with a ZAP-70/
Syk mRNA ratio higher than 0.2 than in samples with a ratio lower than 0.2 (p<0.01) 
(Figure 2C). Similar results were also found in the 10 B cell lines except DG75, which 
had high expression of ZAP-70 protein whereas the ZAP-70/Syk ratio was lower than  
0.2 (Figure 2D). 

Thirdly, we analyzed the p-ZAP-70 status and correlated it with the total protein 
expression in these 23 CLL cases and 10 B cell lines. In contrast to the variation 
in total ZAP-70 protein expression, no significant difference in p-ZAP-70 was found 
(Figure 2E). All the samples had a very low level and did not significantly change 
expression of p-ZAP-70 with or without IgM stimulation compared to the T cell line 
MOLT4 stimulated via anti-CD3.

Based on the above results and two recent publications (18; 19), we speculated 
that ZAP-70 may act as an adaptor protein and induces conformational changes 
in its binding partners. HIP-55 is an important adaptor protein for ZAP-70 and Syk. 
Therefore, we performed immunoprecipitation of ZAP-70 and Syk and studied co-
immunoprecipitation of HIP-55 protein in the high ZAP-70 expression CLL cell line 
MO1043. HIP-55 co-precipitated with both ZAP-70 and Syk, but had a preference for 
ZAP-70 (Figure 2F). 

Higher MAPK activity in ZAP-70+ than ZAP-70- CLL cells

MAP  kinases form an important group of kinases with an important role in cell survival 
and proliferation. The pepchip data suggested MAPK activity differences between 
ZAP-70+ and ZAP-70- CLL cells, especially for JNK1 and ERK1/2. We used a more 
specific MAPK array to validate these data generated by the pepchip. Furthermore, 
we also checked MAPK activity in the three CLL cell lines MEC-1, MEC-2 and 
MO1043, from which the latter had the highest expression of total ZAP-70 protein. 
The pixel density of the MAPK array dots was analyzed by Quantitative One software. 
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Figure 3: MAPK study. A, B: Pixel density analysis of the MAPK array in CLL samples  (3 ZAP-70+ 
CLL cases and 3 ZAP-70- cases) (A) and CLL cell lines (MEC-1, MEC-2 and MO1043) (B). A: Each 
bar represents the mean value for the three samples ± SD.  B: Each bar represents the mean value 
for the cell line (duplicates for each kinase ) with the range  # : P<0.01
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Three MAPK kinases (p38 beta, JNKpan and S6K) had a much higher activity in the 
three ZAP-70+ cases than the three ZAP-70- cases (Figure 3A). In cell lines, p38 
gamma, JNK pan and S6K had much higher activity levels in the ZAP-70+ CLL cell 
line MO1043 than in the ZAP-70- cell lines (MEC-1 and MEC-2) (Figure 3B). Thus, 
we found that JNK, p38 and S6K have a higher kinase activity in ZAP-70+ CLL cells 

and cell lines.

Syk inhibition leads to the cell apoptosis 

Based on the above results, we identified that Syk, JNK, p38, and S6K have 
a higher kinase activity in ZAP-70+ CLL cell than ZAP-70- cases. Therefore, we 
analyzed cell growth, apoptosis, and cell cycle changes by using specific inhibitors 
(piceatannol, SP600125 and rapamycin) on the four available CLL cell lines ( MEC-1, 
MEC-2, MO1043, and JVM-3 ). No specific inhibitors for p38 beta and gamma were 
available.

We used a MTT assay to study cell growth before and after treatment with varying 
concentrations of inhibitors for 24 hours. 40 μM piceatannol, 20 μM SP600125 or 
200 μM rapamycin resulted in a significantly lower cell growth (P<0.01) (Figure 4A). 
Next, we used annnexin V flow cytometry to analyze apoptosis after treatment for 
4 hours and 24 hours. Apoptosis was induced with piceatannol treatment but not 
with SP600125 or rapamycin treatment (Figure 4B). We also studied the cell cycle 
parameters and apoptosis by using PI staining (Figure 4C). Consistent with the 
annexin V study, we only detected an obvious sub-G0 peak (indicating apoptosis) 
after piceatannol treatment. Furthermore, we found that SP600125 leads to G2/M 
arrest and rapamycin leads to G0/G1 cell cycle arrest. To investigate the apoptotic 
effects of piceatannol, we used western blot to check for changes in protein and cell 
signaling. Compared to untreated cells, survivin was downregulated after treatment 
for 24 hrs (Figure 4D).

We also investigated the apoptotic effects of these three inhibitors on CLL cells by 
using annnexin V / CD19 flow cytometry after inhibitor treatment for 4 hours in 23 
CLL cases. A period of 4 instead of 24 hrs was chosen to focus on the immediate, 
direct effects of the inhibitors. Piceatannol led to apoptosis in part of the cases.  8 
cases showed no apoptosis (0-2%), 5 cases showed 4-5% of apoptotic cells and 10 
cases showed 7-15% apoptotic cells. Similar to the cell lines, almost no apoptosis 
was detected upon SP600125 or rapamycin treatment (3 cases showed an increase 
in apoptosis (>5%) after SP600125 treatment, and only 1 case after Rapamycin 
treatment; Figure 5A).There was a significantly higher percentage of apoptosis 
led by piceatannol in CLL samples with a ZAP-70/SYK mRNA ratio lower than 0.2 
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Figure 4: Inhibition of Syk, Jnk and S6K in cell lines. A: Four cell lines (JVM-3, MEC-1, 
MEC-2 and MO1043) were treated with the indicated concentrations of inhibitors (piceatannol, 
SP600125 and rapamycin) and tested for cell growth by the MTT assay at 24 h after treatment. 
Results are expressed as percentage of cell growth compared with cells not treated with any 
inhibitor for 24 hrs (control). Each bar represents the mean value for the 4 cell lines ± SD.  * 
p < 0.05:  significantly different from control levels. B, C: Four cell lines (JVM-3, MEC-1, MEC-2 
and MO1043) were treated with the indicated inhibitors (40uM piceatannol, 20uM SP600125 and 
200uM rapamycin) and tested for apoptosis with annexin V flow cytometry 24 hrs after treatment 
(B). PI flowcytometry for cell cycle parameters (C). B: The x axis represents Annexin V-FITC 
expression and the y axis represents the cell counts for the cell line MEC-2. The other cell lines 
showed similar results with 19%, 21% and 33% of apoptotic cells after piceatannol treatment. 
C: The x axis represents the DNA contents and the y axis represents the cell counts. MEC-2 is 
shown as a representative example. D: Total cell lysates of the cell lines with or without treatment 
with 40uM piceatannol for 24 hours were investigated by western blot. p-Syk (Tyr525/Tyr526), 
Syk, survivin and Bcl-XL were studied. Actin is used as a loading control. Data for MEC-2 are 

shown as a representative cell line.
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than samples with a ratio higher than 0.2 (p<0.0001) (Figure 5B). Furthermore, the 
percentage of cells in apoptosis induced by piceatannol correlated negatively with 
the total ZAP-70 expression as detected by ELISA (p<0.01) (Figure 5C). So ZAP-70- 
cases are more sensitive to apoptosis induction through Syk inhibition.

Discussion
The objective of the present study was to compare the kinomes of ZAP-70+ and 
ZAP-70- CLL cells to identify novel kinases and potential targets for therapy. By 
using kinome profiling, MAPK array and western blot, we found that there is higher 
kinase activity in ZAP-70+ CLL cells than ZAP-70- cells, especially for Syk, JNK, and 
S6K. By using specific inhibitors, we demonstrated that Syk plays an important anti-
apoptotic function whereas JNK and S6K play important roles in cell cycle regulation 
by regulating progression of G2/M and G0/G1 respectively. Interestingly, although 
there is inefficient kinase activity of ZAP-70, CLL samples that have higher expression 
of ZAP-70 are more resistance to Syk inhibition.

As for the total ZAP-70 expression, a recent study showed that the expression of 
ZAP-70 can be accurately assessed by analysis of the ZAP-70/Syk mRNA ratio 
which provides an alternative to FACS analysis that is difficult to perform on CLL cells 
(15). Therefore we used this qRT-PCR assay for the ZAP-70/Syk ratio. Furthermore, 
we also used ELISA to quantify the total ZAP-70 and phosphorylated ZAP-70 
protein expression. Our results showed that a ZAP-70/Syk ratio higher than 0.20 
was significantly correlated with a higher ZAP-70 protein expression in CLL cells. 
Our results also show that ELISA might be a useful alternative method for ZAP-70 
protein expression detection. Although there were big differences in the total ZAP-70 
protein expression level within the CLL cases, only neglible levels of p-ZAP-70 can 
be detected by ELISA, indicating that there is inefficient kinase activity of ZAP-70. 
By immunoprecipitation, we demonstrated that ZAP-70 can combine with HIP-55. 
HIP-55 plays an important role in T cell receptor signaling and is important for T 
cell proliferation(16-18). Muzio (19) reported that HIP-55 and ZAP-70 may regulate 
F-actin polymerization in leukemic B-lymphocytes. A recent report (20) also showed 
that HIP-55 can facilitate BCR-mediated Ag processing by simultaneously interacting 
with dynamin and the actin cytoskeleton. Therefore, we speculate that ZAP-70 plays 
an important role in BCR signaling by combining with HIP-55. 

Syk is a protein tyrosine kinase that plays an important role in intracellular signal 
transduction in B cells by interacting with immunoreceptor tyrosine-based activation 
motifs (ITAMs) to activate immunoreceptors and mediate diverse cellular responses 
(21). Constitutive Syk activity was found in B cell malignancies and has been identified 
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Figure 5: Inhibitors in CLL samples.  A: 23 cell suspensions of CLL cases 
were treated with different inhibitors (40 μM piceatannol, 20 μM SP600125 or 
200μM rapamycin) for 4 hours. Apoptosis was assessed by double staining for 
Annexin V and CD19.  The different inhibitors are represented on the x-axis and 
the percentage of induced apoptosis is represented on the y-axis. B: Significantly 
higher percentage of apoptosis by piceatannol in CLL samples with a ZAP-70/Syk 
mRNA ratio lower than 0.2 than samples with a ratio higher than 0.2 (p<0.0001) 
C: The apoptosis percentage in the 22 CLL induced by piceatannol correlated 
negatively with the total ZAP-70 expression which is detected by ELISA (p<0.01).
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as a rational treatment target (22-24). Our results also showed that Syk kinase activity 
inhibition by piceatannol can lead to apoptosis by downregulating the expression 
of survivin. Interestingly, ZAP-70+ CLL cases are more resistance to Syk inhibition 
which is possibly due to the higher constitutive Syk activity in ZAP-70+ CLL samples 
than in ZAP-70- CLL samples. Although no obvious apoptosis could be detected after 
treatment with the JNK (SP600125) or S6K (rapamycin) inhibitors, JNK inhibition 
led to G2/M cell cycle arrest whereas S6K inhibition led to G0/G1 cell cycle arrest in 
CLL cases. Gururajan(25) et al  reported that JNK inhibition can lead to G2/M phase  
arrest in murine B lymphoma cell lines (CH31, CH12.Lx, BKS-2, and WEHI-231) 
and human B lymphoma cell lines (BJAB, RAMOS, RAJI, OCI-Ly7, and OCI-Ly10). 
p70 S6 kinase is a mitogen activated Ser/Thr protein kinase that is required for cell 
growth and G1 cell cycle progression (26). It  is an in vitro substrate for mTOR and 
can be inhibited by  rapamycin (27). Our results showed that inhibition of S6K kinase 
activity by rapamycin results in G0/G1 arrest. Recently, Decker (28) et al reported a 
phase II pilot trial with the oral rapamycin RAD001 5 mg/daily in seven patients with 
advanced B-CLL. Although this trial was stopped after two lines of treatment because 
of toxicity concerns, some degree of activity was observed (one partial remission, 
three patients with stable disease). Thus, targeting the cell cycle can be an attractive 
therapeutic approach for CLL cells.
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Number sequence substrates upstream kinases
ZAP-70+ 
case 1a

ZAP-70+  
case 2 a

ZAP-70-
case 1 a

ZAP-70-  
case 2 a

ZAP-70+/
ZAP-70 - 

Ratio
299 VYESPYSDPEE ZAP70 ZAP70 31.74 25.00 11.89 2.01 4.08
529 FEEDDYESPND SLP 76 ZAP70 16.70 18.82 32.05 27.01 0.60
547 SDDVRYVNAFK VEGF receptor 1 VEGF_receptor_1 52.82 73.87 27.98 13.13 3.08

67 NSRPGTPSAEG Transcription factor IIF, alpha subunit
TFIIFalpha_subunit ( Transcription 
initiation factor IIF alpha subunit) 8.40 9.14 17.12 19.16 0.48

786 ADENYYKAQTH SYK SYK 11.52 13.99 3.02 1.71 5.39
530 VSFNPYEPELA SYK SYK 75.25 62.49 13.84 12.68 5.20
310 DNGGFYISPRI Lck SYK 32.75 28.85 12.26 5.02 3.57
324 MAKRNTVIGTP STK4 STK3 73.79 74.58 26.43 31.63 2.56
295 DESVDYVPMLD PDGF receptor, beta SHP2 29.50 35.53 11.21 7.00 3.57
998 EPKRRSARLSA HMG14 S6K;PKA;PKC 77.21 85.59 105.62 110.77 0.75
720 RRGSDSSEDIY Protein phosphatase 1, regulatory subunit 3A S6K 98.79 68.55 28.48 38.85 2.49
19 ILDREYYSVQQ Ron Ron 27.97 31.88 18.86 21.77 1.47
357 IPRRTTQRIVA Collapsin response mediator protein 2 Rho-kinase 58.27 56.21 40.17 38.25 1.46
615 RDKYKTLRQIR Moesin Rho-Kinase 10.56 4.61 17.14 23.83 0.37
574 PNDSVYANWML Ret Ret 43.56 35.67 12.62 22.71 2.24

444 SLLRLSLYNNC MHC class II transactivator
Protein_kinase,_cAMP-dependent,_
catalytic,_alpha 12.91 10.04 22.22 27.22 0.46

191 WKTRLSYFLQN RGS2 PKGIalpha 12.95 14.26 21.42 23.91 0.60

691 LLREASARDRQ
Vanilloid receptor 1 (Transient receptor potential 
cation channel, subfamily 5, member 1,TRPV1) PKC 85.04 71.93 14.10 9.23 6.73

999 RPDPSSFSRPR Opioid receptor PKC 77.17 72.81 23.16 33.10 2.67
250 TRVPPSRRGPD Alpha 2A adrenergic receptor PKC 89.14 99.31 42.91 56.56 1.89
1011 AKKTLSEVERD Sperm associated antigen 1 PKC 12.31 10.91 17.34 15.72 0.70
495 APKAPSKKEKK DAB2 PKC 177.96 227.63 415.45 365.24 0.52
1009 DIQQLSSEEND Asialoglycoprotein receptor 2 PKC 11.58 18.76 41.82 34.12 0.40
708 GDRTSTFCGTP PKN PkB-like1 2.49 4.70 14.55 12.40 0.27
927 MARGSVSDEEM Lymphocyte cytosolic protein 1 PKA 24.05 30.31 0.38 10.12 5.18
1001 KSKKYSDVEVP Adducin 1 PKA 47.77 51.16 11.54 11.68 4.26
392 ARKKFSGLEIS Sucrase isomaltase PKA 85.63 82.28 64.08 68.45 1.27
969 GEKRASSPFRR Nucleolar phosphoprotein p130 PKA 67.64 72.94 56.66 58.82 1.22

870 PFRRHSWICFD
cAMP specific 3',5 '-cyclic phosphodiesterase 
4D (PDE4D) PKA 37.03 40.33 46.57 48.36 0.81

628 CQRRHTLPASE
Aralkylamine N-acetyltransferase (Serotonin 
N-acetyltransferase, SNAT) PKA 8.46 6.04 22.89 24.10 0.31

132 RSRSRSPRPRG ErbB3 (HER3)
Phospholipid_kinase_Phosphoinositide_
kinase 60.78 45.79 23.96 16.22 2.65

612 KAARKSAPSTG H3 histone, family 3A nd 37.96 36.32 8.53 9.30 4.17
532 KMAEAYSEIGM T-cell antigen receptor, zeta nd 32.59 35.59 14.98 5.53 3.32
676 LMDNAYFCEAD Growth hormone receptor nd 48.93 51.87 21.07 15.71 2.74
4 SSLDVYDGRFL Acetylcholinesterase nd 30.29 35.50 9.20 17.70 2.45
371 PAAASSEDIER Galanin (Galanin message associated peptide) nd 27.22 23.34 8.12 13.07 2.39
556 TDEDIYLLGKA Sialyltransferase 1 nd 43.15 36.55 18.31 16.84 2.27
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235 EVFDFSQRRKE NFE2L2 nd 43.74 44.52 24.23 16.02 2.19
20 TAPEYYAPEVH Titin nd 25.59 31.49 14.02 12.04 2.19
645 DDRHDSGLDSM I-Kappa-B-alpha nd 23.70 27.50 13.39 18.09 1.63
773 NTTATYAEPYR Plakophilin 4 (Catenin 4, p0071) nd 28.15 25.76 18.84 15.03 1.59
316 RGQEVYVKKTM TEK receptor tyrosine kinase nd 49.71 47.43 69.60 70.62 0.69

480 KTKFASDDEHD
Autoantigen La (La ribonucleoprotein, Sjogren 
syndrome antigen B) nd 49.19 42.38 76.31 85.57 0.57

960 ENSPKSPKVTG Centromeric protein  E (CENP-E protein) nd 6.98 8.12 19.75 21.84 0.36
909 TRDHPSTANTV Opioid receptor mu 1 nd 5.38 6.69 20.01 20.21 0.30
616 NSIAKTYVGTN MAPK/ERK kinase 5(MAP2K5, MEK5) nb 13.36 13.04 11.29 11.72 1.15
190 PESIHSFIGDG mTOR mTOR 11.42 10.03 16.82 19.75 0.59
735 KSKIGSTDNIK Microtubule associated protein 2 MARK 41.69 51.70 10.45 21.96 2.88
473 LERQLSLEQEV Arachidonate 5 lipoxygenase MAPK2 14.98 14.66 21.54 24.51 0.64
45 FDAHIYEGRVI Protein kinase C delta Lyn; PDGF 47.66 54.20 28.41 30.55 1.73
301 TAEPDYGALYE Phospholipase C, gamma1 Lyn 36.80 36.57 20.24 17.82 1.93
996 DNSSDSDYDLH CD5 (Leu1) Lck   ; Fyn 338.27 299.85 169.33 144.76 2.03
562 KDGWVYYANHT WW Domain containing oxidoreductase JNK1 44.41 49.35 31.76 32.29 1.46
804 KDGRGYVPATI STAT6 IL4 16.86 16.91 4.33 6.45 3.13
1015 ASVPPSPSLSR Glycogen synthase 1 GSK3beta 77.81 65.24 47.72 42.04 1.59
936 PVQQPSAFGSM GSK3 beta GSK3 beta 29.66 32.34 13.35 18.91 1.92
3 TTNEEYLDLSQ Fibroblast growth factor receptor 2 FGFR2 14.70 20.17 0.34 5.20 6.30
34 HHIDYYKKTTN FGF receptor 1 FGFR1 24.22 14.24 35.57 42.23 0.49

496 KVEPASPPYYS
Peroxisome proliferator activated receptor, 
gamma ERK2; JNK1 53.60 45.79 21.69 33.24 1.81

346 ICSVNTPREVT

Protein tyrosine phosphatase nonreceptor 
7(Hematopoietic protein tyrosine phosphatase, 
PTPNI) ERK2; ERK1; MAPK14 3.26 9.71 21.82 18.38 0.32

385 GYMPMSPGVAP IRS 1 (Insulin receptor substrate 1) ERK2 6.68 1.59 17.20 19.15 0.23
373 PEKPKTPQQLW Upstream binding factor ERK1/2 0.27 1.75 12.46 14.81 0.07
215 YGGLTSPGLSY Keratin 8 ERK1 42.24 52.78 22.18 11.70 2.80
160 PPVPATPYEAF SPIB transcription factor ERK1 32.06 37.64 10.91 18.38 2.38
70 GSGTATPSALI Transcription factor Sp1 ERK1 10.13 11.11 14.83 13.44 0.75
117 SILPFTPPVVK SMAD2 ERK 70.70 66.18 32.76 36.16 1.99
802 HVSISYDIPPT GAB1  (GRB2 associated binding protein 1) EGFR;HGFR 8.47 11.45 17.96 14.60 0.61
546 NVVPLYDLLLE ESR1 (Estrogen receptor, alpha) c-Src 97.06 70.52 37.07 11.87 3.42
76 FNNPAYYVLEG Inositol polyphosphate phosphatase like 1 c-Src 22.67 27.25 4.22 12.59 2.97
196 GIWKASFTTFT Caveolin 1 c-Src 49.99 42.70 21.55 22.41 2.11
103 CGSQKYAYFNG Connexin 43 c-Src 26.51 24.84 43.69 38.37 0.63
966 TTGGESCDELE Occludin CK2 25.85 31.48 2.67 9.21 4.83
668 LLEDDSDEEED Vesicle associated membrane protein 4 CK2 40.52 42.74 8.74 15.22 3.47
656 DEDACSDTEAT Protein phosphatase inhibitor 2 CK2 19.19 22.34 7.77 5.30 3.18
926 SFGEPSYPEVF Presenilin 2 CK2 53.53 48.45 16.90 26.21 2.37
77 VTKLLTDVQLM Heat-shock transcription factor 1 CK2 28.85 34.75 18.47 11.83 2.10
757 SSDDDSDSEEP CD45 CK2 43.90 43.21 28.02 28.96 1.53
232 GFTEESGDDEY TCFL1 CK2 193.84 173.68 147.41 137.08 1.29
733 SVPTPSPLGPL CK2, alpha 1 CK2 3.32 5.87 11.51 13.65 0.37
710 DVHMVSDSDGD FAS associated factor 1 CK2 2.87 5.89 11.33 15.78 0.32
1000 PIGEDEESESD Vesicular monoamine transporter 2 CK1;CK2 49.90 36.01 9.61 4.21 6.22
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432 GQLRGSATRAL Casein kinase 1, epsilon CK1 74.68 74.37 48.60 38.92 1.70
862 LRGSATRALPP Casein kinase 1, epsilon CK1 1.79 0.44 23.84 24.06 0.05
912 FSEHRTQVSLK Cell cycle checkpoint kinase II CHK2 67.56 63.60 133.55 145.43 0.47
954 PLNSVSPSPLM Estrogen receptor, alpha CDK7/cyclin H assembly factor (MAT1) 11.01 7.30 24.51 29.46 0.34

138 SDEVQSPVRVR
PCTAIRE protein kinase 1 (PCTAIRE-motif 
protein kinase 1) CDK5 17.36 18.39 7.85 7.09 2.39

950 KSEPISPPRDR Myocyte specific enhancer factor 2A CDK5 9.45 13.56 23.33 19.32 0.54
394 SDTVTSPQRAG c-Src CDK5 2.17 1.51 18.45 17.39 0.10
462 DAPPLSPFPHI Retinoblastoma like 1 CDK4 36.58 37.65 16.42 8.65 2.96
874 NNTSSSPQPKK p53 CDK2 76.48 61.19 32.63 19.73 2.63
674 LKRSHSDSLDH CDC 25A CDC2;PIM1 9.00 10.14 18.52 22.38 0.47
179 PTTPLSPTRLS Lamin B1 CDC2 67.68 64.71 28.97 36.90 2.01

854 PSEVPTPKRPR

High mobility group AT-hook 1 (Nonhistone 
chromosomal high-mobility group protein 
HMG-I/HMG-Y) CDC2 44.76 34.92 17.14 13.51 2.60

436 ETPAISPSKRA dUTP pyrophosphatase CDC2 48.86 42.40 19.49 18.66 2.39
477 VSSAASVYAGA Keratin 18 CDC2 30.54 29.01 22.40 18.59 1.45

554 RESSVYDISEH
NR2B (NMDAR2B, N-methyl D-aspartate 
receptor channel,subunit epsilon 2) CaMKII 52.21 52.54 30.10 33.69 1.64

218 LRRQHSYDTFV NR2B CaMK2;PKC 48.15 49.74 33.01 33.15 1.48
582 FESIESYDSCD C ets 1 protein (ETS1 oncogene, p54) CaMK2 21.75 19.13 13.02 15.56 1.43
187 DDLMLSPDDIE p53 ATM; HIPK2 31.75 24.64 10.59 13.74 2.32
134 PGADLSQYKMD CtIP (Retinoblastoma binding protein 8) ATM 47.22 50.78 14.78 16.16 3.17
693 IRSSMSGLHLV Acetyl-CoA carboxylase alpha AMPK 52.83 55.79 41.31 44.10 1.27
929 PGIDLSQVYEL ABL AKT1 112.93 119.24 25.43 18.54 5.28
981 RERKSSAPSHS GAB2 AKT1 26.18 26.75 22.14 20.74 1.23
677 KRRQTSMTDFY Cyclin-dependent kinase inhibitor 1A AKT1 43.64 52.11 79.38 68.51 0.65
486 ERKSSSSSEDR B-Raf AKT1 2.52 3.16 15.54 15.15 0.19
916 IIRQPSEEEII PEA15 (Phosphoprotein enriched in diabetes  ) Akt;CaMKII 27.06 33.78 19.78 13.77 1.81

a:obtained from the kinome pepchip pix density
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Abstract:
Raf-1 kinase plays a protective role in many cell types, but its expression and function 
in chronic lymphocytic leukemia (CLL) has not been studied in detail. By using qRT-
PCR and western blot, we identified a significantly higher expression of Raf-1 in CLL 
cells than in non-germinal center B-cells isolated from normal tonsils. Constitutively 
active p-Raf-1 (Ser338) was detected in all CLL cases (N=45) and 4 CLL cell lines. 
Furthermore, p-Raf-1 and p-ERK1/2 (Thr202/Tyr204) were upregulated after IgM 
treatment in ZAP-70 positive CLL samples, whereas p-Bad (Ser112, Ser136, and 
Ser155) was constitutively expressed in all CLL cases. By immunoprecipitation and 
confocal studies, we demonstrated that Raf-1 co-localizes with Bcl-2, which may 
account for Bad phosphorylation. In CLL cell lines the inhibition of p-Raf-1 by three 
different inhibitors (GW5074, YC 137 and Geldanamycin) led to the downregulation of 
p-ERK and p-Bad, as well as a diminished cell growth. Furthermore, Raf-1 inhibition 
altered the cell cycle by downregulating cyclin D3 and cyclin E expressions, which 
are important for G0/G1 transition. Moreover, the Raf-1 inhibitor GW5074 induced 
apoptosis in all CLL cases. In conclusion, our study identified Raf-1 as a critical anti-
apoptotic and cell cycle regulating kinase in CLL. 
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Introduction
CLL is characterized by a relatively low rate of proliferation and a high anti-apoptotic 
activity as exemplified by the very high expression of Bcl-21. In addition B-cell receptor 
(BCR) signaling plays an essential role in survival and expansion of CLL cells, as 
illustrated by numerous studies on the significance of immunoglobulin gene usage, 
somatic hypermutations and ZAP-70 expression in these cells2-7. Several kinases 
have been investigated for their possible roles in tumor cell survival of lymphoma, 
with Syk, ERK and Akt receiving the most attention to date. In cancer other than 
lymphomas, many treatment modalities that target the Raf/ERK pathway have been 
developed. However, the function of Raf-1 in B cells and B cell activation is still 
incompletely characterized.

 Raf-1 (a MAP kinase kinase kinase - MAP3K) was originally described as an important 
target of Ras in receptor tyrosine kinase signaling 8;9. In this pathway, activated Raf-1 
initiates a signaling cascade involving the phosphorylation of numerous downstream 
molecules including the kinases MEK and ERK1/2, which leads to cell proliferation. 
Based on this notion, it has been proposed that Raf-1 is an important therapeutic 
target in cancer10-12.

In addition, there is a unique ERK-independent function for Raf-1 in cell survival13;14. 
Raf-1 and Bcl-2 can combine to cooperate in the suppression of apoptosis. After being 
recruited by Bcl-2 to the mitochondrial membrane, Raf-1 can directly phosphorylate 
and inactivate Bad, leading to an anti-apoptotic effect15. Therefore, we hypothesized 
that Raf-1 may play a key role in CLL cell growth not only by the Raf-1/ERK pathway 
but also by combining with   Bcl-2.

We examined Raf-1 and Bcl-2 expression in CLL cases by qRT-PCR, western blot 
and immunohistochemistry. We checked the activity of Raf-1 in CLL cases and cell 
lines. By using immunoprecipitation and confocal microscopy in CLL cell lines that 
overexpress Bcl-2, we analyzed the possible colocalization of Raf-1 and Bcl-2. We 
also investigated cell growth, apoptosis and cell cycle changes by using specific 
inhibitors of Raf-1 and Bcl-2.

Material and Methods

Samples

45 blood cell suspensions and 23 paraffin-embedded tissue samples of CLL were 
obtained from patients diagnosed with CLL in the departments of Hematology and 
Pathology, University Medicine Center Groningen. Tonsil cell suspensions of 5 
hyperplastic tonsils were used as control B cells.  All protocols for obtaining and 
studying human tissues and cells were approved by the institution’s review board for 
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human subject research.

CLL cell lines JVM-3, MEC-1 and MEC-2 were obtained from the Deutsche Sammlung 
von Mikroorganismen und Zellkulturen GmbH (DSMZ, Braunschweig, Germany) The 
CLL cell line MO1043 was a gift from Dr. Ricardo Dalla-Favera  (Columbia University, 
New York, NY).  JVM-3 and MO1043 cells were propagated in RPMI 1640 medium 
containing 10% fetal bovine serum. MEC1 and MEC2 cells were propagated in 
Iscove’s modified Dulbecco’s medium containing 10% fetal bovine serum. 

qRT-PCR

RNA was extracted by using TRIZOL. Turbo DNAse treatment and qRT-PCR were 
performed as described by the manufacturer (Ambion, Foster City, CA, USA). GAPDH 
was used for normalization ( Ct = Ct gene – Ct GAPDH) and to check the quality of the 
samples, i.e. only cases with a cycle threshold (Ct) value lower than 35 for GAPDH 
were used. Probes and primers were obtained from Applied Biosystems (Foster City 
CA, USA). Raf-1, Bcl-2, Syk and ZAP-70 mRNA expression were analyzed by qRT-
PCR. Relative expression levels were determined by using the formula 2- Ct.

Antibodies

Rabbit monoclonal antibodies to Raf-1 and Bcl-2 (for immunohistochemistry and 
western blot) were purchased from Epitomics (Burlingame, CA, USA). Mouse 
monoclonal antibody reacting with phospho (p)-Raf-1(Ser338) was purchased from 
Upstate (Millipore, Billerica, MA, USA). P-ERK1/2 (Thr202/Tyr204), ERK1/2, HSP90 
(E289), p-Bad (Ser112), p-Bad (Ser136), p-Bad (Ser155), p-p38 MAPK (Thr180/
Tyr182), p21 (DCS60), survivin (71G4B7E), Bcl-xL, p27 and cyclin D3 antibodies 
were purchased  from Cell Signaling Technology (Boston, MA). Mouse monoclonal 
antibodies to Bad and cyclin E were purchased from BD Bioscience (Rockaway, 
NJ, USA). Mouse monoclonal Bcl-2 antibody (for confocal microscopy), Ki-67, 
HRP-labeled rabbit anti mouse antibody, HRP-labeled goat anti rabbit antibody and 
FITC-conjugated swine anti rabbit antibody were purchased from DAKO (Glostrup, 
Denmark). TRITC-conjugated goat anti mouse antibody was purchased from Southern 
Biotechnology Associates (SBA, Birmingham, AL, USA).

Cell purification and treatment

CLL and tonsil cells were grown 4 hours in RPMI-1640 medium with 10% FBS to let the 
cells recover. For T cell depletion in CLL samples, cells were incubated with anti-CD3 
(OKT3, LCG, Middlesex, UK) and depleted with Dynal magnetic beads (Invitrogen, 
Breda, The Netherlands). For tonsil B cell isolation, cells were incubated with anti-
CD3 and anti-CD38, to remove both T cells and most of the germinal center B cells. 

Treatment with IgM was performed as previously described 3. In short, 1 × 107cells /
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ml cells were incubated with 10 µg/mL biotinylated goat anti human immunoglobulin 
M (IgM) F(ab’)2 (SBA) on ice for 10 minutes.  Avidin (Sigma, St Louis, MO, USA) 
was added in a final concentration of 10 µg/mL and the cell mixture was incubated 
at 37°C for 10 minutes to have an effect on BCR signaling. For Western blotting cell 
pellets were lysed in 1x Sample Buffer (62.5 mM Tris-HCl (pH 6.8 at 25°C), 2% w/v 
SDS, 10% glycerol, 50 mM DTT, 0.01% w/v bromophenol blue).

For MTT assays and cell cycle analysis cell lines were cultured at 1x 106/ml during 

48 hours in 6-well plates in the presence of varying concentrations of GW5074 (a 
selective Raf-1 inhibitor), YC 137 (a selective Bcl-2 inhibitor) 16  (Merck, Darmstadt, 
Germany), ERK1/2 inhibitor (3-(2-Aminoethyl)-5-((4-ethoxyphenyl)methylene)-2,4-
thiazolidinedione hydrochloride, Biaffin Gmbh & Co KG, Kassel, Germany) 17 and 
Geldanamycin (GA, Invivogen, San Diego, CA, USA). Optimal concentrations of all 
inhibitors were checked by western blot.

Immunohistochemistry (IHC) 

The slides were deparaffinized and endogenous peroxidase was blocked by 
incubation with 0.3% H2O2 for 10 minutes. Antigen retrieval was performed according 
to the various protocols of the manufacturers. Immunostaining was performed 
using Raf-1, Bcl-2, Ki-67, HSP90, Bad, p-Bad, ERK1/2, pERK1/2 and cyclin D3 
at a dilution of 1:50-1:100. Immunostaining was amplified by incubation with the 
appropriate HRP-conjugated antibodies for 60 min and the reactivity was visualized 
by diaminobenzidin. Appropriate positive and negative controls were used. 

Western Blot

Cell lysates were separated on a polyacrylamide gel and electro blotted onto a 
nitrocellulose membrane. Blots were incubated for 60 min in blocking buffer (TBS-T 
(TBS, 0.05% Tween 20, pH 7.6) with 5% skimmed milk) to block the membrane, 
washed by 0.1% TBST and incubated with primary antibodies at 4 ºC overnight. 
Immunostaining was amplified by incubation with HRP-conjugated antibodies for 60 
min. Blots were washed and chemiluminescence was detected with ECL (Pierce, 
Rockford, USA).  

Immunoprecipitation (IP)

IP was performed as described by the manufacturer (Epitomics). Cell lysate was 
diluted to 1 mg/ml total cell protein with PBS. 4 μg of Raf-1 and Bcl-2 antibody was 
added to 500 μg cell lysate and incubated at 4°C overnight. The immune complex 
was captured by the addition of Protein G agarose beads (Roche Molecular 
Biochemicals, GmbH, Mannheim, Germany). After washing with PBS, the beads 
were resuspended in 2x sample buffer (10 % glycerol, 62.5 mM Tris HCL (pH 6.8), 
2 % SDS, 0.03% (w/v) bromophenol blue) and heated at 95-99°C for 5 minutes. 
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Figure 1: Raf-1 is overexpressed in CLL cells at mRNA and protein levels
A: mRNA expression of Raf-1 and Bcl-2 in purified B cells of 5 reactive tonsils (CD3-CD38- cells) 
and 45 CLL cases (CD3- cells) was detected by qRT-PCR. Each bar represents mean ± SD. 
#p < 0.01 is significantly different from tonsil. B: Correlation of Raf-1 and Bcl-2 expression by 
qRT-PCR. Significance of linear correlation: p<0.01. C: Immunohistochemical detection of Raf-
1 and Bcl-2 protein expression in reactive tonsils and CLL cases. In tonsil, Raf-1 (I) and Bcl-2 
(III) are highly expressed in the mantle zone and interfollicular region. In CLL cases, Raf-1 (II) 
and Bcl-2 (IV) are highly expressed in all the cells (200x).   D: Western blot detection of Raf-1 
protein expression in 5 tonsillar B cells (CD3-CD38-) and 25 CLL B cells (CD3-); for both groups 
1 representative case is shown. Actin was used as a loading control. Raf-1 expression level as 
measured by western blot (Raf-1/actin ratio) in CLL cells compared to tonsil B cells (significance 
of difference p<0.01). 
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SDS-PAGE and immunoblot analysis were performed on a sample of the supernatant 
fraction. Protein G agarose beads without the addition of antibodies to the cell lysates 
were used as negative controls.

Cell growth measurements

The MTT assay was performed as previously described18. 20 μl of 5 mg/ml  
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma, USA) in 
medium was added to 200 μl cell suspension and incubated for 4 hours at 37°C to 
let the cells absorb the MTT. The cells were centrifuged at 1000 rpm for 10 minutes 
and the supernatant was removed. 150 μl of DMSO (Sigma) per well was added to 
dissolve the pellet completely. The absorption was measured at 540nm in an ELISA 
reader.

Cell cycle analysis

Cell cycle profiles were analyzed by flowcytometry. Cells (1 × 106) were washed 
in phosphate-buffered saline with 0.1% BSA. Hypotonic DNA staining buffer (0.1% 
Sodium citrate; 0.3% Triton–x 100; 0.01% Propidium iodide, 0.002% Ribonuclease 
A) was added to the pellet and mixed well. The percentage of cells in different 
departments of the cell cycle was analyzed by ModFit LT3.

Apoptosis measurements

Annexin V staining (IQ products, Groningen, the Netherlands) and analysis by 
flowcytometry was used to determine the percentage of apoptotic cells in cell lines 
after incubation with inhibitors for 4 and 24 hours. Samples of CLL cases were treated 
for 4 hours with inhibitors and a double staining with CD19 (BD Biosciences) was 
used to measure the percentage of apoptotic B cells.

Statistical analysis

All data  were  derived from at least three independent experiments. Quantity one 
software was used to quantify  western blot bands. Statistical analyses were conducted 
using Prism 5 software, and values were presented as means ± SD. Significant 
differences between the groups were determined using Student’s t-test.

Results:

Raf-1 is overexpressed in CLL cells at the mRNA and protein level

Firstly, we examined the gene expression of Raf-1 and Bcl-2 in the purified B cells 
of 45 CLL cases (CD3- B cells) and 5 reactive tonsils (CD3-CD38- B cells) by qRT-
PCR. Our results revealed a significantly higher expression of Raf-1 (about 6 fold) 
and Bcl-2 (about 12 fold) in CLL cases than the normal B cells (P<0.01) (Figure 1A). 
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Figure 2: Raf-1 is activated in CLL cases and cell lines and co-localizes with Bcl-2
A: Western blot analysis of p-Raf-1(Ser338), p-ERK1/2 (Thr202/Tyr204) and p-Bad (Ser112, 
Ser136, or Ser155) before and after IgM stimulation in 25 CLL cases of purified B cells and  4 CLL 
cell lines. Actin is used as a loading control. Two cases are shown as representative examples 
for the response and no response groups. MEC-2 is shown as as a representative cell line. 
Similar results were found in all four cell lines. B: 14 CLL cases in the response group have a 
significantly higher ZAP-70/SYK ratio compared to the no response group (p<0.01). Each point 
represents the ZAP-70/SYK mRNA ratio of the samples. C: Western blot analysis for Raf-1, 
Bcl-2 and HSP90 after immunoprecipitation of Raf-1 and Bcl-2 proteins.  Antibody used for IP in 
columns, antibody used for detection (IB) in rows. MEC-2 is shown as a representative cell line. 
D: Confocal microscopy for Raf-1 and Bcl-2 in the MEC-2 cell line (200x). P: Phosphorylation;  
IP: immunoprecipitation;  IB:immunoblot.
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Furthermore, there was a significantly linear correlation between Raf-1 and Bcl-2 gene 
expression levels (p<0.01, R2=0.8698) (Figure 1B).

Secondly, we analyzed the protein expression of Raf-1 and Bcl-2 by 
immunohistochemistry (Figure 1C). In normal tonsils, Raf-1 and Bcl-2 were highly 
expressed in mantle zone B cells and interfollicular T cells, whereas they were weakly 
expressed or negative in germinal center B cells. In CLL cases, Raf-1 and Bcl-2 were 
highly expressed in all cells with a somewhat stronger expression of Raf-1 in the cells 
of proliferation centers.

Thirdly, we performed western blot analysis for Raf-1 and Bcl-2 on isolated B cells 
(CD3- cells) from 25 CLL cases and 5 reactive tonsils (CD3-CD38- cells) to analyze 
the protein expression level. There was higher expression of Raf-1 protein in CLL cells 
than tonsil B cells. This was semiquantitatively confirmed by densitometry: Raf-1 was 
significantly higher expressed in CLL cells compared to tonsil B cells (p<0.01) (Figure 
1D). When measuring protein levels by western blot analysis no correlation between 
Bcl-2 and Raf-1 expression was found.

In conclusion, our results showed that Raf-1 is overexpressed in CLL cells at both the 
mRNA level and protein level.

Raf-1 is highly activated after IgM stimulation in ZAP-70 positive CLL cases

Two groups of CLL cases were identified by the reaction to IgM stimulation. 14 CLL 
cases were named the “response group” in which cells were highly upregulating 
p-Raf-1 and p-ERK expression upon IgM stimulation; 11 CLL cases were designated 
as the “no response group” in which there was no obvious change of p-Raf-1 and 
p-ERK expression after IgM stimulation (Figure 2A, supplementary data). Of note the 
p-Raf-1 and p-ERK expression in the no response group was already high before 
stimulation and thus, the no response group seems to be constitutively active. To 
study the correlation of ZAP-70 expression with this response, we used the ZAP-70/
SYK mRNA expression ratio levels instead of the ZAP-70 levels19. A higher ZAP-70/
SYK ratio was observed in the response group than in the no response group (p<0.01) 
(Figure 2B). This means that most  ZAP-70 positive cases as defined by a ZAP-70/Syk 
ratio of more than 0.2 have an inducible Raf-1 / ERK pathway.

A recent report20 showed that co-localization of Raf-1 and Bcl-2 can lead to 
phosphorylation of Bad. CLL is characterized by a very high expression of Bcl-2 
protein21 and as presently shown also Raf-1. In line with these findings and regardless 
of IgM stimulation, all CLL cases and all four CLL cell lines (MEC-1, MEC-2, MO1043 
and JVM-3) showed a high expression of p-Bad (Ser112, Ser136 and Ser155; Figure 
2A). We investigated co-localization of these proteins and of HSP90, an important 
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Figure 3: Raf-1 inhibition leads to changes in cell growth and induction of apoptosis by 
downregulation of p-ERK and p-Bad .A: Cell lines were treated with different inhibitors (10 μM 
GW5074, 10 μM GA, 10 μM YC 137 or 10 μM ERK1/2 inhibitor) for 24 hours and cell growth was 
analyzed with the MTT assay. Results are expressed as the percentage cell growth compared 
to control (untreated) cells.  B: Cell lines were treated with different concentrations of inhibitors 
(GW5074, YC137) or inhibitor combinations (GW5074 and YC137) for 24 hours. The percentage 
of cell growth was detected by MTT. A-B: Each bar represents mean ± SD of difference between 
the four cell lines.  #p < 0.01 is significantly different from control. C-D: Cell lines were treated 
with different inhibitors (10 μM GW5074, 10 μM GA, 10 μM YC 137 or 10 μM ERK1/2 inhibitor) 
for 24 hours. MEC-2 is shown as a representative example, similar results were found in all four 
cell lines. C: Western blot analysis for p-Raf-1 (Ser338), p-ERK1/2 (Thr202/Tyr204), p-Bad (Ser112, 
Ser136 and Ser155) and p-p38 (Thr180/Tyr182) in the 4 CLL cell lines. Total levels of Raf-1, Bcl-
2, Bad, HSP90, survivin and BCL-xL proteins were also analyzed. Actin was used as a loading 
control. D: Flow cytometry for Annexin V in the 4 CLL cell lines. On the x-axis the signal for 
Annexin V FITC is shown, on the y-axis the cell counts.  
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chaperon of Raf-1 and Bcl-2 in the CLL cell lines. Using immunoprecipitation of Raf-
1 or Bcl-2 and western blot analysis for Raf-1, Bcl-2 and HSP90 (Figure 2C), we 
found that part of the Raf-1 protein co-localizes with Bcl-2. Moreover, HSP90 protein 
co-precipitated efficiently with both Raf-1 and Bcl-2. We also performed confocal 
microscopy showing co-localization of Raf-1 and Bcl-2 in cytocentrifuge preparations 
of all 4 CLL cell lines (Figure 2D).

Together, these data imply that Raf-1 does not only act as an upstream activator of 
ERK but is also involved in the Bad /Bcl-2 pathway. 

Raf-1 kinase inhibition leads to changes in cell growth and apoptosis by 
downregulating   p-ERK and p-Bad 

Based on the findings that Raf-1 is constitutively active and can colocalize with Bcl-
2, we studied changes in cell growth and cell signaling by using the Raf-1 inhibitor 
GW5074, the Raf-1 destabilizer GA, the Bcl-2 inhibitor YC 137 and the ERK1/2 
inhibitor. Optimal concentrations were chosen using western blot analysis. Cell lines 
were treated up to 2 days and analyzed for cell growth with the MTT assay. As shown 
in Figure 3A, 10 μM GW5074, 10 μM GA or 10 μM YC 137 significantly blocked the 
cell growth in all cell lines. Furthermore, there was an additive effect of the Raf-1 
inhibitor when combined with the   Bcl-2 inhibitor (Figure 3B). The ERK1/2 inhibitor 
(10 μM) did not significantly affect cell growth, although phosphorylation of ERK1/2 
was inhibited.

Next, we studied p-Raf-1 (Ser338), p-ERK1/2 (Thr202/Tyr204) and p-Bad (Ser112, 
Ser136 and Ser155) levels before and after treatment with the inhibitors (GW5074, 
GA and YC 137) for 24 hours. All three inhibitors led to downregulation of p-Raf-1, 
p-ERK and p-Bad with all three inhibitors (Figure 3C). In contrast, no downregulation 
of p-p38 was observed, except for some downregulation after GA treatment. We also 
determined total protein content in western blots before and after treatment during 24 
hours. Raf-1 was slightly downregulated after GW5074 and YC 137 treatment and 
obviously decreased after GA treatment. There was a reduction in Bcl-2 and Bad 
proteins after YC137 or GA, but no change in HSP90, survivin and BCL-xL (Figure 
3C). Thus, Raf-1 inhibition by the inhibitors GW5074, GA and YC 137 can lead to both 
p-ERK1/2 and p-Bad inhibition, which may account for the observed diminished cell 
growth. At the same time, these inhibitors also reduce the amount of Raf-1, Bad and 
Bcl-2, possibly by enhanced protein degradation.

Thirdly, using Annexin V staining in the CLL cell lines we analyzed if the inhibitors can 
lead to apoptosis. Cells were cultured for 4 and 24 hours. Apoptosis could be induced 
in all four cell lines after treatment with GW5074, GA and YC 137, but there was no 
obvious effect of the ERK1/2 inhibitor (Figure 3D). We also examined if these inhibitors 
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Figure 4:  Raf-1 and ERK inhibition leads to CLL apoptosis.  22 cell suspensions of CLL 
cases were treated with 10 μM GW5074, 10 μM GA, 10 μM YC 137 or 10 μM  ERK1/2 inhibitor 
for 4 hours. Shown are the percentages of apoptotic B cells (Annexin V positive CD19 positive 
cells) induced after treatment.   A: Different inhibitors are represented on the x-axis and the 
percentage of apoptotic cells is represented on the y-axis. B: The effect on apoptosis of 
GW5074 and the ERK 1/2 inhibitor in individual cases. Case numbers are represented on the 
x-axis (cases are ordered based on increasing effect of ERK1/2 inhibitor) and the percentage 
of apoptotic cells is represented on the y-axis.
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can cause apoptosis in patient samples after culturing for 4 hours. This short period 
was chosen to exclude nonspecific effects. In all 22 tested CLL samples, GW5074 
induced apoptosis in 3 to 30 % of the CD19 positive cells. Different from the cell lines, 
the ERK1/2 inhibitor did cause apoptosis in only a part of CLL cases; no apoptosis was 
detected after YC137 or GA treatment in the CLL cases (Figure 4A). Interestingly, the 
cases more sensitive to the Raf-1 inhibitor seemed to be less sensitive to the ERK1/2 
inhibitor and vice versa (Figure 4B, supplementary data). No correlation was found 
between the amount of apoptosis and the p-ERK or p-Raf-1 status as measured by 
western blot (supplementary data).

In summary, Raf-1 kinase inhibition can block cell growth and can lead to apoptosis by 
downregulating p-ERK and p-Bad.

Raf-1 kinase inhibition leads to G0/G1 cell cycle arrest by downregulating cyclin 
D3 and cyclin E expression

To determine whether the inhibitors can alter the cell cycle distribution, CLL cell lines 
were treated with the inhibitors GW5074, YC 137, GA or ERK1/2 inhibitor for 24 hours 
and analyzed by DNA flowcytometry. No cell cycle change was detected with the ERK1/2 
inhibitor, but different cell cycle changes were observed with the treatment of the other 
inhibitors. GW5074 mainly led to G0/G1 arrest whereas YC 137 mainly led to G2/M 
cell cycle arrest. GA decreased the percentage of cells in S phase, with an increased 
percentage of cells in both the G0/G1 phase and G2/M phase (Figure 5A, 5B).

To further investigate other proteins that could be involved in cell cycle changes, we 
studied expression of various cell cycle regulators before and after inhibitor treatment 
for 24 hours. We observed a pronounced reduction of cyclin D3 and cyclin E protein 
levels in cells treated with GW5074, YC 137 or GA. p21 downregulation was only 
observed after YC 137 treatment . There was an obvious reduction of p27 after YC 137 
or GA treatment (Figure 5C).

Based on the notion that there is higher expression of Raf-1 in the cells within the 
proliferation centers (PCs) of CLL tissues, we speculated that there is higher expression 
of the cell cycle markers in this structure as well. Immunohistochemistry was performed 
for Ki-67, cyclin D3 and cyclin E in 23 paraffin-embedded tissue samples of CLL. 
Our results revealed that Cyclin D3 is specifically overexpressed in PCs (Figure 5D). 
Unfortunately, the staining of cyclin E failed.

In conclusion, Raf-1 kinase plays a role in cyclin D3 and cylin E expression, which is 
important for G0/G1 cell cycle transition.

Discussion
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Figure 5: Raf-1 inhibition leads to changes in the cell cycle by downregulating cyclin 
D3 and cyclin E expression. A-B: The 4 CLL cell lines were treated with 10 μM GW5074, 
YC 137, GA and ERK1/2 inhibitor for 24 hours and analyzed by flow cytometry after propidium 

iodide staining. MEC-2 is shown as a representative example.  Similar results were found in all 
four cell lines. DNA content is represented on the x-axis and the cell count is represented on 
the y-axis (A).  Different inhibitors are represented on the x-axis and the percentage of cells in 
various phases of the cell cycle as determined by flowcytometry is represented on the y-axis 
(B). C: Total cell lysates were prepared in the presence or absence of inhibitors for 24 hours 
followed by western blot analysis for specific cell cycle signaling proteins. Actin was used as a 
loading control. MEC-2 is shown as a representative example. Similar results were found in all 
four cell lines. D: Immunostaining was performed in 23 paraffin-embedded tissue samples of 
CLL. One case is shown as a representative example. Ki-67 staining was used (I) as a marker 
for proliferation centers. Cyclin D3 (II) is specifically overexpressed in proliferation centers of 
CLL cases (200x). 
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The objectives of the present study were to determine the expression and function of 
Raf-1 kinase in CLL. Our study showed four major findings. First, we found a strong 
overexpression of Raf-1 in CLL cells at mRNA and protein levels. Secondly, we found 
that the p-Raf-1 and p-ERK response to IgM stimulation is correlated with the ZAP-70 
status. Thirdly, Raf-1 inhibition by GW5074 can lead to cell apoptosis in all CLL cases. 
Fourthly, Raf-1 kinase plays an important role in cell cycle regulation by affecting the 
expression of cyclin D3 and cyclin E. 

Our results showed a high expression of Raf-1 in CLL cells at mRNA and protein 
level.  Raf-1 activity is controlled by its phosphorylation status, especially at serine 
338, which contributes to ERK1/2 activation, the mitochondrial location of Raf-1 and  
phosphorylation of Bad20;22-24. The Ras-Raf-mitogen-activated protein kinase cascade 
mediates pro-survival signals in a broad spectrum of human tumors and is considered 
as an attractive target for anticancer therapies25;26. The methods of targeting Raf include 
the use of antisense oligodeoxynucleotides (ASON), Raf-1 inhibitors such as GW5074 
or Raf-1 destabilizers such as GA. The anti-tumor activity of the Raf-1 antisense ISIS 
5132 has been  evaluated in phase II  studies in patients with ovarian, small-cell lung 
and non–small-cell lung carcinomas27;28. GW5074 is a benzylidine oxindole derivative 
that inhibits the Raf/MEK/ERK  kinase cascade by blocking the kinase activity of Raf-129. 
GA is a benzoquinone ansamycin antibiotic that binds to HSP90 (Heat Shock Protein 
90) and leads to destabilization of HSP90 client proteins30. Piatelli 31et al reported that 
GA inhibits the Raf-1/ERK pathway by proteasome mediated degradation of Raf-1. 
Therefore, disruption of Raf-1 activity by specific or more indirect inhibitors might open 
a novel therapeutic modality in B cell malignancies. 

By using IgM stimulation and specific inhibition of Raf-1, we demonstrated that p-Raf-1 
plays a key role in cell survival by regulating p-ERK and p-Bad activity. Our results 
showed that p-ERK was constitutively phosphorylated in part of the CLL cases and all 
cell lines. The constitutively activated ERK1/2 in all CLL cell lines may be accounted for 
by EBV infection32. Muzio33 et al also found that unresponsive CLL cases constitutively 
express ERK1/2 and that this should be considered as a molecular imprint of an anergic 
state. We confirmed these data and extended them, showing that both the p-Raf-1 
and p-ERK1/2 response to IgM stimulation correlated with the ZAP-70/SYK mRNA 
expression ratio, which is a solid marker of the mutational status of the IgH genes and 
prognosis19. Many of our CLL cases within the responsive CLL group did not show any 
detectable p-ERK expression without IgM treatment and ERK1/2 inhibitor did not lead 
to apoptosis in CLL cell lines, which suggests that there is also a p-ERK independent 
cell survival pathway. Our results show that p-Bad (Ser112, Ser136 and Ser155) is 
constitutively activated in all CLL cases and cell lines irrespective of IgM treatment. Bad 
is a pro-apoptotic member of the Bcl-2 family that promotes cell death by displacing 
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Bax from binding to Bcl-2 and Bcl-xL34. Survival factors such as cytokines or epidermal 
growth factor, can inhibit the apoptotic activity of Bad by activating intracellular 
signaling pathways that result in its phosphorylation at Ser112, Ser136, or Ser15535-37. 
Phosphorylation at these sites prevents an association between Bad with Bcl-2 or Bcl-
xl and thus contributes to cell survival.

Our results suggested that Raf-1 is involved in Bad phosphorylation by colocalizing 
with  Bcl-2. Wang 38 et al reported that Bcl-2 can be co-immunoprecipitated with Raf-1 
when transfected in the mammalian hematopoietic cell line 32D.3. Raf-1 is targeted to 
the outer mitochondrial membrane after co-localization with Bcl-2 where it regulates 
apoptosis through phosphorylation of Bad39. By transfection of Raf-1 or Bcl-2, Moye 
et al found that Bcl-2 can synergize with the activated Raf-1 to abrogate the cytokine 
dependency of the murine FDC-P1 hematopoietic cell line40. Moreover, a recent report 
demonstrated that the interaction between Raf-1 and Bcl-2 is regulated by Raf-1 
phosphorylation at Ser 338/9 by using a S338/9A mutant transfection20. Our results 
show that both the Bcl-2 inhibitor (YC137) and Raf-1 inhibitor (GW5074) can lead 
to downregulation of p-Raf-1 and p-BAD, which is in agreement with these reports. 
Moreover, they show that inhibition of Raf-1 by GW5074 treatment leads to immediate 
apoptosis in all CLL cases, which is independent of the p-ERK status.

Raf-1 kinase inhibition led to cell cycle deregulation by downregulating cyclin D3 and   
cyclin E in all cell lines, which is in agreement with a recent report that showed Raf-
1 activation increased the expression of cyclin D and cyclin E in Raf-1 transfected 
human TF-1 hematopoietic cells41. Cyclin D3 plays a prominent role in differentiation 
and proliferation and is also important for G1/S transition and highly expressed 
in various kinds of cancers42. Our IHC results showed that cyclin D3 is specifically 
overexpressed in PCs of CLL. In lymph nodes and the bone marrow involved with CLL, 
PCs are the hallmark of this lymphoproliferative disorder. Tumor cells in PCs showed 
a distinct antigen expression profile (Ki-67+, CD69+, CD71+, CD38+) and active BCR 
signaling compared to the surrounding tumor cells43-45. Moller46 et al reported that 
cyclin D3 overexpression might identify a subpopulation of patients with indolent B 
cell lymphoma with adverse clinical features and poor outcome. Furthermore, a recent 
study47 showed that downregulation of cyclin D3 enhances fludarabin mediated killing 
of WSU-CLL cells by increasing the number of cells undergoing apoptosis.  In normal 
dividing cells, cyclin E regulates the transition from the G1 phase to the S phase and 
a high level of cyclin E protein accelerates the transition through the G1 phase. By 
analyzing the cyclin E expression with western blot, Bogner48 et al reported that cyclin 
E was differentially expressed in ZAP 70-positive and ZAP 70-negative B-CLL cells, 
which  may reflect a larger proliferating compartment in ZAP 70-positive patients. This 
suggests that cyclin E might add prognostic information for patients with B-CLL, but 
might also provide a promising target for treatment in CLL.
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Collectively, our studies identify Raf-1 as a critical anti-apoptotic kinase via ERK and 
Bad phosphorylation and a key player in cell cycle progression. Raf-1 may therefore 
be considered as a potential target for therapy in CLL. 
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p-Raf-1 /actin 
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6 0.92 0.73 1.01 0.03 0.03  1.19 1.48  N N  0 8.91 0 0 24.34 
7 0.43 0.19 0.72 0.23 0.31  0.85 0.89  Y Y  0 12.91 1.72 1.03 0.41 
8 0.36 0.13 0.71 0.03 0.04  1.41 1.77  N N  0 25 0 0 1.37 
9 0.21 0.1 0.32 0.11 0.33  1.29 0.87  Y Y  0 18.08 0.59 4.52 0.64 
10 0.5 0.2 0.51 0.11 0.21  0.90 0.96  Y Y  0 24.72 0 0 0 
11 0.75 0.38 0.54 0.25 0.46  1.06 1.32  Y Y  ND ND ND ND ND 
12 0.27 0.09 0.42 0.13 0.31  1.38 1.13  N N  0 12.66 2.53 3.97 0.25 
13 0.28 0.09 0.38 0.08 0.2  1.06 1.43  Y Y  0 15.6 0.3 0.09 3.13 
14 0.57 0.19 0.99 0.03 0.03  0.70 0.73  Y Y  0 13.17 0 1.89 26.99 
15 0.31 0.09 0.61 0.02 0.03  0.68 0.70  Y Y  0 11.51 0.37 0.95 0 
17 0.23 0.07 0.62 0.16 0.26  0.92 1.24  Y Y  0 7.87 0 0.43 6.72 
19 0.19 0.16 0.17 0.09 0.54  0.75 0.87  Y Y  0 5.98 0 0 12.33 
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23 0.23 0.26 0.63 0.02 0.03  1.21 1.30  Y Y  0 9.84 1.65 4.74 2.71 
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34 0.28 0.16 1.09 0.03 0.02  1.27 1.50  N N  0 5.3 0.39 0 12.9 
36 0.38 0.3 0.56 0.21 0.38  0.92 1.38  Y Y  ND ND ND ND ND 
38 0.19 0.12 0.4 0.15 0.37  1.03 1.32  Y Y  0 3.79 0 5.18 13.11 
43 0.51 0.39 5.36 0.04 0.01  0.74 1.39  Y Y  0 17.47 0.33 0 20.59 
44 0.76 0.49 1.75 0.06 0.03  1.16 1.15  N N  0 21.12 1.62 0 0 
45 0.21 0.06 0.58 0.02 0.03  1.07 1.04  N N  0 18.5 0.43 1.43 17.92 
48 0.48 0.27 0.8 0.18 0.23  1.26 1.69  N N  0 18.84 0.67 0.76 11.61 
50 0.44 0.28 0.7 0.04 0.05  1.36 1.69  N N  0 3.21 0 0.18 26.26 

51 0.11 0.04 0.39 0.01 0.03   1.36 0.96   N N   0 31.08 4.54 1.67 5.41 

                  
1: Relative expression levels were determined by using the formula 2-Ct. Ct = Ct gene – Ct GAPDH.            
2. ZAP-70/SYK mRNA level ratio.                
3. The pixel density of the unstimulated samples of actin, phospho-ERK and phospho-Raf-1 are analyzed by Quantitative One software.          
4: Response to IgM stimulation detected by western blot. N: no response; Y: there is response           
5. Response to inhibitors detected by Annexin V after inhibition with inhibitors for 4 hours. ND:not done           
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Abstract:
Mantle cell lymphoma (MCL) is characterized by high genetic instability and a poor 
prognosis. Many blastoid variants are (hypo) tetraploid and have an even worse 
prognosis. We investigated the role of MAPK signaling in MCL. As compared to 
normal tonsil B cells, MCL cells showed activation of pan JNK and JNK2 in both a 
MAPK array and sandwich Elisa assay, whereas validation by immunohistochemistry 
showed overexpression of phospho-JNK in 30 of 37 MCL cases. These data suggest 
a constitutive activation in MCL. Inhibition of JNK with SP600125 resulted in growth 
arrest in all 4 MCL cell lines (Jeko-1, HBL-2, UPN-1, Granta-519), which could be 
reversed by the addition of CD40L and IL-4. Furthermore, SP600125 led to G2-M 
phase arrest on day 1 and a strikingly increased endoreduplication on day 2 and 
day 3, which was confirmed by karyotype analysis. G2-M arrest was associated 
with downregulation of EGR1. SP600125 induced polyploidy could be blocked by 
the BCL-2 inhibitor YC 137. These data suggest that constitutive JNK activity is 
necessary to promote proliferation and maintain diploidy in MCL and that disruption 
of this MAPK leads to a profound cell cycle deregulation and endoreduplication.
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Introduction:
Cell signaling pathways involve changes of protein-protein interactions inside the cell 
induced by external signals to progress through the cell cycle and.division. In B cells, 
deregulation of the B cell receptor (BCR) or CD40 signaling pathway can lead to B 
cell malignancies[1-4]. Extensive work by several groups has established that the Map 
kinases (MAPKs) pathway, which is an important downstream signaling target of BCR and 
CD40, plays critical roles in the pathogenesis of various hematological malignancies[5]. 
There are three major groups of MAPKs, the p38 Map kinase family (α/β/γ/δ) the 
extracellular signal-regulated kinase (Erk) family (Erk1/2), and the c-Jun NH2-terminal 
kinase (JNK) kinase family (JNK1-3).  By analyzing different B cell lymphoma cell lines, 
Ogasawara [6]et al found constitutive activation of  ERK and p38 MAPK but not of  
JNK. Furthermore, p38 kinase plays an important role in follicular lymphoma and its 
transformation[7]. In contrast, Gururajan [8]et al found that several human and murine 
B lymphoma cell lines constitutively express high levels of activated JNK. JNK-specific 
small interfering RNA (siRNA) inhibited the growth of B lymphomas by downregulating 
c-MYC and EGR1, which are essential for B-lymphoma survival and growth.

Mantle cell lymphoma (MCL) represents a Non Hodgkin’s Lymphoma (NHL) with a poor 
prognosis for which no effective treatment is available. Half of the blastoid variants with 
a high incidence of (hypo) tetraploidy have an even worse prognosis[9]. In addition to t 
(11; 14), secondary chromosome changes are very common, especially in the blastoid 
variants[10]. The mechanisms accounting for the resistance of these tumor cells to 
chemotherapeutic drugs and (hypo)tetraploid formation are poorly understood. Until now, 
the cell cycle and the DNA damage pathways are the most extensively studied signaling 
pathways in MCL cells[11]. Recently, new insights in the molecular pathogenesis of 
MCL have revealed many new potential targets, combining drugs that affect BCL-2, 

proteasome biology  and the PI3K-AKT-mTOR pathway[12]. Although JNKs have been 
studied in many solid cancers and are potential targets for therapy[13], the knowledge 
in lymphomas and in particular MCL is still very limited. 

In this study, we found high JNK kinase activity in mantle cell lymphoma. Disruption of 
JNK activity leads to major disturbances in cell cycle progression and a high level of 
endoreduplication and polyploidy. 

Materials and methods:
Cell lines and patient materials 

Cell suspensions of 5 hyperplastic tonsils and 14 MCL cases, as well as 5 tonsils 
and 37 MCL paraffin-embedded tissue samples were obtained from the department 
of Pathology. All protocols for obtaining and studying human tissues and cells were 
approved by the institution’s review board for human subject research.
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MCL cell lines Jeko-1, Granta-519 (DSMZ, Braunschweig, Germany), UPN-1 and 
HBL-2 (Dr. W. Klapper, Kiel) and CLL cell lines JVM-3 (prolymphocytic leukaemia), 
MEC1 and MEC2 (DSMZ), MO1043 (Dr. Ricardo Dalla-Favera (Columbia University, 
New York, NY, USA) were used for functional studies[14-17].  

Cell purification and treatment

For T cell depletion, cells were incubated with anti-CD3 (OKT3, LCG, Middlesex, UK) 
and depleted with Dynal magnetic beads (Invitrogen, Breda, The Netherlands).

BCR ligation was performed with anti-human IgM F(ab’)2 (Southern Biotechnology 
Associates, Birmingham, AL). Stimulation through CD40L and IL-4 was performed 
with CD40L (Alexis Biochemicals, Lausen, Switzerland) and IL-4 (R&D Systems, 
Minneapolis, MN, USA). For Western blotting cells were lysed in 1x SDS Sample 
Buffer (62.5 mM Tris-HCl (pH 6.8 at 25°C), 2% w/v SDS, 10% glycerol, 50 mM DTT, 
0.01% w/v bromophenol blue). For MTT assays MCL cell lines were cultured during 72 
hours in the presence of CD40L and IL-4 and different concentrations of SP600125, 
an inhibitor of Jun N-terminal kinase [18] (Biaffin Gmbh & Co KG, Kassel, Germany).

For cell cycle analysis MCL cell lines were cultured during 72 hours in the presence of 
5µM or 10µM  YC 137, a selective BCL-2 inhibitor [19] (Merck, Darmstadt, Germany), 
SP600125, ERK1/2 inhibitor  [20]  and SB203580[21], a selective p38MAPK inhibitor 
(Biaffin). Optimal concentrations of inhibitors were checked by western blot.

MAPK array and antibody 

Purified B cells were used for MAPK array detection by a commercially available 
kit (R&D). An ELISA for phosphorylated (p)-JNK ELISA was used according to the 
manufacturer’s instructions (Cell Signaling Technology, Boston, MA, USA). Antibodies 
against p-SAPK/JNK (Thr183/Tyr185) (81E11), p-p38 MAPK (Thr180/Tyr182) (12F8), 
p-GSK-3α/β (Ser21/9) (37F11), p-p44/42 MAPK (Thr202/Tyr204) (20G11), p-c-Jun 
(Ser73), p-ATF-2 (Thr69/71), EGR1 (15F7), p21 (DCS60), survivin (71G4B7E), Cyclin 
D1 (92G2) were purchased from Cell Signaling Technology. P27 (Y236), CDC2 (E53), 
and BCL-2 (E17) antibodies were purchased from Epitomics (Burlingame, CA, USA). 
HRP-labeled rabbit anti mouse antibody, HRP-labeled goat anti rabbit antibody were 
purchased from DAKO (Glostrup, Denmark). 

Immunohistochemistry (IHC) 

Routinely obtained histological slides were used according to standard protocols. 
Antigen retrieval was performed according to the protocols of the manufacturers. 
Immunostaining was amplified by incubation with the appropriate HRP-conjugates 
and the reaction was visualized by diaminobenzidin. Appropriate positive and negative 
controls were used. 
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Figure 1.  p-MAPK array analysis shows a high JNK activity in mantle cell lymphoma. 
A: p-MAPK array data (in duplicate) for purified B cells from 2 hyperplastic tonsils and 3 MCL 
samples. Each bar represents mean ± SD pixel density. *p < 0.05 and #p < 0.01 are significantly 
different from tonsil. B. Quantification of p-JNK expression levels in B cells of 5 hyperplastic 
tonsils and 14 MCL samples. Cell lysates are used and p-JNK expression levels are detected 
by p-SAPK/JNK sandwich ELISA. Each point represents the OD492 reading number of the 
samples.C. Immunohistochemistry shows high expression of p-JNK in mantle cell lymphoma. 
A, B: p-JNK (Thr183/Tyr185) is weakly expressed in tonsil, especially in germinal center cells 
(A), but is strongly expressed in MCL cells showing nuclear staining (B). C, D: p-p38 alpha 
(Thr180/Tyr182) is highly expressed in both tonsil (C) and MCL cases with nuclear staining (D). 
E, F: p-GSK-3α/β (Ser21/9) is widely expressed in tonsil with intermediate staining (E). A higher 
expression level was observed in the MCL samples (F). GC: germinal center; MZ: mantle zone. 
Magnifications 400X.

thesis book.indb   79 05/11/2008   13:39:24



Chapter 4

80

Western Blot

Cell lysates were separated on polyacrylamide gels and electroblotted onto nitrocellulose 
membranes. Blots were blocked in blocking buffer (TBS with 0.05% Tween 20, pH 
7.6 with 5% skimmed milk), washed and incubated with primary antibodies at 4 ºC 
overnight. Immunostaining was amplified by incubation with HRP-conjugated antibodies 
and chemiluminescence was detected with ECL (Pierce, Rockford, USA).  

MTT assay

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma) was 
added to cells and incubated for 4 hours at 37°C .The cells were centrifuged and the 
supernatant was removed. DMSO (Sigma) was added and absorption was measured 

Figure 2: p-JNK is involved in CD40 signaling pathway in MCL cell lines. A. Western blot 
analysis of the total cell lysate  the MCL  cell lines for p-SAPK/JNK (Thr183/Tyr185), p-ERK 
(Thr202/Tyr204), p-p38 (Thr180/Tyr182), p-c-Jun (Ser73), and p-ATF2 (Thr69/71) before and after 
CD40L (330ng/ml) and IL-4 (100ng/ml) or after IgM (10μg/ml) stimulation. p-SAPK/JNK (Thr183/
Tyr185) is obviously upregulated after CD40L and IL-4 stimulation and slightly upregulated after 
IgM stimulation. After CD40L and IL-4 stimulation, there is a slight downregulation of p-ERK and 
no obvious change of p-p38 is observed in MCL cell lines. p-ATF2, a downstream target for JNK, 
is also obviously upregulated after the CD40L and IL-4 stimulation, whereas there is no obvious 
change of phospho-c-Jun. Similar results are found in all four MCL cell lines. JEKO-1 is shown as a 
representative example.  p: Phosphorylated B. Quantification of the p-JNK expression level before 
and after stimulation by Phospho-SAPK/JNK sandwich ELISA. CD40L and IL-4 treated cells show 
higher expression levels than control (untreated cells) and IgM treated cells in all cell lines. Each bar 
represents mean value for the 4 cell lines ± SD of OD492 readings. *p < 0.05 is significantly different 
from control (untreated cells).
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at 540nm in an ELISA reader.

Alamar blue assay

MCL cell lines cells incubated with vehicle (DMSO) alone or with 20µM SP600125 
were washed after 2 days and cultured in fresh medium. Alamar blue (Invitrogen) was 
added and fluorescence was measured at several later time points with an ELISA 
reader at 570/600 nm.

Cell cycle analysis

Cells were washed in PBS with 0.1% BSA. Hypotonic DNA staining buffer (0.1% 
Sodium citrate; 0.3% Triton–x 100; 0.01% Propidium iodide, 0.002% Ribonuclease A) 
was added to the pellet and mixed well. Acquisition was performed on the flowcytometer 
(Calibur, Becton Dickinson, San Jose, CA). The percentage of G2-M cell cycle cells 
was analyzed by ModFit LT3 by using the one cell cycle analysis model; the percentage 
of polyploid cells using the two cell cycle analysis model.

Statistical analysis

All data were derived from at least three independent experiments. Quantity one 
software was used to quantify the MAPK array spots and Western blot bands. Significant 
differences between the groups were determined using  unpaired Student’s t-test.

Results:
JNK is constitutively active in mantle cell lymphoma 

Five out of 21 MAPK kinases of the MAPK array were predominantly active in both the 2 
samples of purified tonsillar B cells and all (3 out of 3) MCL samples (Figure 1A). From 
these 5 kinases, p38 alpha had the highest activity, and p38 gamma and GSK3A/B 
an intermediate activity. JNK2 and pan JNK showed a low activity in both tonsils but a 
significantly higher activity in the MCL cases (p<0.05). Activity of other kinases such as 
ERK1/2 and JNK1 was inconsistent in the 3 MCL cases (supplementary data). 

We validated p-JNK expression in purified B cells from 5 tonsils and 14 MCL samples 
by p-SAPK/JNK ELISA. The p-JNK level in MCL samples was about 2-fold higher than 
in tonsil samples (p<0.001; Figure 1B).

We also investigated the expression of p-SAPK/JNK, p-p38 alpha and p-GSK3A/B 
in 5 reactive tonsils and 37 MCL cases by immunohistochemistry (Figure 1C). In the 
tonsils, p-JNK was only detected in few germinal center cells. In contrast, 30 of 37 
of the MCL cases showed a strong nuclear p-JNK staining. p-p38 alpha was highly 
expressed in all reactive tonsils and MCL cases. For p-GSK3A/B, a high expression 
level was observed in the MCL samples and an intermediate level in normal tonsils. 
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Figure 3: Effect of JNK inhibitor SP600125 on MCL cell lines. A: Four MCL cell lines were 
treated with the indicated concentrations of SP600125 and tested for cell growth by the MTT 
assay at 48 h after treatment. Results were expressed as percentage of cell growth in cells not 
treated with any inhibitor. Each bar represents the mean value for the 4 cell lines ± SD.  *p < 0.05 
is significantly different from vehicle. B: MCL cell lines were incubated with different doses of 
SP600125 (10µM or 20µM) in the presence or absence of CD40L (330ng/ml) and IL-4 (100ng/
mL) for 2 days, and % cell growth compared with controls was measured by MTT. Each bar 
represents the mean value for the 4 cell lines ± SD.  *p < 0.05 is significantly different.C: MCL cell 
line cells were treated with SP600125 for periods up to 3 days and analyzed by flow cytometry 
after propidium iodide staining. Relative DNA content is represented on the x-axis (arbitrarely set 
at “2” of the first peak for cells in G0/G1 phase of the cell cycle for that respective cell line) and the 
number of cells counted is represented on the y-axis. There was an increase in the percentage 
of cells in the G2-M phase at day 1 and an obvious increase in cells with endoreduplication 
at day 2 and day 3. HBL-2 is shown as a representative example.  D: Cell morphology of the 
MCL cell lines after treatment with vehicle or 20µM SP600125 for 2 days. UPN1 with usually 
43 chromosomes has relatively typical mantle cell lymphoma morphology with intermediately 
sized cells with irregular nuclei (treated with vehicle) (A). After treatment with 20µM SP600125, 
they have increased in cell size and show multilobated nuclei; only very few multinucleated cells 
were seen.  Karyotyping showed that 50% of the cells were tetraploïd (B). HBL-2 with usually 46 
chromosomes has a more pleomorphic morphology with already large lobulated cells (treated 
with vehicle) (C). After treatment these features were much more prominent; 85% of the cells 
were tetraploid and few octaploid by karyotype analysis (D). UPN1 and HBL-2 are shown as 
representative examples. All microphotographs were taken at a 400x magnification.
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p-JNK is involved in CD40 signaling in MCL 

Using western blot analysis of the 4 MCL cell lines, we observed increased p-SAPK/
JNK (Thr183/Tyr185) after 10 min stimulation by CD40L and IL-4 stimulation and to a 
lesser extent after IgM stimulation (Figure 2A). In particular JNK-2 was activated after 
CD40L and IL-4 stimulation. There was some downregulation of p-ERK but no obvious 
change of p-p38. p-ATF2, a downstream target of JNK, was significantly upregulated, 
whereas there was no obvious change of p-c-Jun at this interval. 

We additionally used an ELISA to detect endogenous levels of p-SAPK/JNK protein in 
the 4 MCL cell lines after stimulation by IgM or CD40L/IL-4. The highest induction of 
p-SAPK/JNK was observed when the cells were cultured with CD40L/ IL-4 (P<0.05; 
Figure 2B).

JNK inhibition induces growth arrest and cell cycle deregulation in MCL cell 
lines 

To determine the efficacy of JNK inhibition in MCL cell lines, cells were treated with 
increasing concentrations of the JNK inhibitor SP600125 for periods up to 3 days and 
analyzed for cell viability with the MTT assay. As shown in Figure 3A, concentrations 
of SP600125 greater than 10 μM significantly decreased cell viability in all 4 MCL cell 
lines. 

To test whether the effects of JNK inhibition by SP600125 could be reversed by CD40 
signaling, we treated lymphoma cells with a combination of anti-CD40 and IL-4. This 
significantly reduced the growth inhibition caused by 20 μM SP600125, but not up to 
the level of untreated cells (p<0.01; Figure 3B). 

To determine whether SP600125 altered the cell cycle distribution, cells were treated 
with SP600125 for up to 3 days and analyzed by DNA flow cytometry. Two main 
changes were observed. First, there was a three- to ten-fold increase of cells in the 
G2-M phase at day 1 (Table 1). Secondly, there was an obvious increase in cells with 
endoreduplication on day 2 and day 3 (Figure 3C). There was no obvious increase 
of the percentage of cells in the sub-G1 phase up to day 3. We also did not find 
a significant increase in apoptotic cells as measured by change in mitochondrial 
membrane potential (data not shown). 

Endoreduplication leading to a high content of tetraploid cells (and thus octaploidy 
at G2/M phase) was confirmed by karyotype analysis in all 4 cell lines: for example 
untreated HBL-2 contained approximately 96% diploid and 4% tetraploid cells, 
whereas the SP600125 treated cell line contained approximately 15% diploid and 
85% tetraploid cells; untreated  Jeko-1 showed only cells with approximately 75 
chromosomes,  but the treated cell line almost only cells with 150 chromosomes 
(data not shown). This was accompanied by major changes in cytomorphology, nuclei 
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Figure 4: JNK inhibitor SP600125 specifically causes 
G2/M arrest at day 1  A: Different concentrations of 
SP600125, ERK1/2 inhibitor or SB203580 are represented 
on the x-axis and the percentage of cells in various 
phases of the cell cycle as determined by flowcytometry 
is represented on the y-axis. The UPN1 cell line as a 
representative cell line is shown. JNK inhibitor SP600125 
effects in G2/M arrest, while the ERK1/2 inhibitor and 
the p38 inhibitor SB203580 have no effect. B: Total cell 
lysates (Cell line UPN1 is shown as a representative 
cell line) were prepared in the presence or absence of 
SP600125 20µM for 24 hours followed by Western blot 
analysis with cell cycle signaling specific antibodies. 
Actin is used as a loading control.  SP: SP600125. 

Table 1: The percentage cells in the G2-M phase after 1 day incubation with 
different concentrations of SP600125.

 Vehicle  5µM  10µM 20µM
Jeko-1 8.97±1.98 14.39±2.26 22.62±2.60 29.38±4.34

HBL-2 6.06±1.99 9.86±1.33 56.12±4.15 60.70±7.02
Grant-519 7.75±1.16 17.85±3.15 42.53±6.18 50.44±9.08

UPN-1 9.71±1.54 18.95±1.47 31.49±6.47 44.30±2.44

Average percentages in the G2-M phase cells of 3 experiments with standard 
deviation. 
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becoming much bigger and multilobated, reminiscent of the pleomorphic blastoid 
variant of MCL (Figure 3D). 

JNK-inhibition leads to G2/M cell cycle arrest 

In order to rule out the possibility that other members of the MAPK family convey 
the same cell cycle responses, we tested an ERK1/2 inhibitor and the p38 inhibitor 
SB203580. Neither inhibitor led to significant changes in the cell cycle distribution 
(Figure 4A). 

To investigate proteins that could be involved in the G2/M cell cycle arrest, we 
analyzed cell cycle regulators 24 hrs after start of SP600125 treatment. There was a 
reduction in EGR1 in cells treated with 10 µM or 20 µM SP600125 but no changes in 
p21, p27, CDC2, survivin, Cyclin D1 and BCL-2 (Figure 4B). Thus, JNK may act by 
upregulation of EGR1 expression to promote cell cycle progression. 

MCL cell lines cells are sensitive to SP600125-induced polyploidization 

Many blastoid MCL cases are tetraploid, a clearly distinguishing feature from other 
types of B-cell lymphomas[9]. Recent studies on the human leukemia U937 cells have 
demonstrated that SP600125 significantly increases mitotic arrest and cell polyploidy 
upon overexpression of BCL-2 [22]. Like native MCL all four cell lines showed high 
expression of BCL-2. In comparison, we also analyzed the endoreduplication status 
in 3 CLL cell lines (MEC-1, MEC-2, MO1043), and one PLL cell line (JVM-3), which 
all highly express BCL-2. After 2 and 3 days of 20µM SP600125 treatment the 4 MCL 
cell lines contained approximately 70% and the CLL cell lines approximately 30% 
polyploid cells (Figure 5A). Thus the MCL cell lines cells seemed more sensitive to 
SP600125-induced endoreduplication, independent of the BCL-2 status.

Table 2: Percentage of polyploid1 cells after different treatments for 2 days.

 Vehicle YC137 10µM SP600125 20µM

SP600125 

20µM+YC137 10µM
Jeko-1 0.22±0.04 23.12±4.41 81.38±7.45 2.90±0.14

HBL-2 1.35±0.49 20.75±1.05 86.45±7.98 30.36±4.15
Granta-519 3.78±0.60 8.97±0.46 69.01±5.41 8.56±1.06

UPN-1 4.10±0.55 21.17±0.23 52.60±2.94 15.48±1.41

Average percentages of polyploidy  cells of 3 experiments with standard deviation. 1: The percentage of 
cells with a octaploid DNA index relative to the base line status of each individual cell line was used.

Using Alamar Blue assay, we compared the growth rate between the untreated and 
treated (mainly polyploid cells, 20µM SP600125 treatment 2 days) up to 28 hours 
after washing the inhibitor away and culturing in fresh medium. SP600125 treated 
cells showed a slower growth rate than untreated cells (Figure 5B). 
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Figure 5: JNK inhibition induces polyploidization in MCL cell lines on day 2 and 3.  A: MCL 
and CLL cell lines were incubated with 20µM SP600125 or vehicle alone for 2 days. Cell cycle 
distribution was analyzed by flow cytometry. The percentage of polyploid cells was analyzed 
by ModFit LT3.1 software. B: MCL cell lines cells incubated with vehicle (untreated) or 20μM 
SP600125 (treated) for 2 days, and then cells were washed and cultured in fresh medium. Cell 
growth is shown as measured with Alamar Blue for up to 28 hours. Results for HBL-2 are shown. 
All experiments in triplicate.C: Untreated and SP600125 treated cells were washed by PBS and 
cultured in fresh medium in the presence or absence of the BCL-2 inhibitor YC 137 (10 µM) for 
24 hours. Cell viability was tested by MTT assay at 24 h after treatment. Results are expressed 
as percentage of cell growth when compared with the cells that were incubated with vehicle. 
The average for all 4 cell lines is shown.  *p < 0.05 is significantly different between the two 
groups.D: MCL cell lines were incubated with 20µM SP600125 in the presence (IV) or absence 
of 10 µM YC 137 (II) or vehicle control (DMSO) alone for 2 days. Cells were incubated with both 
agents simultaneously. Cell cycle distribution was analyzed by flowcytometry. DNA content is 
represented on the x-axis (arbitrarely set at “4” for the second peak of that respective cell line) 
and the number of cells counted is represented on the y-axis. Experiments were done 2 to 3 
times with similar results; results for Granta-519 are shown. 
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Recent reports showed a selective resistance of tetraploid cancer cells against DNA 
damage-induced apoptosis[23], which might be enhanced upon BCL-2 overexpression. 
We therefore compared the effect of the BCL-2 inhibitor YC137 on the SP600125 
treated cells versus untreated cells. To that end, cells were first treated with SP600125 
for 2 days, washed and subsequently incubated with or without 10 μM YC137 for 
24 hours. Viability was assessed by the MTT assay. These results showed that the 
polyploid cells were more resistant to the BCL-2 inhibitor (Figure 5C).

We also investigated the role of BCL-2 in SP600125-mediated endoreduplication by 
using the BCL-2 inhibitor YC137. In all MCL cell lines simultaneous incubation with 
10 μM YC137 and 20 μM SP600125 for 48 h  prevented the formation of SP600125-
mediated  polyploidy  (Table 2; Figure 5D). 

Discussion:
The c-Jun N-terminal kinases (JNKs) are recognized as key regulators of many cellular 
events, including apoptosis and proliferation[24, 25]. Ten JNK isoforms are created by 
alternative splicing of messenger RNA transcripts derived from three genes: JNK1, 
JNK2 and JNK3. JNK1 and JNK2 are ubiquitously distributed. By contrast, JNK3 is 
found mainly in neuronal tissue and the testis[26-28]. In B cells, JNKs  can be activated 
by the  ligation of CD40[29]. JNKs can promote survival and migration of B lymphocytes 
[30]. The pro-survival role for  JNK in B-lymphoma has been demonstrated by in vivo 
studies in a mouse model of B cell lymphoma[8]. Recently, JNKs have become a new 
therapeutic target and SP-600125, an anthrapyrazolone inhibitor of JNK, has been 
used for the treatment of autoimmune and neurodegenerative diseases and ovarian 
cancer[31-33]. 

Our data showed that CD40L/IL-4 can significantly enhance the JNK phosphorylation 
status. Inhibition of JNK activation with SP600125 resulted in growth arrest in all 4 MCL 
cell lines. Furthermore, the growth inhibitory effect of SP600125 could be reversed by 

simultaneous stimulation through anti-CD40/IL-4. Several in vitro studies have shown 
that CD40 signaling plays an important role in enhancing cell viability and cell cycle 
progression of MCL cells[1, 3, 34]. In addition, constitutive activation of the CD40 
pathway in mammary epithelial cells promoted cell transformation and neoplastic 
growth[35]. By using specific inhibitors, we found that JNK, but not ERK or p38MAPK 
signaling, plays an important role in G2/M arrest in MCL cell lines. Extensive studies 
on many other cell lines have shown that inhibition of JNK by SP600125 leads to G2/M 
cell cycle arrest[36-39]. Our results are in agreement with these findings. 

In breast cancer cells the effect of JNK inhibition was independent of p53[37]. Of 
these cell lines Jeko-1 is carrying a non-sense mutation for p53, UPN-1 was originally 
described with a missense mutation, while Granta 519 has wild type p53 with a deletion 
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of INK4a/ARF. Inactivation of p53 might play a role in G2/M cell cycle arrest in these cell 
lines.  In addition, we found that EGR1 was downregulated after SP600125 treatment 
in cell lines, which suggests that G2/M cell cycle arrest is due to the change in EGR1 
expression. EGR1 is an important downstream target of JNK and plays an important 
role in cell cycle regulation, cell proliferation, metastasis and apoptosis[40, 41]. EGR1 
was first identified as a putative G0/G1 switch regulatory gene in lymphocyte cultures 
and named G0S30[42]. There are constitutive and inducible levels of EGR1 expression 
in self-renewing B-1 lymphocytes[43]. EGR1 is regulated by the Interleukin-1-JNK-
MKK7-c-Jun pathway and impedes interleukin-1-inducible tumor growth arrest[44]. 
Thus, EGR1 might play an important role in MCL cell cycle regulation as a JNK 
signaling pathway downstream target. 

Our results show that there is a higher percentage of polyploid cells after treatment 
with SP600125 in MCL cell lines than in CLL cell lines. MCL cells can be divided into 
two major subtypes based on morphology: a common and a blastoid or pleomorphic 
variant. Blastoid MCL subtypes have a tendency to harbor chromosome numbers 
in the polyploid range, a feature clearly separating MCL from other types of B-cell 
lymphoma[9]. Many studies have demonstrated that basal JNK activity is very important 
to maintain a diploid state[37, 45-47]. Our results are in agreement with these findings. 
Our results also showed that polyploidization is irreversible after depletion of SP600125 
treatment and that these cells have a slower growth rate. 

Although polyploid MCL cells (treated with SP600125 2 days) had a slower growth 
rate than the original cells, they were more resistant to BCL-2 inhibitor treatment. A 
recent publication showed resistance of polyploid cancer cells against DNA-damaging 
agents such as cisplatin,  gamma- and UVC-irradiation[23]. Polyploidization may be 
due to prolongation of mitotic progression. This might be caused by inefficient JNK 
mediated phosphorylation and in consequence sustained activity of BCL-2 during 
this phase of the cell cycle[48]. A recent report[49] showed that BCL-2 can suppress 
general DSB repair and V(D)J recombination by inhibiting the nonhomologous end-
joining pathway and  lead to an accumulation of DNA damage and genetic instability. 
Our results demonstrated that the small molecule BCL-2 inhibitor YC137[19] led to 
complete inhibition of SP600125-induced endoreduplication in 4 MCL cell lines. These 
results are in line with recent results showing that  SP600125 treatment of human 
leukemia cell line U937 and in particular U937/BCL-2 cells (cells with ectopic BCL-2 
expression) led to G2/M phase arrest and endoreduplication, which could be reverted 
by simultaneous treatment with the BCL-2 inhibitor HA14-1[22].

In summary, our data in MCL cell lines suggest that JNK expression is mediated via 
CD40-CD40L interaction and that JNK plays an essential role in stabilizing G2/M phase 
progression. Together with high BCL-2 expression JNK inhibition can induce G2/M 
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phase arrest as well as high levels of endoreduplication, mimicking the tetraploid 
state of a subset of MCL cases. 
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Introduction
Over the past few years it has become clear that microRNAs (miRNAs) play an 
important role in the pathogenesis of chronic lymphocytic leukaemia (CLL) and 
expression levels of some miRNA are correlated with previously published prognostic 
markers. However, there are some discordant results that may have been based on 
different study methods. Furthermore, although it has been elucidated that several 
miRNA play a crucial role in the disease, little is know about their molecular function. 
In this chapter, we focus on miRNA detection methods and the contribution of 
deregulated miRNA expression in the pathogenesis of CLL.

miRNA biogenesis and function
MiRNAs are a form of small, single-stranded RNA molecules that are 18- to 
25-nucleotides (nt) long. They are transcribed from genomic DNA, and instead of 
being translated into protein, they are processed to the small  single-stranded RNA 
molecules that can regulate gene expression post-transcriptionally by affecting 
degradation or translation of target mRNAs1.

Investigations on the biogenesis and function of miRNA still are in its infancy. In 
general, there are five steps involved in miRNA biogenesis of animal cells. First, 
miRNA is generated as a long primary (pri)-miRNA which is transcribed from the 
genome as a long RNA transcript of a few hundred to a few thousand base pairs2. 
Second, the long pri-miRNA is excised by Drosha, which is a RNase III endonuclease, 
based on the presence of an imperfect stem-loop fragment to form a 60 to 70 nt 
precursor (pre)-miRNA3. Third, the pre-miRNA is exported out of the nucleus by 
Ran-GTP and Exportin-54;5. Fourth, in the cytoplasm, the pre-miRNA is cleaved to 
form the 18 to 25 nt long mature miRNA by Dicer. Last, the miRNA is incorporated 
into a Ribonucleoprotein (RNP) to form the RNA-induced silencing complex (RISC), 
which executes RNAi-related gene silencing6. If there is a perfect complementarity 
between the miRNA and the targeted mRNA, mRNA degradation occurs similarly 
to that mediated by siRNA. If there is a non-perfect complementarity between the 
miRNA and the targeted mRNA, mRNA translation can be inhibited. 

Perturbations in miRNA expression have been observed to affect the expression or 
function of targeted mRNA encoding proteins that have oncogenic or anti-oncogenic 
functions7. In addition, animal studies have directly demonstrated a role of certain 
miRNA in oncogenesis 8;9. CLL is the first human tumor which was found to have a 
global miRNA profile with a potential clinical prognosis 10. 

CLL biogenesis and immunoarchitecture
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CLL is characterized by the accumulation of mature CD5+CD19+CD23+ B lymphocytes 
in bone marrow, blood, lymph nodes and spleen. From a prognostic point of view CLL 
represents a heterogeneous disorder. Indolent versus aggressive forms of the disease 
can be discriminated by a magnitude of clinical, morphologic, kinetic, immunophenotypic, 
cytogenetic and molecular features11;12. Recent reports showed that CLL with unmutated 
IgH genes and ZAP-70 positive CLL are associated with a more aggressive clinical 
behavior13;14. Later on, two reports showed that CLL cases with unmutated IgH genes 
or ZAP-70 positive CLL cases have a distinct miRNA expression profile15;16.

It is currently accepted that two interrelated neoplastic cell compartments exist: a 
proliferative compartment located in bone marrow, spleen and lymph node and an 
accumulative component represented by the cells that recirculate in the peripheral 
blood17;18. In lymph nodes and bone marrow, so called proliferation centers (PCs) or 
pseudofollicles are the hallmarks of this lymphoproliferative disorder. These structures 
contain an increased number of T-cells and in a few cases also some dendritic cells. The 
neoplastic cells in these structures are more activated than the surrounding neoplastic 
cells and circulating cells, which is reflected by higher expression of a number of 
antigens including immunoglobulin, CD38, Ki67/MIB1, CD23 and MUM1/IRF419. 

A recent study showed that the CD40L signaling pathway may play a key role in the 
proliferation of the tumor cells. Firstly, pseudofollicles contains not only proliferating 
tumor B lymphocytes but also a striking presence of CD4+ T cells closely in contact 
with  Ki67+ CLL cells20. Furthermore, CCL17, CCL22 and survivin are specifically 
expressed in the proliferating cells of the lymph node and bone marrow, but not in the 
accumulating cells of the peripheral blood. CD40 ligation of blood CLL cells induced 
mRNA expression of both CCL17 and CCL2220. Furthermore, CD40 stimulation in 
vitro can induce the expression of survivin21. Based on these facts, we can speculate 
that the accumulating malignant CLL cells can transform into proliferative cells by 
microenvironmental signals. 

miRNA study methods in CLL
miRNA expression was initially determined by Northern blot hybridization22-24. More 
recently, microarray technologies have been developed to analyze miRNA accumulation 
patterns10;25. Both approaches examine expression at bulk tissue level and cannot be 
used to address where and in which cells miRNA are expressed. RNA-ISH can be used 
to detect miRNA expression patterns at a tissue level26;27. 

The miRNA microarray technology makes use of a microarray that contains several 
hundred different oligo, s corresponding to the antisense human pre- or mature miRNA 
sequences. Two miRNA profiling studies on CLL have been published by the same 
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group. In the first study10 miR-15a, miR-21 and miR-92 were among the miRNA 
that could discriminate between ZAP-70 positive and ZAP-70 negative cases. In the 
second study25, miR-15a and miR-16 were also differentially expressed between the 
two main CLL clusters, but miR-21 and miR-92 were not. Part of these discrepancies 
might be related to the poorer quality of the first generation of miRNA microarrays 
that also bind some precursor miRNA. This reflects the general difficulty in reliable 
assessing mature miRNA levels on a microarray. Although microarrays could improve 
the throughput of miRNA profiling, the method is limited in terms of sensitivity and 
specificity. Low sensitivity becomes a problem for miRNA quantification because it 
is difficult to amplify these short RNA molecules. Furthermore, low specificity may 
lead to false positive signals from closely related miRNAs, precursors and genomic 
sequences. Recently, a new platform of microarray which can discriminate single-
base difference miRNA expressions by using microarray Probe Design Guru was set 
up28. This suggests that miRNA arrays pose new promises and challenges.

The cloning of small RNA is achieved by ligating adaptors to both ends of the RNA 
molecules by using T4 RNA ligase, which is followed by reverse transcription and 
derivation of a double-stranded complementary DNA (cDNA) library. Recently, two 
miRNA expression profiling studies by cloning have been published for CLL29;30. 
They reported similar miRNA expression profiles in CLL, such as high levels of miR-
142- 3p, miR- 142- 5p, miR-150 and miR-155. In the second report, Marton et al30 
also cloned five novel miRNA candidates from CLL samples (i.e. miR-1200, let-7i, 
miR-1201, miR-1202, miR-1203). The main advantage of the cloning method is 
the fact that knowledge of miRNA sequences is not a requirement. This approach 
also can be seriously considered when the organism was never studied before and 
no genomic or miRNA information exists. The major disadvantages of the method 
are its low speed and low sensitivity. The construction of the libraries is a lengthy 
procedure and many thousands of sequencing reactions must be performed on each 
library to obtain enough data. Although with current technology, sequencing does 
not seem to be a limited step anymore. The low sensitivity stems from the fact that 
most sequences are derived from the very few most abundantly expressed miRNA, 
which account for a large majority of the sequences that will be obtained using this 
cloning strategy. 

In 2005, Chen31 et al reported a quantification method of microRNA by stem–loop 
RT–PCR. This method includes two steps: First, a stem–loop RT primer is hybridized 
to a miRNA molecule and used as a starting point for cDNA syntheses using reverse 
transcriptase. Next, the RT products are quantified using conventional quantitative 
PCR. This method has been widely used in  CLL studies to detect the mature miRNA 
expression level29;30. Quantitative PCR has become the gold standard of nucleic acid 
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quantification due to the specificity and sensitivity of the technique32. TaqMan miRNA 
assays are specific for mature miRNA and discriminate among related miRNA that 
differ by as little as one nucleotide33;34. Furthermore, they are not affected by genomic 
DNA contamination. Thus, this method enables fast, sensitive and specific miRNA 
expression profiling and is suitable for facilitation of high-throughput detection and 
quantification of miRNA expression35. Furthermore, the concept of stem-loop RT 
primer design can be applied in small RNA cloning and multiplex assays for better 
specificity and efficiency36.

MiRNA staining has been  performed by in situ hybridization of a LNA probe antisense 
to the miRNA on  fixed cells or tissue sections37;38. By using RNA-ISH, van den Berg 
et al27 showed that expression of BIC is specific for Reed-Sternberg cells of HL and 
is expressed weakly in a minority of germinal center B cells of normal tissue. In 
situ hybridization is an important tool for analyzing gene expression patterns and 
developing hypotheses about gene functions. 

miRNAs in CLL
The first study demonstrating involvement of miRNAs in the pathogensis of CLL is 
on miR-15a and miR-16-1, a miRNA cluster located at chromosomal region 13q1422. 
This region is deleted in more than half of the CLL cases. Later on, by using miRNA 

microarray, Calin10;25 et al demonstrated that there was a unique miRNA expression 
profile which can distinguish the poor prognostic group (high ZAP-70 expression 
and unmutated IgVH) from the good prognostic group (low ZAP-70 expression and 
mutated IgVH). Recently, more and more other miRNA associated with prognostic 
markers or showing deregulated expression were identified in CLL using different 
methods (Table 1).

Table 1: Overview of miRNA expression and correlation with prognosis in CLL

MiRNA                expression in CLL with
                              poor  prognosis                                chromosome             Reference                       

miR-15a                            High                                       13q14.3                           25

miR-16-1/2                        High                                  13q14.3, 3q26                     25

miR-155                            High                                       21q21                            25;30                         
miR-92                              High                                       13q31                              10

miR-150                            Low                                        19q13.3                           29

miR-223                            Low                                      Xq12-13.3                        25;29  
miR-29bc                           Low                                      1q32.2-32.3                     25;29

Bad prognosis: VH unmutated and / or ZAP-70+           
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MiR-15-16 cluster

Involvement of miR-15a and miR-16-1 was first published by Calin et al. The authors 
showed frequent deletions and downregulation of these two miRNA in CLL22. Deletion 
of chromosome band 13q14 is the most frequent aberration found in CLL and was 
shown to be associated with reduced levels of miR-15a and miR-16 by Northern 
blot22. Besides this cluster on chromosome 14, there is also a second homologous 
cluster on chromosome 3. MiR-16-1 and miR-16-2 are identical and cannot be 
detected separately, whereas miR-15a and miR-15b differ in 4 nucleotides and can 
be detected seperately. Later on, Ouillette et al39  reported that marked reductions 
in miR15a/miR16 expression were only found  in 15% of CLL cases and were not 
significantly associated with bi-allelic 13q14 loss by qRT-PCR. This discrepancy may 
be accounted for by the different methods to quantify mature miRNA expression levels 
or by differences in expression levels of the chromosome 3 cluster.

In 2005, BCL-2 was identified as a miR-15a and miR-16 target in CLL40, but later on, 
Ouillette39 et al did not find any correlation of miR-15a and miR-16 expression with 
BCL-2 expression in CLL samples. By using a mouse model, two groups41;42 showed 
that exogenous miR-16 delivered to an NZB malignant B-1 cell line resulted in cell-
cycle alterations and increased apoptosis, suggesting that reduced expression of 
miR-16 might be an important molecular lesion in CLL. 

MiR-17-92 cluster

The miR-17-92 cluster is located in an intron of the C13ORF25 gene, which is 
located at 13q31.3, a locus involved in many aggressive B-cell lymphomas43;44. The 
C13ORF25 region contains the polycistronic miRNA cluster, miR-17/miR-18a/miR-
19a/miR-20a/miR-19b-1/miR-92-1. Based on reports that the miR-17-92 cluster acts 
as an oncogene9, one could expect its upregulation in CLL compared to healthy 
controls. However,  Fulci et al29 found that miR-92 was 2-fold lower in CLL cells 
compared to the normal CD19+ B cells. Fulci et al did not study the expression level 
of other miRNA of the miR-17-92 cluster. The function of this miRNA cluster in CLL 
should be further studied.

BIC/miR-155

BIC was originally identified several years ago as a noncoding RNA from a common 
retroviral integration site in avian leukosis virus-induced lymphomas and was the first 
miRNA-encoding RNA shown to participate in oncogenesis45-47. Lagos-Quintana et 
al48 identified miR-155, which originates from the phylogenetically conserved region 
of BIC. Later on, several studies26;49 showed that BIC and miR-155 are overexpressed 
in human lymphomas including Hodgkin lymphoma, primary mediastinal and some 
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samples of diffuse large B cell  lymphoma.

To investigate miR-155 in B-cell malignancies, transgenic mice were generated that 
overexpressed this miRNA under the control of a VH promoter-Ig heavy chain Eµ 
enhancer8. Transgenic mice with miR-155 expression targeted to B cells initially 
exhibited preleukemic pre-B-cell proliferation, which was evident in spleen and bone 
marrow, and later developed B-cell malignancies. On the other hand, by generating 
miR-155/BIC -/- mice, two groups50;51 reported that BIC/miR-155 also has an important 
role in normal immunological functions, especially by regulating the germinal center 
response. B and T lymphocytes from BIC-deficient mice had diminished responses 
to T cell-dependent antigens. Microarray analysis of BIC-deficient Th1 and Th2 cells 
revealed a wide variety of candidate miR-155 targets, including c-Maf, a potent 
transactivator of the IL4 promoter and thus Th2 responses50. Flowcytometric analysis 
of miR-155 -/- mice and mice with miR-155 -/- B cells, as well as RT-PCR and Northern 
blot analysis of wildtype mice, demonstrated that activated germinal center (GC) B 
cells expressed miR-155 and that GC formation required miR-15551. 

MiR-150

miR-150 was originally cloned from mouse48. Later on, by using miRNA arrays and 
quantitative RT-PCR analysis, Zhou et al52 detected abundant expression of miR-150 
in lymph nodes and spleen, with lower levels in thymus, heart, and brain. Fulci et al 
reported that miR-150 was also 2-fold overexpressed in CLL, which is the first report 
linking this miRNA directly to cancer. Recent reports in HeLa cells have demonstrated 
that inhibition of miR-150 expression causes a repression of cell growth, which 
suggested that miR-150 may act as an oncogene53 . 

By using a mouse model, Zhou et al52 found that expression of mouse miR-150 
increased during B- and T-cell development.  Overexpression of miR-150 in 
hematopoietic stem cells led to impaired formation of mature B cells, but not other 
lymphoid and myeloid cell populations. Premature expression of miR-150 blocked 
transition from pro-B to pre-B lymphocytes. In a  transgenic miR-150 mouse model, 
miR-150 controlled B-cell differentiation by targeting the c-Myb transcription factor54.
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Abstract
Several miRNAs have been reported to be associated with immunoglobulin heavy 
chain (IgH) mutation and ZAP-70 expression status in blood samples of B-cell chronic 
lymphocytic leukaemia/small lymphocytic lymphoma (B-CLL/SLL). In the bone 
marrow and lymphoid tissues, proliferation centres (PCs) represent an important site 
of activation and proliferation of the neoplastic cells, suggesting that these tissues 
better reflect the biology of CLL than circulating blood cells. We collected 33 lymph 
nodes and 37 blood CLL samples and analysed IgH mutation status and ZAP-70 
expression status. Expression of 15 miRNAs was analysed by qRT-PCR and RNA-
ISH. Sixty-three per cent of the lymph node cases contained mutated IgH genes and 
49% of the lymph node cases were ZAP-70-positive, and a significant correlation was 
observed between ZAP-70 expression and IgH mutation status. Of the blood CLL 
samples, 49% contained mutated IgH sequences. The miRNA expression pattern in 
CLL lymph node and blood samples was very similar. Three of 15 miRNAs (miR-16, 
miR-21, and miR-150) showed a high expression level in both blood and lymph node 
samples. No difference was observed between ZAP-70-positive or -negative and 
between IgH-mutated or unmutated cases. No correlation was found between miR-
15a and miR-16 expression levels and 13q14 deletion in the blood CLL samples. RNA 
in situ hybridization (ISH) revealed strong homogeneous staining of miR-150 in the 
tumour cells outside the PCs. In reverse BIC/pri-miR-155 expression was observed 
mainly in individual cells including prolymphocytes of the PCs. This reciprocal pattern 
likely reflects the different functions and targets of miR-150 and miR-155.
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Introduction
Chronic lymphocytic leukaemia/small lymphocytic lymphoma (CLL/SLL) is characterized 
by the accumulation of mature CD5+, CD19+, and CD23+ B-lymphocytes. From a 
prognostic point of view, CLL represents a heterogeneous disorder. Indolent versus 
aggressive forms of the disease can be discriminated by a magnitude of clinical, 
morphological, kinetic, immunophenotypic, cytogenetic, and molecular features 
[1,2]. In 1999, two reports [3,4] showed that CLL cases with unmutated IgH genes, ie 
homology of ≥98% with germline sequences, are associated with a more aggressive 
form. Later on, two reports [5,6] showed that CLL cases with unmutated IgH genes 
have a distinct gene expression profile with active signaing of the B-cell receptor (BCR) 
and are frequently ZAP-70-positive.

In CLL, the so-called proliferation centres (PCs) can be found at the tissue level. These 
structures contain a slightly increased number of T-cells and in a few cases, also some 
dendritic cells. The neoplastic cells in these structures are more activated than the 
surrounding neoplastic cells and circulating cells, reflected by higher expression of a 
number of antigens including immunoglobulin, CD38, Ki67/MIB1, CD23, and MUM1/
IRF4 [7,8]. One of the most common genomic aberrations in CLL is deletion of the 13q14 
region. According to Calin et al [9], the miR-15a and miR-16-1 polycistron is the most 
likely target in this genomic region. A homologous miRNA cluster is located at 3q26.1, 
which contains miR-15b and  miR-16-2. Based on these initial observations, several 
groups have studied these and other miRNAs in CLL, other lymphomas, and normal 
B-cells, and it has become clear that miRNAs play a crucial role in lymphomagenesis. 
miR-15, miR-16, miR-21, miR-92, miR-101, miR-150, miR-155, and miR-181a are all 
highly expressed in B-CLL [10–12]. miR-92 is a member of the miR-17-92 polycistron 
(miR-17-3p, miR-17-5p, miR-18a, miR-19a, miR-20a, miR-19b, miR-92a), which 
is located in the 13q31 region that frequently shows copy number gains or even 
amplifications in various NHL subtypes [13,14]. 

We have investigated miRNA expression in lymph node and blood CLL by qRT-PCR 
followed by RNA in situ hybridization (ISH) and show that miRNA expression levels are 
not correlated with ZAP-70, IgH mutation, and 13q14 deletion status.

Materials and methods:
CLL samples

Formalin-fixed and paraffin-embedded tissue samples of 33 CLL cases were obtained 
from patients diagnosed with CLL in the Department of Pathology and Laboratory 
Medicine, University Medicine Centre Groningen. All protocols for obtaining and 
studying human tissues and cells were approved by the institution’s review board for 
human subject research.
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Figure 1. Schematic representation of the miR-17-92 and the miR-15–16 clusters and miRNA 
profile in CLL cases. (A) Schematic representation of the miR-17-92 cluster located on 
chromosomal region 13q31. Schematic representation of the two miR-15–16 clusters located on 
chromosomal regions 13q14.3 and 3q26.1. The sequences of the mature miRNAs miR-15a and 
miR-15b differ at four positions, whereas the sequences for miR-16-1 and miR-16-2 are identical. 
(B) CLL cases from lymph node samples show the most abundant expression of miR-150, and 
intermediate expression levels for miR-16, miR-21, miR-92, and miR-155. (C) CLL cases from 
blood show the most abundant expression of miR-150, and intermediate expression levels for 
miR-16, miR-21, miR-19b, and miR-20a. The difference in the relative expression levels between 
the blood and lymph node samples (see scale on the x-axis) is caused by the poorer RNA quality 
in the paraffin-embedded lymph node samples.
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CLL diagnosis was based on clinical manifestation, blood leukocyte and lymphocyte 
counts, morphology and immunophenotyping in accordance with the WHO classification 
guidelines [15]. In 31 cases, a leukaemic picture was present in addition to the 
lymphoma component. Two cases presented as lymphoma without a leukaemic picture 
in the blood. Thirty seven CLL blood samples were collected from the Department of 
Hematology, Erasmus MC, Rotterdam. These cases have previously been analysed 
for IgH mutation and 13q14 deletion status [16] (Supplementary Tables 2 and 3).

Immunohistochemistry of ZAP-70

ZAP-70 immunohistochemistry was performed as previously described for the lymph 
node cases [8]. Immunostaining was performed using anti-ZAP-70 antibody (clone 
2F3.2; Upstate Biotechnology) at a dilution of 1: 100. The tumour was considered 
strongly positive when the staining intensity was similar to that observed in T-cells, 
weakly positive when the staining intensity of the tumour cells was much less than the 
infiltrating T-cells, and negative when no staining was observed in the tumour cells.

Figure 2. Correlation of miRNA levels with IgH mutation status. (A) The five most abundantly 
expressed miRNAs are shown in relation to the IgH mutation status of CLL lymph node samples. 
No difference in the expression levels were found for these five miRNAs or for the other ten 
miRNAs (data not shown). (B) The same five miRNAs are shown in relation to the IgH mutation 
status of blood samples. Again, no differences were observed in the expression levels for these 
five miRNAs or for the other ten miRNAs (data not shown)
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Determination of IgH somatic hypermutations

DNA was extracted from lymph node specimens using standard procedures and IgH 
amplification was carried out in duplicate, as described previously [17,18], including 
negative controls. PCR products were analyzed on MegaBase (Amersham Bioscience, 
Midland, Ontario, Canada). The PCR products containing one rearranged allele were 
spin column-purified (Qiagen, Valencia, CA, USA) and sequenced using dye terminator 
chemistry (Big Dye Kit; Applied Biosystems, Foster City, CA, USA) on a genetic analyser 
model 377 (Applied Biosystems). If two peaks were observed, the PCR products 
were cloned and multiple clones were sequenced. Consensus IgH sequences were 
compared with the germline sequence using Ig-BLAST (http://www.ncbi.nlm.nih.gov/
igblast/). The consensus sequence with a functional open reading frame was used to 
determine the mutation status. Cases with homology of ≥98% with germline sequences 
were considered as unmutated, and cases with homologies <98% as mutated.

TaqMan qRT-PCR miRNA analysis

RNA was extracted from the CLLlymph nodes as reported previously by Specht et 
al [19]. Turbo DNAse treatment and qRT-PCR for mature miRNAs was performed 
as described by the manufacturer (Ambion, Foster City, Calif., USA). U6 was used 
for normalization (ΔCt= ΔCtmiRNA- ΔCtU6) and to check the quality of the samples, i.e. 
only cases with a cycle threshold (Ct) value lower than 30 were used resulting in a 
total of 28 cases. U6 forward primer :TGG AAC GAT ACA GAG AAG ATT AGC A; 
reverse primer:AAA ATA TGG AAC GCT TCA CGA ATT. Fifteen miRNAs including the 
chromosome 3 and 13 miR-15-16 clusters (miR-15a, miR-15b, miR-16-1, miR16-2), 
all members of the miR-17-92 polycistron (miR-17-3p, miR-17-5p , miR-18a, miR-19a, 
miR-20a, miR-19b, miR-92a) and five miRNAs known to be highly expressed in B-CLL 
(miR-181a, miR-155, miR-21, miR-101 and miR-150) were analyzed by qRT-PCR. 
Relative expression levels were determined by using the formula 2-ΔCt.

RNA in-situ hybridization

RNA-ISH was performed as described previously [20,21]. miRNA staining was performed 
using an LNA probe antisense to miR-16, miR-92, miR-155, miR-21, and miR-150 
(Exiqon, Denmark) in eight CLL cases, according to the manufacturer’s protocol. BIC 
is the primary miRNA (pri-miR-155) transcript that can be processed to mature miR-
155. DIG-labelled BIC RNA probes were made with the DIG RNA Labeling Kit (Sp6/T7) 
(Roche, Mannheim, Germany) to detect the full-length primary BIC transcript.

Statistical analysis

The correlation between ZAP-70 and IgH mutational status was analysed with 
Pearson’s chi-square test. The correlation of miRNA expression levels with ZAP-70 or 
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IgH mutational status was analysed with the unpaired t-test. All p values were two-
sided and p < 0.05 was considered to be significant. SPSS 14.0 software was used 
for the analysis.

Results

ZAP-70 expression is associated with IgH mutation status

IgH analysis was successful for 27 out of 33 CLL lymph node samples. Ten cases 
(37%) contained unmutated IgH genes and 17 cases (63%) carried mutated IgH genes 
( Supplementary Table 1). Of the blood CLL samples, 18 cases (49%) contained 
mutated IgH sequences.

In normal tonsils, ZAP-70 stained intensively positive in the T-cells located in the 
inter-follicular areas, whereas only a few positive cells were observed in the follicles. 
In ZAP-70-positive CLL paraffin tissues, all tumour cells, or at least more than 70%, 
stained positive, whereas in ZAP-70-negative cases, no recognizable tumour cells 
stained positive. In total, 16 (49%) of the CLL lymph node cases were ZAP-70- positive 
and 17 (51%) of the cases were ZAP-70-negative (Supplementary Table 1). 

Combination of the IgH mutation status and the ZAP-70 staining in the lymph node 
revealed that ten of the 13 ZAP-70-positive cases carried unmutated and three cases 
carried mutated IgH genes. All 14 ZAP-70-negative cases carried mutated IgH genes. 
In 11% of the CLL cases (3/27), ZAP-70 status was discordant with IgH mutational 
status (Supplementary Table 1). Overall, there was a significant correlation between 
the IgH mutation status and the ZAP-70 staining results in CLL lymph node paraffin 
tissues (p < 0.01).

Figure 3. Correlation of miRNA levels with ZAP-70 status. The five most abundantly 
expressed miRNAs are shown in relation to the ZAP-70 status of CLL lymph node samples. 
No significant differences were observed between ZAP-70-positive and –negative cases 
for any of the miRNAs (data for the other ten miRNAs are not shown).
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Similar miRNA expression pattern in CLL lymph node and blood samples

Analysis of 15 miRNAs by qRT-PCR revealed the highest expression level for miR-150 
and an intermediate  expression level for miR-16 and miR-21 in both lymph node and 
blood CLL. Eight microRNAs (miR-15a, 15b, 17-3p, 17-5p, 18a, 19a, 181a, and 101) 
showed very low expression in all samples. In lymph node samples, an intermediate 
expression level was also observed for miR-155 and miR-92a, whereas a higher level 
of expression of miR-19b and miR20a was observed in the blood samples (Figure 1). 
For miR-15, the expression level of the chromosome 3-derived miR-15b was higher 
than that of the chromosome 13-derived miR-15a. The expression level of miR-16 
was higher than those of miR-15a and miR-15b (Figure 1B). However, based on 
the identical sequences of miR-16-1 and miR-16-2, it is not possible to discriminate 
between the chromosome 3 and 13 copies.

No correlation of the expression levels of the 15 miRNAs with IgH mutation or 
ZAP-70 status

 We did not find a significant correlation between the expression level of any of these 
15 miRNAs and IgH mutation or ZAP-70 status (Figures 2 and 3). A trend of a higher 
expression level of miR-16 (p = 0.06) was observed in unmutated CLL blood samples, 
but not in lymph node samples. Although not significant, miR-150 expression levels 
were higher in CLL cases carrying mutated IgH sequences.  

Figure 4. Correlation of miR-15a and miR-16 levels with 13q14 deletion status. (A, B) 
Correlation of the miR-15a and miR-16 levels with the 13q14 deletion status of D13SPRB-1 
probe detection. No differences were observed between 13q14 undeleted and deleted cases. 
(C, D) Correlation of the miR-15a and miR-16 levels with the 13q14 deletion status of D13S319 
and D13S25 probe detection. No differences were observed between 13q14 undeleted and 
deleted cases for the miRNAs. undel = no deletion; del = deletion
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No correlation of the expression levels of the miR-15a and miR-16 with 13q14 
deletion status

The 13q14 deletion status was determined in the 37 blood samples by using three 
FISH probes (Supplementary Table 3). Comparison of the expression levels of miR-
15a and miR-16 in cases without and with deletions revealed no differences in the 
expression levels for any of the three probes used for the FISH analysis (Figure 4). 
In general, all the CLL cases showed a consistent low expression level for these two 
miRNAs.

miR-150 and BIC/pri-miR-155 demonstrated an expression pattern in PCs and 
surrounding cells 

 ISH analysis of miR-150 and BIC/pri-miR-155 demonstrated a specific expression 
pattern for PCs and surrounding tumor cells. For miR-150, relatively strong and 
homogeneous staining was observed for the neoplastic cells outside the PCs, whereas 
almost no cells within the PCs stained positive. This pattern was observed in all 5 
cases that could be analyzed (in three cases the staining failed; Figure 5B-C).  For 
BIC/pri-miR-155, we observed an almost reciprocal pattern, most positive cells being 
localized within the PCs in seven of eight cases analyzed (one failure). Some of the 
positive cells could be easily identified as prolymphocytes, indicating that these are 

Figure 5. RNA-ISH for miR-150 and BIC/pri-miR-155 in CLL cases. (A) Ki-67 staining is shown 
in PCs (originalmagnification × 100). (B, C) miR-150 is weakly expressed in the cells of the 
PCs (original magnification × 100, ×200, respectively). (D, E) BIC/miR-155 positive cells are 
specially localized in the PCs (×100, ×200, respectively). (F) BIC/pri-miR-155+ cells are large 
cells with the morphology of pro-lymphocytes (original magnification × 630). Arrows indicate 
the PC in A, B, and D. Arrows in F indicate the positive staining in prolymphocytes.
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neoplastic CLL cells (Figure 5F). The smaller cells that were positive might represent 
small CLL cells or T-cells that also accumulate in the PCs. Double staining procedures 
to identify the nature of these smaller cells failed (data not shown). The number of BIC 
positive cells varied from patient to patient, which was consistent with the variance in 
size and number of PCs in the individual cases (Figure 5D-F). The staining of miR-16, 
miR-21, miR-92 and miR-155 failed, probably due to the lower expression levels.  

Discussion:
ZAP-70 and IgH mutation status both represent good prognostic markers and more 
recent reports also indicate that miRNAs might represent valuable prognostic tools. 
Most studies have focused on the analysis of circulating blood cells, whereas lymph 
nodes might better reflect the activation status and function of the neoplastic cells 
than circulating cells. In this study, we analysed blood and lymph node CLL. Both the 
percentage of ZAP-70-positive cases (49%) and the percentage of IgH-mutated cases 
(lymph node 63%; blood 49%) and the correlation are in line with the general findings 
reported by others [5, 6, 22–25]. Discordance between ZAP-70 and IgH mutation 
status was observed in only three of the 27 cases (11%). These cases were ZAP-70-
positive but contained mutated IgH genes, including one case with a VH3-21 germline 
sequence. CLL cases with both mutated and unmutated VH3-21 germline sequences 
are usually ZAP-70-positive and are characterized by a poor prognosis independent 
of mutation status [26–29].

 Several studies [10,11,30] showed that miRNA  expression is deregulated in CLL blood 
samples and  that this may have clinical (prognostic) significance. Calin et al [10,11] 
reported miRNA profiles in CLL  blood samples using microarrays and found altered 
expression in comparison to normal CD5+ B-cells. Fulci et al [12] showed that miR-
16, miR-21, miR-101, miR-150, and miR-155 were the most abundantly expressed 
miRNAs in CLL blood samples by a miRNA cloning approach. Four of these miRNAs 
were also expressed at a higher level in CLL compared with normal CD19+ B-cells 
and normal CD5+, CD19+ cord blood cells as determined by qRT-PCR. Using qRT-
PCR, we found similar high expression of the same miRNAs in our cases, with miR-
150  being the most abundant in all samples. Our data are quite consistent with those 
of Fulci et al [12], who also reported high expression levels of the same miRNAs. 
Moreover, we observed a very similar miRNA expression pattern in CLL lymph node 
and blood samples, suggesting that the tumour cells in both presentation forms are 
comparable with respect to miRNA regulation. The difference between our data and 
those obtained by Fulci et al [12], compared with Calin et al [10, 11, 30], might be 
caused by differences in the technical approach. Using microarrays, the focus is on 
differential expression patterns and not on differences in absolute expression levels, 

thesis book.indb   112 05/11/2008   13:41:00



miRNA analysis in CLL

113

6

whereas cloning and qRT-PCR also allow comparison of the relative abundance of 
individual miRNAs. At this moment, qRT-PCR specific for mature miRNAs seems to 
provide more accurate results and is considered to be the gold standard [31].

Of the seven miR-17-92 cluster members, miR-92 was most abundant in lymph 
node, whereas miR-20a and miR-19b were the most abundant miRNAs in blood. The 
other cluster members were expressed only at a very low level. It can be speculated 
that high miR-19b and miR-92 levels are derived from the homologous miR-106a–
miR-92 cluster located on Xq26.2. However, this does not explain the differences 
between lymph node and blood CLL or the higher expression level of miR-20a in 
the blood samples. Most likely other factors related to processing or miRNA stability 
contribute to the high level of miR-92 or miR-19b and miR-20 in CLL. At this moment, 
it is unclear which genes are targeted by these miRNAs and how overexpression of 
these miRNAs in CLL contributes to lymphomagenesis.

Of the miR-15–16 clusters present on chromosomes 3 and 13, miR-16-1 and miR-
16-2 are identical and cannot be detected separately, whereas miR-15a and miR-
15b differ in four nucleotides (Figure 1). Deletion of chromosome band 13q14 is the 
most frequent aberration found in CLL and is associated with reduced levels of miR-
15a and miR-16 [9]. In our 37 blood samples, we found 13q14 deletions in about half 
of the cases. Cytogenetic abnormalities of chromosome 3 carrying the second miR-
15–16 cluster are very rare in B-CLL. In our CLL samples, miR-16 levels were higher 
than miR-15a and miR-15b levels, which might suggest that a major part of miR-16 
expression is derived from the primary transcript from chromosome 3. Expression of 
the chromosome 3 miRNA cluster might also explain the lack of correlation between 
the CLL cases with and without 13q14 deletions.

 Another observation made by Calin et al and Fulci et al is the significant correlation 
of some miRNAs with ZAP-70 status [10–12]. In the first study [10], miR-15a, miR-
21, and miR-92 were among the miRNAs that could discriminate between the two 
main CLL clusters. In the second study [11], miR-155 was differentially expressed 
between ZAP-70-positive and ZAP-70-negative cases. miR-15a and miR-16 were 
also differentially expressed, but miR-21 and miR-92 were not. In contrast to these 
findings, we did not find any correlation between the expression levels of the 15 
miRNAs and ZAP-70. Some of these discrepancies might be related to the poorer 
quality of the first generation of miRNA microarrays, which were not optimized for 
differences in the hybridization temperatures for each individual miRNA and were 
not specific for the mature miRNA sequences. Fulci et al [12] reported that miR-
150 was differentially expressed between IgH-mutated and IgH-unmutated CLL 
cases. Although we saw the same trend in the CLL samples, the difference was not 
significant in our study.
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Our RNA-ISH indicated that miR-150 was expressed in all tumour cells except the 
PCs, whereas BIC /pri-miR-155 was expressed exclusively in the PCs. These data 
appear to be consistent with the qRT-PCR data of the CLL lymph node samples 
that show a much higher expression level of miR-150 compared with miR-155. 
These results suggest that BIC /pri-miR-155 and miR-150 might play a role in the 
PCs of CLL. In lymph nodes and the bone marrow, PCs are the hallmark of this 
lymphoproliferative disorder and the tumour cells in PCs show a distinct antigen 
expression profile (CD38, Ki67/MIB1, CD23, and MUM1/IRF4 [32,33]). In CLL blood 
samples, we and Fulci et al [12] also demonstrated a very high level of miR-150 
compared with miR-155. The relative abundance of miR-155 compared with miR-150 
is much higher in the lymph node CLL samples. Both BIC /pri-miR-155 and the mature 
form of miR-155 are highly expressed in Hodgkin, primary mediastinal, and diffuse 
large B-cell lymphomas [21, 34–36], which supports a role in lymphomagenesis. 
In a transgenic mice model with overexpression  of miR-155, Costinean et al [37] 
demonstrated a pre-B-cell proliferation followed by a polyclonal B-cell malignancy. 
In the transgenic miR-150 mice model, miR-150 controls B-cell differentiation by 
targeting the c-myb transcription factor [38]. Both miR-150 and miR-155 play a main 
role in regulation of the immune response, as demonstrated by genetic deletion and 
transgenic approaches [38–40]. To our knowledge, we have shown for the first time 
the specific miR-150 and BIC /pri-miR-155 expression pattern in CLL. Unfortunately, 
we could not obtain a good RNA ISH signal for the mature miR-155 in CLL lymph 
node cases. This probably reflects the hybridization kinetics of the probe, since we 
also could not obtain a very strong hybridization signal for miR-155 in the tumour cells 
of Hodgkin lymphoma. An alternative explanation for the lack of miR-155 signal might 
be that BIC /pri-miR-155 is not processed properly, but this lack of processing has 
until now only been demonstrated in Burkitt lymphoma, which also lacks endogenous 
expression of BIC [41, 42]. The low expression of miR-150 in combination with the 
high expression of pri-miR-155 in the PCs needs to be further studied to determine its 
biological relevance in CLL.

In summary, we observed no difference in the expression levels of our selection of 15 
miRNAs based on ZAP-70 and IgH mutation status. miR-150 is weakly expressed in 
the PCs and strongly in the surrounding cells, whereas BIC /pri-miR-155 expression 
is restricted to the PCs of CLL lymph node cases. These findings suggest a role for 
miR-150 and BIC /pri-miR-155 in the regulation of proliferation and/or activation of 
CLL cells.
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Supplementary Table 1. Overview of the IgH mutation status, the ZAP70 status and the miRNA levels in CLL lymph node samples

ZAP-70 VH MUTATION VH family miR-15a miR-15b miR-16 miR-181a miR-155 miR-17-3P miR-17-5P miR-92 miR-18a miR-19a miR-19b miR-20a miR-21 miR-101 miR-150
1 N M VH4-59 0.0012 0.0024 0.0631 0.0013 0.0299 0.000278 0.001897 0.08603 0.000106 0.001791 0.002778 1.39E-05 0.238152 0.009848 1.511659
2 N M VH3-48 0.0009 0.0024 0.1097 0.0009 0.0660 0.0002112 0.001154 0.050966 6.18E-05 0.001135 0.011392 0.004438 0.208429 0.009209 0.74494
3 N M VH3-48 0.0030 0.0044 0.2178 0.0015 0.1214 0.0013985 0.003863 0.078822 0.000322 0.005195 0.001988 0.001209 0.530784 0.023104 2.267324
4 N M VH3-30 0.0005 0.0013 0.0560 0.0012 0.0589 0.0004982 0.001151 0.000352 0.000221 0.004944 8.34E-06 0.003321 0.274679 0.01269 1.621438
5 N N.G N.G 0.0034 0.0053 0.2999 0.0030 0.0358 0.0004558 0.000888 0.027835 0.000171 0.001185 0.003995 0.002397 0.528624 0.014634 2.228559
6 N N.G N.G 0.0018 0.0020 0.1098 0.0019 0.0154 1.187E-05 0.001238 0.039714 0.000191 0.000862 0.001688 0.002242 0.268453 0.005662 0.608974
7 N M VH3-23 0.0006 0.0019 0.0998 0.0009 0.0164 0.000419 1.76E-05 0.012449 0.000157 4.22E-06 0.00416 0.004061 0.105677 0.007861 0.756217
8 N M VH3-23 0.0010 0.0017 0.0779 0.0010 0.0245 0.0004485 0.00149 0.04084 0.00014 0.005237 0.003624 0.006674 0.191617 0.006415 0.746855
9 N M VH4-34 0.0034 0.0038 0.3598 0.0035 0.0386 0.0011386 0.005581 0.165439 0.000406 0.006289 0.012525 0.002774 0.919737 0.018165 3.212384

10 N N.G N.G 0.0004 0.0060 0.0785 0.0024 0.0698 0.0005563 1.66E-05 0.125827 0.000969 1.66E-05 0.062423 0.001745 0.768549 0.027618 3.191421
11 N M VH1-2 0.0019 0.0017 0.1598 0.0010 0.0486 0.000649 0.004191 0.074787 0.000593 0.003497 0.008515 0.001968 0.402198 0.012768 1.459729
12 N M VH3-21 0.0009 0.0021 0.0894 0.0010 0.0270 0.0004744 0.001568 0.108459 0.000482 0.003257 0.005007 0.00144 0.19456 0.015351 3.098937
13 N M VH3-49 0.0002 0.0026 0.0718 0.0010 0.0349 0.0004139 0.00299 0.022845 0.000197 0.001233 0.010507 0.036503 0.200827 0.01352 0.906571
14 N M VH3-49 0.0029 0.0036 0.1556 0.0009 0.0261 0.0002059 0.006171 0.077673 7.24E-05 0.007402 0.002922 0.002389 0.181161 0.01424 0.746272
15 N M VH3-23 N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G
16 N M VH6-1 N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G
17 N M VH4-34 N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G
18 P N.G N.G 0.0013 0.0014 0.1424 0.0006 0.0514 0.0001826 0.001337 0.021268 6.31E-05 0.006511 0.049258 0.010027 0.363102 0.019113 0.689008
19 P M VH4-39 0.0007 0.0023 0.0710 0.0007 0.0156 0.0005412 0.004308 0.041593 0.000372 0.006866 4.81E-05 0.007787 0.187831 0.00588 2.201765
20 P U VH3-23 0.0009 0.0012 0.1292 0.0003 0.0445 0.0003921 0.001579 0.030957 0.00031 0.002833 0.00439 0.05087 0.147285 0.010118 0.43628
21 P U VH1-69 0.0016 0.0012 0.0978 0.0008 0.0259 0.000444 0.002807 0.046103 1.38E-05 0.003643 0.001363 0.006119 0.339583 0.009657 1.103754
22 P U VH1-69 0.0042 0.0032 0.2834 0.0034 0.1074 0.001602 0.008246 0.077422 0.000263 0.005461 0.007145 0.024194 0.464935 0.028885 2.117541
23 P U VH1-69 0.0030 0.0046 0.1789 0.0009 0.0443 0.0005594 0.002825 0.161962 0.001217 0.003959 0.010512 0.005831 0.679472 0.014647 1.262239
24 P U VH3-21 0.0015 0.0039 0.1055 0.0010 0.0225 0.0009765 0.001684 0.020774 0.000175 0.00179 0.001672 0.004159 0.692134 0.015373 1.962817
25 P U VH4-34 0.0016 0.0024 0.1108 0.0027 0.0568 0.0004296 0.001102 0.100236 0.00027 0.002155 0.007175 0.004503 0.367705 0.014298 1.481295
26 P N.G N.G 0.0026 0.0034 0.1765 0.0014 0.0868 0.0009611 0.001595 0.059166 0.000276 0.001959 0.001856 0.002719 0.619197 0.037574 4.38882
27 P U VH4-39 0.0015 0.0037 0.1249 0.0009 0.0497 0.0006169 0.001414 0.18187 0.000109 0.004043 0.002444 0.003999 0.427159 0.007226 1.311865
28 P U VH1-69 0.0012 0.0028 0.1162 0.0008 0.0466 0.0004514 0.00126 0.021412 0.000403 0.003984 0.005855 0.002309 0.367367 0.012064 0.550148
29 P M VH3-21 0.0020 0.0034 0.1319 0.0008 0.0571 0.000781 0.001705 0.039846 0.000149 0.002187 0.005212 0.003893 0.111598 0.010918 0.775314
30 P U VH1-69 0.0021 0.0030 0.1532 0.0008 0.0127 0.0004745 0.002691 0.048009 0.00043 0.000475 0.003232 4.16E-05 0.225517 0.010383 1.980064
31 P U VH1-18 N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G
32 P N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G
33 P M VH4-34 N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G N.G

N.G.= DNA and or RNA quality not good enough for analysis
N=negative
P=positive
M=mutated
U=unmutated
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Supplementary Table 2. Overview of the IgH mutation status, the ZAP70 status and the miRNA levels in CLL blood samples

Patient nr. IgH VH family miR-15a    miR-15b    miR-16    miR-17-3p    miR-17-5p    miR-18a    miR-19a    miR-19b    miR-20a    miR-92    miR-181a   miR-155    miR-21    miR-150    miR-101
1  M VH4-59 0.18 0.72 5.46 0.02 0.27 0.03 0.25 1.99 0.87 1.17 0.11 0.88 6.75 92.55 0.26
2  M VH4-34 0.11 1.67 11.80 0.06 0.54 0.08 0.61 5.59 2.89 1.12 0.02 5.62 35.40 116.67 0.55
3  M VH4-34 0.07 0.31 3.54 0.01 0.17 0.02 0.10 1.19 0.84 0.54 0.01 0.62 3.39 60.76 0.13
4  M VH3-48 0.19 1.29 14.01 0.02 0.23 0.02 0.20 2.13 1.21 0.87 0.08 0.84 6.26 114.16 0.20
5  M VH3-30 0.54 1.89 12.11 0.06 1.42 0.34 1.69 7.52 6.26 2.09 0.15 0.12 4.96 7.12 0.15
6  M VH3-72 0.72 2.30 23.78 0.02 0.52 0.10 0.46 3.09 2.16 1.69 0.09 0.08 5.30 51.02 0.31
7  M VH3-21 0.65 1.19 25.74 0.03 0.58 0.10 0.49 3.43 2.08 0.77 0.07 2.24 18.76 51.60 0.30
8  M VH1-18 0.16 1.36 8.02 0.04 0.64 0.10 0.73 4.78 2.58 1.50 0.04 1.36 11.04 89.48 0.37
9  M VH3-53 0.92 4.66 43.48 0.09 1.79 0.22 1.33 8.52 5.75 3.06 0.41 2.24 40.22 139.92 0.80

10  M VH5-a 0.34 0.46 12.08 0.03 0.37 0.09 0.35 2.78 2.11 0.47 0.01 1.03 6.69 30.71 0.25
11  M VH4-34 0.17 1.36 9.02 0.02 0.34 0.07 0.64 3.93 2.30 0.65 0.03 1.78 11.33 68.85 0.51
12  M VH2-5 0.21 0.84 8.00 0.02 0.24 0.04 0.44 2.21 1.80 0.60 0.03 0.61 12.95 40.95 0.46
13  M VH3-73 0.35 0.66 14.05 0.03 0.40 0.05 0.48 2.81 1.63 0.83 0.03 0.63 8.75 75.16 0.41
14  M VH3-30-3 0.03 0.53 1.80 0.02 0.30 0.04 0.34 2.36 1.56 0.47 0.01 1.93 10.49 45.13 0.27
15  M VH1-2 0.08 1.36 5.98 0.03 0.44 0.08 0.50 3.85 2.17 0.70 0.03 1.74 19.51 109.44 0.48
16  M VH3-15 0.03 0.64 2.99 0.03 0.25 0.03 0.43 2.59 1.47 0.54 0.02 1.29 5.75 51.85 0.30
17  M VH3-21 0.21 0.50 11.72 0.03 0.28 0.04 0.35 2.48 1.79 0.61 0.01 2.17 5.92 29.19 0.32
18  M VH3-7 0.15 0.66 10.90 0.01 0.18 0.01 0.20 1.90 0.97 0.94 0.00 1.69 7.04 51.06 0.11
19 U VH6-1 0.11 0.61 6.99 0.01 0.17 0.02 0.11 0.83 0.70 0.46 0.03 0.52 10.30 33.53 0.06
20 U VH1-3 0.56 0.81 20.27 0.03 0.24 0.06 0.21 1.82 1.22 0.67 0.07 0.40 10.39 23.55 0.15
21 U VH1-18 0.25 0.94 14.55 0.01 0.23 0.05 0.21 1.75 1.05 0.68 0.04 0.46 11.70 72.16 0.15
22 U VH3-33 0.28 0.81 15.80 0.02 0.18 0.02 0.20 1.99 1.04 0.65 0.01 1.05 5.41 48.89 0.23
23 U VH1-69 0.29 1.86 10.83 0.02 0.33 0.08 0.28 2.71 1.43 0.72 0.13 0.18 5.79 35.16 0.25
24 U VH1-2 0.27 0.60 15.42 0.02 0.26 0.05 0.32 3.15 2.20 0.86 0.01 2.18 5.12 40.08 0.33
25 U VH1-69 0.51 0.94 20.60 0.02 0.42 0.05 0.31 2.69 1.67 0.67 0.02 3.09 12.40 40.61 0.29
26 U VH3-48 0.41 1.73 23.03 0.02 0.32 0.05 0.28 2.27 1.56 0.44 0.02 1.30 10.18 25.67 0.14
27 U VH3-21 0.20 0.37 8.86 0.02 0.38 0.03 0.31 2.50 1.42 0.42 0.01 1.22 5.93 20.06 0.28
28 U VH4-39 0.34 0.83 10.71 0.04 0.31 0.12 0.36 2.04 1.36 0.56 0.03 1.34 11.10 40.17 0.36
29 U VH1-69 0.14 0.46 10.06 0.01 0.15 0.01 0.20 1.53 0.87 0.37 0.00 0.50 4.37 43.37 0.22
30 U VH1-69 2.79 3.05 53.15 0.06 0.87 0.19 1.08 6.18 3.51 2.15 0.25 3.04 36.38 69.66 0.78
31 U VH1-69 0.47 0.66 14.73 0.02 0.29 0.03 0.29 1.72 1.24 0.45 0.03 1.01 4.58 23.38 0.21
32 U VH1-2 1.55 4.54 53.55 0.09 1.36 0.26 1.41 10.73 6.34 2.32 0.10 4.18 39.22 115.02 1.01
33 U VH6-1 0.40 0.59 14.40 0.02 0.27 0.03 0.30 2.12 1.49 0.41 0.02 0.59 4.35 41.29 0.23
34 U VH3-21 0.35 0.83 12.46 0.03 0.31 0.03 0.38 2.76 1.66 0.59 0.01 0.76 5.25 33.39 0.38
35 U VH3-30 0.60 1.05 17.13 0.01 0.22 0.05 0.27 1.79 1.32 0.41 0.01 0.64 7.52 54.28 0.19
36 U VH1-2 0.87 1.62 32.85 0.03 0.34 0.08 0.51 2.93 2.15 0.58 0.08 1.18 11.42 51.76 0.29
37 U VH1-69 0.41 1.90 22.09 0.02 0.34 0.05 0.38 2.04 1.44 0.45 0.04 1.02 12.22 35.77 0.17

N.G.= DNA and or RNA quality not good enough for analysis
N=negative
P=positive
M=mutated
U=unmutated

thesis book.indb   119 05/11/2008   13:41:04



Supplem
entary Table 3. O

verview
 of the m

iR-15a, -15b and -16 levels in relation to 13q14 deletion in the CLL blood sam
p

Patient nr.
spRB1

D13S319
D13S25

m
iR-15a

m
iR-15b

m
iR-16

1
na

na
na

0.180
0.716

5.463
2

na
na

na
0.556

0.814
20.271

3
na

na
na

0.068
0.311

3.543
4

na
na

na
0.265

0.602
15.423

5
na

na
na

0.187
1.286

14.006
6

na
na

na
0.721

2.299
23.775

7
na

na
na

0.653
1.192

25.739
8

na
na

na
0.408

1.725
23.033

9
na

na
na

0.338
0.463

12.081
10

na
na

na
2.791

3.049
53.151

11
na

na
na

0.354
0.665

14.051
12

na
na

na
0.473

0.661
14.733

13
na

na
na

0.398
0.592

14.404
14

na
na

na
0.605

1.049
17.127

15
na

na
na

0.869
1.620

32.852
16

na
na

na
0.212

0.505
11.720

17
na

na
na

0.409
1.903

22.091

18
na

hom
o 

57%
hom

o 
57%

0.292
1.861

10.831

19
na

hom
o 

92%
hom

o 
92%

0.212
0.841

7.998

20
na

hom
o 

95%
hom

o 
94%

0.026
0.639

2.989

21
hem

i 13%
hem

i 95%
hem

i 95%
0.160

1.356
8.024

22
hem

i 35%
hem

i 95%
hem

i 95%
0.510

0.940
20.599

23
hem

i 61%
hem

i 61%
hem

i 61%
0.251

0.940
14.551

24
hem

i 7%

hom
o 

75%
 hem

i 
13%

hom
o 

66%
 hem

i 
17%

0.167
1.356

9.016

25
hem

i 78%
hem

i 85%
hem

i 78%
1.554

4.536
53.553

26
hem

i 84%
hem

i 84%
hem

i 84%
0.111

0.606
6.994

27
hem

i 86%
hem

i 86%
hem

i 86%
0.344

0.832
10.715

28
hem

i 87%
hom

o 
92%

hom
o 

87%
0.034

0.530
1.796

29
hem

i 9%
hom

o 8%
 

hem
i 30%

hom
o 8%

 
hem

i 30%
0.923

4.658
43.481

30
hem

i 95%
hem

i 95%
hem

i 95%
0.282

0.806
15.796

31
hem

i 95%
hem

i 95%
hem

i 95%
0.138

0.463
10.064

32
hem

i 96%
hem

i 96%
hem

i 96%
0.197

0.374
8.864

33
hem

i 96%
hem

i 96%
hem

i 96%
0.346

0.828
12.459

34
hem

i 97%
hem

i 97%
hem

i 97%
0.149

0.663
10.897

35

hom
o 

18%
 hem

i 
37%

hom
o 

54%
 hem

i 
8%

hom
o 

63%
 hem

i 
8%

0.543
1.890

12.113

36

hom
o 

82%
 hem

i 
9%

hom
o 

82%
 hem

i 
9%

hom
o 

82%
 hem

i 
9%

0.113
1.667

11.805

37
hom

o 
90%

hom
o 

90%
hom

o 
90%

0.075
1.360

5.980

na=no aberrations
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Abstract
MicroRNAs (miRNAs) are an important class of small RNAs that regulate gene 
expression at the post-transcriptional level. It has become evident that miRNAs are 
involved in hematopoiesis and hematopoietic malignancies. The aim of our study 
was to establish miRNA profiles of naïve, germinal center (GC) and memory B-cells 
sorted from tonsils and validate their expression patterns in lymphoid tissues. 
Quantitative (q)RT-PCR profiling revealed that several miRNAs were elevated in GC 
B-cells, including miR-17-5p, miR-106a and miR-181b. miR-150 was more than 10-
fold lower in germinal center B-cell as compared to the other two subsets. MiRNA in 
situ hybridization (ISH) on tonsil tissue sections confirmed findings from the profiling 
work. Interestingly, gradual decrease of miR-17-5p, miR-106a, and miR-181b staining 
intensity from the dark to the light zone was observed in GC. Also, within the GC a 
minority of cells showed a much stronger cytoplasmic staining of miR-150 in part of 
the blasts in the dark zone. Induction of miR-150 lead to reduced c-Myb, Survivin 
and Foxp1 expression levels in the Burkitt lymphoma cell line, DG75. In conclusion, 
miRNA profiles of naïve, GC and memory B-cells were established and validated by 
miRNA ISH. Within the GC cells a marked difference was observed between the light 
and the dark zone.
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Introduction
MiRNAs are a new class of small RNAs, of 19-23 nucleotides that were discovered 
less than two decades ago 1;2. When incorporated into Argonaute (Ago) proteins to 
form the RNA induced silencing complex (RISC), these small RNAs can negatively 
regulate genes at the post-transcriptional level by either triggering translational 
repression or direct cleavage of mRNAs 3. MiRNA expression can be highly tissue 
specific 4 and miRNAs are known to regulate many cellular processes including 
proliferation, apoptosis, cell cycle, differentiation and hematopoiesis 5-8.

The distinct and dynamic expression pattern of miRNAs during hematopoiesis 
reflects the importance of this class of small RNAs in determining the final state of 
differentiation for hematopoietic cells 9-12. Alteration in expression level of merely one 
miRNA in hematopoietic stem cells can skew the differentiation process towards 
a specific hematopoietic cell type 13. For this reason, it is anticipated that aberrant 
expression of miRNAs may give rise to hematopoietic malignancies. MiRNAs that 
are important in hematopoietic development and those that may contribute to 
malignancies have gradually been characterized in the past few years. 

C-Myb, a transcription factor known to play a key role in B-cell maturation, has been 
recently shown to be a direct target of miR-150 14. Ectopic expression of miR-150 in 
hematopoietic stem cells lead to blockage of the transition of pre-B to pro-B stage 
15. The PU.1 transcription factor, essential in hematopoietic lineage development, 
and activation-induced cytidine deaminase (AID), a protein that is important in class 
switch recombination of the immunoglobulin locus, have been demonstrated as 
targets of miR-155 16;17. As a consequence of miR-155 down regulation, inefficient 
germinal center response causing production of less IgG1 cells was observed. 
Li et al. demonstrated that miR-181a can fine tune T-cell sensitivity during the 
maturation process by directly targeting SHP-2, PTPN22, DUSP5, and DUSP6, 
four components of the T-cell receptor signaling pathway 18. In parallel with the 
discoveries of important hematopoietic miRNAs, it has become evident that miRNAs 
are involved in the pathogenesis of leukemias and lymphomas. For example, miR-21, 
miR-92, miR-150, miR-155 and miR-222 are reported to be deregulated in chronic 
lymphocytic leukemia (CLL) 19;20. Overexpression of miR-155 as well as the miR-
17-92 cluster has been documented for several B-cell lymphomas, including diffuse 
large B-cell lymphoma (DLBCL) and Hodgkin lymphoma (HL) 21-23. In a transgenic 
mouse model, ectopic expression of miR-155 leads to lymphoblastic leukemia/high 
grade lymphoma 24.

Recently, several studies have been carried out to establish miRNA profiles of 
hematopoietic cells 25, but a detailed validation of the miRNA profile throughout the 
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germinal center response has not been published. Thus, the aim of our study was to 
characterize the miRNA expression profile of normal B-cell subsets, which includes 
naive B-cells, germinal center (GC) B-cells and memory B-cells. As there were 
only limited differences at the gene expression level reported between centroblast 
and centrocyte using microarray analysis 26;27, both cell types were grouped as 
GC B-cells in our study. By comparing these profiles, GC B-cell specific miRNA 
expression patterns were defined. Findings from the profiling work were validated 
with miRNA in situ hybridization (ISH) technique. GC B-cell associated miRNA 
expression patterns were established and these miRNAs were analyzed in B-cell 
lymphomas by miRNA ISH.

Materials and methods
FACS sorted normal B-cell subsets

Normal B-cell subsets were sorted by FACS from 3 different tonsil samples, 
essentially as described previously 28. Briefly, mononuclear cells were isolated by 
Ficoll-Isopaque density gradient centrifugation. The collected cell suspension was 
stained with FITC-conjugated anti-human IgD, PE-conjugated anti-human CD19 
(both from Dako, Glostrup, Denmark), and allophycocyanin-conjugated anti-human 
CD38 (BD Pharmingen, NJ, USA). Using a FACS aria (BD Biosciences, San Jose, 
USA) for sorting, naive B-cells (CD19+, IgD+, CD38–), GC B-cells (CD19+, IgD–, 
CD38+) and memory B-cells (CD19+, IgD–,CD38–) were isolated, gated for single 
cells by forward and sideward scattering. After sorting, the B cell subsets were 
lysed in RNA-Bee (Tel-Test Inc. Frindswood, Texas, USA) and stored at -80ºC, until 
further processing. 

Tissue sections 

Paraffin-embedded tissue samples of 4 tonsils and 4 progressive transformed 
germinal center (PTGC) were obtained from patients diagnosed in the Department 
of Pathology and Laboratory Medicine, University Medicine Center Groningen. All 
protocols for obtaining and studying human tissues and cells were approved by 
the institution’s review board for human subject research and diagnosis was in 
accordance with WHO classification guidelines 29. 

qRT-PCR and clustering analysis

RNA was isolated from normal B-cell subsets with Nucleospin RNA 11 (Macherey-
Nagel,  Düren, Germany) as described previously 28. qRT-PCR profiling for 183 
mature miRNAs (Applied Biosystems, Foster City, USA) were carried out according 
to manufacturers’ protocols. Unsupervised clustering analysis was performed using 
Genesis 30. A heatmap was generated by mean normalization of experiments and 
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genes, followed by average linkage clustering for all miRNAs that showed a Ct value 
of <35 in at least one of the three B-cell subsets. Mean and median Ct values were 
similar in all three B-cell subsets and mean Ct values were used for normalization of 
miRNA expression (∆Ct = CtmiRNA − Ctmean). Relative expression levels were determined 
with the formula 2−∆Ct. Selection of GC B-cell specific miRNAs was performed by the 
following criteria: 1) miRNAs with 2−∆Ct greater than 2 in at least one of the subsets, 
i.e. miRNAs with a relatively high expression level and 2) miRNA showing at least 
5 fold difference among the subsets. For miR-150 monoplex qRT-PCR (Applied 
Biosystems, Foster City, USA), U6 was used for normalization.

miRNA in situ hybridization (ISH)

MiRNA ISH was performed as reported previously 31. Briefly, 10 digoxigenin (DIG) 
labeled locked nucleic acid (LNA) probes antisense to miR-15b, miR-17-5p, miR-21, 
miR-25, miR-29a, miR-93, miR-106a, miR-146a, miR-150 and miR-181b (Exiqon, 
Vedbaek, Denmark) were used for overnight hybridization on normal tissue sections 
at 55°C. Detection was accomplished with anti-DIG alkaline phosphate Fab fragment 
followed by nitro blue tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate 
(NBT/BCIP) color development (Roche, Switzerland).

Immunohistochemistry (IHC)

The slides were deparaffinized and endogenous peroxidase was blocked by incubation 
with 3% H2O2 for 10 minutes. Antigen retrieval was performed according to various 
protocols of the manufacturers. Immunostaining was performed using antibodies 
against Survivin (Cell Signaling Technology, Boston, MA), Foxp1 and c-Myb (Abcam, 
Cambridge, UK) at a dilution of 1:50-1:400. Signals were amplified by incubation with 
the appropriate Horseradish Peroxidase-conjugated antibodies for 60 minutes and 
the reactivity was visualized by diaminobenzidin. 

Cell culture, transfection and western blotting

Burkitt lymphoma (BL) cell line, DG75 32, were cultured in RPMI 1640 supplemented 
with ultraglutamine, 100 U/ml penicillin/streptomycin, and 10% fetal calf serum 
(Cambrex Biosciences, Walkersville, USA). Transfection of DG75 with synthetic 
miR-150 mature duplex (Ambion, Austin, USA) was performed using the A-23 
program of the Amaxa nucleofector I device (Amaxa, Gaithersburg, USA) with 
nucleofection solution V. 24h post transfection, cells were lysed, separated in 10% 
SDS-polyacrylamide gel and immunoblotted for c-Myb, Foxp1 and Survivin with the 
same antibodies as used for IHC. 

Results
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Figure 1. miRNA profiling of naïve, germinal center 
and memory B cells. A) Heatmap of 86 miRNAs which 
were expressed (Ct<35) in at least one of the normal B 
cell subsets and showed differential expression among the 
subsets. B) 16 miRNAs showed at least 5 fold difference 
when compared to germinal center B cells. The first 9 
miRNAs and miR-21 (control, not shown in graph) were 
selected for ISH.
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miRNA profiling for normal B-cell subsets from tonsils

Out of 183 miRNAs assessed, 86 miRNAs were expressed (Ct<35) in at least one of the 
normal B-cell subsets. A heatmap of these 86 miRNAs is given in Figure 1A. To identify 
miRNAs that were important throughout the germinal center response, we focused on 
the miRNAs which showed at least 5 fold differences between GC and non GC B-cells, 
resulting in 16 miRNAs (Figure1B). Eight of these 16 miRNAs, namely miR-15b, miR-
93, miR-181b, miR-25, miR-17-5p, miR-106a, miR-28 and miR-130b showed increased 
expression levels in GC B-cells while 4 miRNAs, miR-150, miR-29a, miR-320 and miR-
223 showed a lower expression level in GC B-cells. Expression levels of miR-145 and 
miR-146 increased gradually during the GC transit whereas the expression levels of 
miR-331 and let-7a decreased during GC transit (Figure 1B).

miRNA in situ hybridization on tonsils

In view of the differential miRNA expression among the normal B-cell subsets and our 
main interest in GC B-cells, 9 miRNAs which were most abundant and differentially 
expressed in GC B-cells (first 9 miRNA listed from the left, Figure 1B) were chosen for 
miRNA ISH. As miR-21 did not differ much among the 3 B-cell subsets (data not shown), 
this miRNA was chosen as a control. Staining for 4 miRNAs (miR-15b, miR-93, miR-25 
and miR-29a) failed in all cases for unknown reasons. This failure was not related to the 
abundance of the miRNAs in GC B-cells as determined by qRT-PCR profiling. 

In general, miR-21 worked well as a control as there was no variation in staining 
intensities of GC structures and the mantle zone in tonsil tissue sections. According to 
morphology and distribution pattern in the tonsil, cells which showed strongest miR-21 
staining were likely to be interfollicular T-cells (Figure 2A). MiRNA ISH results showed 
weak cytoplasmic staining of miR-150 in GC as compared to the mantle zone, while 
miR-17-5p, miR-106a, and miR-181b stained stronger in GC structures. This suggests 
a higher expression of miR-17-5p, miR-106a and miR-181b and lower expression of 
miR-150 in GC B-cells as compared to naïve and memory B-cells located in the mantle 
zone (Figure 2A). These results were consistent with our miRNA profiling results. For 
the staining of miR-146a our miRNA ISH depicted a stronger staining of miR-146a in 
the germinal center (Figure 2A), mainly contributed by staining in all of the centroblasts 
in the dark zone of the GC, as compared to a weaker signal in the mantle zone (Figure 
2B). Since naive B-cells, which represent a major population in the mantle zone had 
much lower levels of miR-146a as compared to the other 2 subsets (Figure 1B), this 
might explain the apparently stronger staining in the GC B-cell dark zone (Figure 2A). 
Interestingly, variation in staining intensities was observed within the GC structures for 
several miRNAs. Gradual decrease of miR-17-5p, miR-106a, and miR-181b staining was 
observed from the dark to the light zone in the GC (Figure 2A). miR-150 demonstrated 
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Figure 3. miR-150 expression levels and its possible role in B-cell growth/survival. A) 
Low miR-150 expression levels in B cell lymphoma cell lines. B) Immunohistochemistry staining 
showing that the expression of c-Myb and Survivin but not Foxp1 are inversely correlated to miR-
150 in tonsils, all 10x magnification except 20x magnification for Survivin. C) Down regulation of 
c-Myb, Survivin and Foxp1 upon miR-150 over expression in DG75 cell line.

Figure 2. miRNA expression patterns in 
normal tissue samples. A) miRNA ISH in 
tonsils and PTGCs, 10x magnification for all 
tonsils, 2x and 4x magnification for the first 
3 and latter 3 PTGCs, respectively. B) Close 
up pictures for miRNA staining patterns seen 
in GC, MZ and centroblast of normal tonsils. 
ISH, in situ hybridization. PTGC, progressive 
transform germinal center. GC, germinal 
center. MZ, mantle zone. 
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the strongest staining in part of the blasts only in the dark zone, whereas the light zone, 
containing the centrocytes, stained even weaker than the naive and memory B-cells 
in the mantle zone (Figure 2B). In the four PTGC cases, staining patterns were similar 
to those observed in tonsils. Cells with highest intensity of miR-21 staining were also 
likely to be T-cells while blast cells showed the strongest staining for miR-17-5p, miR-
106a, miR-146a, miR-181b and remarkably also for miR-150 (Figure 2A). 

miR-150 expression levels and its possible role in B-cell homeostasis

In view of the dynamic expression patterns of miR-150 throughout the germinal center 
reaction and its absence in proliferation centers of CLL cases 20, we investigated the 
possible role of miR-150 in regulation of B-cell homeostasis. One proven target for 
miR-150, c-Myb 14, and two predicted miR-150 targets, Survivin and Foxp1, were 
examined by immunohistochemical staining. The c-Myb and Survivin staining patterns 
were inversely correlated with miR-150 ISH staining patterns in tonsils (Figure 3A), 
supporting the predicted targeting by miR-150. On the other hand, the staining pattern 
of Foxp1 did not show a clear inverse pattern with miR-150 ISH (Figure 3A). To confirm 
targeting by miR-150 we transfected the BL cell line, DG75, which has a GC B-cell 
origin and low miR-150 expression level. By transfection with synthetic oligonucleotides 
(mature miR-150 duplex), expression of miR-150 was induced in DG75 (confirmed by 
qRT-PCR, data not shown). Western blot analysis of cell lysates showed repression of 
c-Myb, Survivin and Foxp1 in the cells transfected with miR-150 (Figure 3B). 

Discussion
Results of miRNA ISH on tonsil sections confirmed differential expression of several 
miRNAs as identified by the miRNA profiling work. More than 5 fold changes in 
expression levels of miR-17-5p, miR-106a, miR-146a, miR-150 and miR-181b were 
found in germinal center B-cells as compared to naïve and memory B-cells. A GC B-cell 
specific expression pattern was confirmed by miRNA ISH staining. To our knowledge, 
this is the first report on distinct miRNA expression patterns in tonsils demonstrating 
ISH as a powerful tool to study cell or compartment specific miRNA expression. 

MiRNA ISH revealed a distinct staining pattern in the GC structures with decreasing 
miR17-5p, miR-106a, and miR-181b levels from the dark zone to the light zone. 
This difference was most likely due to the differences in expression levels between 
centroblasts and centrocytes. In previously reported gene expression profiling studies 
to distinguish expression profiles of B-cells during germinal center transit, Klein et al. 
found thousands of differences among naïve, germinal center and memory B-cells, 
but only 19 differentially expressed genes between CD77- and CD77+ GC B-cells 
27. CD77 is generally accepted as a marker to discriminate between centroblast and 
centrocytes 33;34. Consistent with these findings, Hogerkorp and Borrebaeck also found 
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no differences in gene expression profiles between centroblasts and centrocytes 26. 
Lack of differences in these studies raised the question if CD77 can be used as a 
reliable marker to discriminate between centroblasts and centrocytes. In view of the 
dynamics of GC B-cells to shift from the dark to the light zone 35 and due to current 
limitations in isolating true centroblasts and centrocytes, miRNA ISH on normal tissue 
represents a powerful tool to study putative differences in miRNA expression levels in 
these two closely related B-cell populations.  

MiR-17-5p and miR-106a are both members of the same seed family, namely the miR-
17 family which also includes miR-17-5p, miR-20a, miR-20b, miR-93, miR-106a and 
miR-106b. These miRNAs share the same seed sequences and they most likely target 
the same genes and hence exert similar effects. It has been shown that miRNAs from 
this miR-17 seed family negatively regulate expression of cyclin dependent kinase 
inhibitor p21/CDKN1A, allowing cells to overcome the G1 cell cycle checkpoint 36. 
As high expression levels of miR17-5p and miR-106a were observed specifically in 
centroblasts in the dark zone of GC while p21 is 30 fold down regulated in centroblast, 
we suggest that these miRNAs are essential for centroblasts to progress from G1 to 
S phase of the cell cycle, by down regulating p21/CDKN1A 26;27.

The expression level of miR-146a increases dramatically when naive B-cells enter 
the germinal center and maintains high when exit from the germinal center. It has 
been reported that proinflammatory cytokines and microbial components can induce 
expression of miR-146a in the acute monocytic leukemia cell line, THP-1. Luciferase 
reporter assays pointed that miR-146a is a nuclear factor-κB  (NF-κB) dependent 
gene and by targeting IL-1 receptor associated kinase (IRAK1) and TNF receptor-
associated factor 6 (TRAF6), miR-146a causes a negative feedback for the Toll-like 
receptor (TLR) signalling pathway 37. As NF-κB plays a key role in B-cell homeostasis, 
not only implicated in immature B cell but also in maintaining GC function 38, our miR-
146a strong staining pattern in GC correlates with the role of NF-κB in GC. However, 
the exact function of miR-146a in this pathway and how it might affect B-cells survival 
should be further investigated. 

MiR-181b contains the same seed sequence with miR-181a. MiR-181a has been 
proven to play a role in hematopoietic differentiation, in favor of B-cells 13 and its 
expression was regulated during T-cell maturation 18. We observed dynamic 
expression of miR-181b also during the germinal center transit, where its expression 
level peaks during the germinal center reaction and falls back to the level similar to 
that of naive B-cells upon exit from the germinal center. For miR-181a, qRT-PCR 
profiling revealed a 2 fold enrichment in GC B-cells. This indicates that besides miR-
181a, miR-181b, a member of the same miRNA seed family might be crucial in B-cell 
differentiation as well. 
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Our group has previously demonstrated that miR-150 is highly expressed in the 
majority of CLL tumor cells, but not in the proliferation centers (46). CLL cells are 
considered to be of memory B-cell origin 39. The high expression in CLL is consistent 
with the high miR-150 expression levels we found in memory B-cells sorted from 
normal tonsil and the lack in proliferation centers is consistent with the low levels in 
GC structures of tonsil.  Recently, a key role has been established for miR-150 in B-cell 
development 14;15. Overexpression of miR-150 blocks B-cell maturation by inhibiting 
the transition of cells from pro-B to pre-B stage and also induces a slight but significant 
increase in apoptotic rate 15. Consistent with this finding, Xiao et al. demonstrated that 
ectopic miR-150 expression in pro-B cells resulted in an increase in cell death 14. It 
was concluded that miR-150 exerts this effect by suppression of its target, c-Myb 
14, a transcription factor which plays an important role during B-cell development, 
maintenance of proliferation as well as cell cycle control of hematopoietic cells 40-43. 
C-Myb has already been proven to be important for transition of pro-B to pre-B stage 
and also for maintenance of follicular B-cells, but interestingly, not for mantle zone 
B-cells 41. This coincides with our findings, where in the mantle zone, expression of 
c-Myb indeed was weak while expression of miR-150 that negatively regulates c-Myb 
was found to be relatively higher. Similarly, in tonsil sections, Survivin showed an 
inverse staining pattern with miR-150. For Foxp1, however, such an inverse staining 
pattern was not obvious from our stainings on normal tissue, because expression 
of Foxp1 was also seen in the mantle zone. Nevertheless, it is still possible that 
Foxp1 is regulated by miR-150 since Foxp1 knockout mice shared a comparable 
pro-B to pre-B transition blockade phenotype with mice ectopically expressing miR-
150 in hematopoietic cells 15;44. According to our Western blotting results, induction 
of miR-150 resulted in downregulation of c-Myb, Foxp1, and Survivin, supporting the 
targeting by miR-150. Nonetheless, we cannot exclude the possibility of an indirect 
regulation pathway for downregulation of Survivin and Foxp1. 

In conclusion, we have determined a miRNA profile of naïve, germinal center and 
memory B-cells sorted from normal tonsils. MiRNAs that were differentially expressed 
have been identified and verified, for the first time, by miRNA ISH on tonsil tissue 
sections. Remarkably, miRNA ISH revealed variation in expression levels within the 
GC B-cells and warrants a further elucidation of the miRNA profile of centroblasts 
and centrocytes. Based on the dynamic expression throughout the germinal center 
transit, the inverse relationship with proliferation, as well as its targeting of c-Myb, 
Survivin, and Foxp1, we propose that miR-150 plays a pivotal role in cell homeostasis 
of B-cells and lymphomas. 
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