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 11.1 Hodgkin lymphoma 

The hallmark cells of Hodgkin lymphoma (HL) are giant multinucleated cells, the so 
called Reed-Sternberg cells (RS cells). The mononuclear variants of RS cells are called 

Hodgkin cells. The tumor cells are named after Thomas Hodgkin, who described the first 
cases of a lymphoid lesion later named HL, and Dorothy Reed and Carl Sternberg, who 
provided a precise description of these Hodgkin and Reed-Sternberg (HRS) cells1-3. HL 
is further characterized by the fact that there is always a minority of HRS cells (generally 
less than 1%) located within a reactive background. 

Clinical aspects
Approximately 30% of all currently diagnosed lymphomas in Western populations are HL. 
A bimodal incidence with two age peaks is recognized: an early peak in the 3rd decade 
and a late peak in the 6th and 7th decade4. Current treatments consist of multidrug che-
motherapy regimens like BEACOPP or ABVD, optionally combined with radiotherapy5. 
A high percentage (~90%) of HL patients has been cured over the last decades, but there 
is an important drawback related to current therapies. Long-term survivors of HL have a 
significantly increased risk for late complications, including secondary malignancies (es-
pecially leukemias and solid cancers like lung and breast cancer), loss of fertility and car-
diovascular and lung diseases6. Novel treatments are needed to further improve the cure 
rate and to minimize late toxicity. 

cHL and NLPHL
HL can be subdivided into two different entities, classical HL (cHL) and nodular lympho-
cyte predominant HL (NLPHL)7. Based on differences in histology, morphology and im-
munophenotype, NLPHL is considered as a distinct disease entity from cHL8-10. NLPHL 
is characterized by a particular variant of HRS cells, the so-called “popcorn” or lympho-
cytic and histiocytic (L&H) cells. According to the WHO classification cHL can be fur-
ther subdivided into nodular sclerosis (NS), mixed cellularity (MC), lymphocyte depleted 
(LD) and lymphocyte-rich (LR) cHL7. cHL comprises approximately 95% of all HL cases 
in developed countries with the most prominent cHL subtypes being NS (40-80%) and 
MC (20-40%).

Cell of origin
Tumor cells of both cHL and NLPHL are thought to be derived from germinal center (GC) 

General introduction
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 1 B cells based on the detection of clonal immunoglobulin (Ig) gene rearrangements11-16. In 
cHL, somatic mutations were detected within the rearranged Ig genes without signs of on-
going mutations. Interestingly, crippling mutations that preclude functional B cell recep-
tor (BcR) expression were observed in 25% of the cases12. Based on these observations, it 
is thought that the precursor of HRS cells is a pre-apoptotic GC B cell that has escaped 
apoptosis due to yet unknown mechanisms. A few case reports have shown that HRS cells 
can also be derived from T cells in very rare cases of cHL (<1%). In contrast to cHL, the 
Ig genes of L&H cells in NLPHL showed ongoing mutations, indicating that the precur-
sor of L&H cells is a transformed GC B cell13,14,16.

Immunophenotype
cHL and NLPHL differ with respect to the immunophenotype of the tumor cells as well 
as the composition of the reactive background cells. The L&H cells of NLPHL strongly 
resemble to normal GC B cells, e.g. CD20+, CD22+, CD79+, BCL-6+, CD45+, Pax-5+, 
Oct2+, BOB.1+ and AID+ in the majority of cases and frequently produce Ig8,17. In con-
trast, HRS cells of cHL lack common B cell markers, like CD22, CD79, CD45, Pu.1, 
Oct2, BOB.1 and AID and never produce Ig. CD20 is expressed in a proportion of the 
HRS cells in approximately 20% of the cases. Expression of several other markers such as 
CD30, CD40, CD70 (activated lymphocytes), CD15 (granulocytes and monocytes), CD80, 
CD86, CCL17 and FSCN1 (dendritic cells), MUM1 (plasma cells) and GATA-3 and T-
bet (T cells) can be detected in the HRS cells8,17-19.

The reactive background of NLPHL is characterized by a nodular growth pattern with 
many non-neoplastic B cells (CD20+) and T cells, the presence of a follicular dendritic cell 
meshwork (CD21+/CD35+) and the occurrence of a subset of germinal center type CD4+/
CD57+/BCL-6+/CD40L- T cells surrounding the L&H cells8,20,21. The reactive back-
ground in cHL consists of T cells, B cells, histiocytes, plasma cells and eosinophils8,17. The T 
cells directly surrounding the HRS cells are generally CD4+/CD57-/BCL-6-/CD40L+21.

Epstein-Barr Virus
The γ herpes virus Epstein-Barr Virus (EBV) infects nearly all individuals during life, 
mostly asymptomatic. After eradication of the primary infection from the body, EBV re-
mains present in a small population of B cells22. EBV can induce a lytic (replicative) or a 
latent (persistent) infection. Three different types of latency infection (latency type I-III) 
are recognized based on the expression pattern of the EBV related EBERs, EBNA1,2,3 
and LMP1,2 genes23.

EBV infection has been shown to be present in a variable proportion of HL cases and is 
thought to be associated with the pathogenesis of EBV+ HL. Evidence came from the de-
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 1tection of increased antibody titres against EBV-specific antigens in HL patients, the four-
fold increased risk to develop HL after infectious mononucleosis and the detection of clonal 
EBV infection within the HRS cells. In the Western world about 30-50% and in Asia and 
South America more than 70% of all HL cases are positive for EBV. EBV is observed most 
commonly in the MC subtype and much less frequent in NS, whereas NLPHL is invari-
ably negative for EBV22,24,25.

EBV+ cHL displays a latency type II infection, characterized by expression of EBERs, 
EBNA1, LMP1 and LMP2. The same latency type II has been found in nasopharyngeal 
carcinomas and in nasal T cell lymphomas. In contrast, latency type I is characterized by 
expression of only EBERs and EBNA1 and can be detected in Burkitt lymphoma (BL). La-
tency type III infection is characterized by expression of all latent genes (EBERs, EBNA1-
3 and LMP1 and 2) and can be seen in posttransplantation lymphoproliferative disorders 
(PTLD) and AIDS related lymphomas23,26. 

EBV has a strong transforming potential and therefore may have the ability to rescue the 
HL precursor cell from apoptosis26. It is thought that especially LMP1 and LMP2A are 
important for the pathogenesis of EBV+ cHL. LMP1 can directly activate NF-κB by re-
sembling the active CD40 receptor27,28. Constitutively activated NF-κB has been shown 
to be a consistent finding in cHL29 and is essential for proliferation and survival of HRS 
cells30. LMP2A can mimic the BcR and provides the B cell with the necessary pro-survival 
signals31. This is supported by analysis of LMP2A transgenic mice, that show survival of 
B cells without BcR expression32. In addition, microarray analysis of B cell populations of 
these mice showed that LMP2A induced alterations in gene transcription similar to those 
observed in HRS cells33. More recently, it was shown that EBV can indeed rescue human 
BcR deficient GC B cells from apoptosis providing further evidence that EBV is able to res-
cue the presumed precursor of cHL34-36. A large proportion of cHL and all NLPHL cases 
are EBV negative and the transforming event in these cases is unknown. An EBV “hit and 
run” scenario37 or the involvement of other viruses have been suggested to be involved in 
the pathogenesis of EBV negative cases25,38. However, so far there is no convincing evi-
dence for any of these hypotheses39,40. The primary transforming events in EBV- cHL and 
NLPHL remain therefore unknown.

1.2 Genome analysis 

Genetic studies have been used in the past to search for specific deletions, amplifica-
tions or translocations that might characterize specific tumor subtypes. This has led 

to the identification of several tumor suppressor genes and oncogenes that play an impor-
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 1 tant role in specific malignancies. Lymphomas and leukemias are frequently characterized 
by a specific translocation, e.g. t(8;14) in BL or t(9;22) in chronic myeloid leukemia (CML). 
The genome of HRS and L&H cells has been studied for many years in search for recur-
rent genetic aberrations involved in the pathogenesis of HL. Until the development of la-
ser microdissection and sensitive PCR based methods, the scarcity of the tumor cells has 
precluded a thorough genetic analysis of HRS and L&H cells. 

Classical cytogenetics
Chromosome analysis by classical cytogenetics was not only hampered by the scarcity of 
the tumor cells but also by their low mitotic index. Therefore, only a limited number of 
cases have been reported. All studies indicated a high degree of chromosomal instabili-
ty, predominance of hyperdiploid complex karyotypes and a non-random distribution of 
chromosomal breakpoints41-45. Frequently detected chromosomal breakpoints included 
7q22, 7q32, 11q23, 12q24, 13p11 and 14q3242. Nonetheless, none of these breakpoints 
has lead to the identification of a characteristic translocation in cHL46-48. This could im-
ply that there is no characteristic translocation in cHL, that a characteristic translocation 
has so far not been detected due to the high complexity of the karyotypes or that the ge-
nomic aberration is too small to be detected by classical cytogenetics. In 30-40% of NL-
PHL cases a translocation involving the BCL-6 gene has been observed49-53. BCL-6 protein 
was expressed in up to 100% of NLPHL cases, also in cases without a translocation21,54. 
This indicates that there may be alternative mechanisms that result in the high expression 
of BCL-6.  The only established NLPHL cell line DEV also shows a BCL-6 translocation 
and expression of BCL-6 protein55.

Comparative genomic hybridization
The development of the comparative genomic hybridization (CGH) technique56 enabled 
the genome wide screening of copy number changes in single or pooled HRS or L&H cells. 
Joos et al. showed that in cHL chromosomal gains most frequently involved 2p, 9p, 12q, 
16p, 17p, 17q and 20q while loss primarily affected 13q57. c-REL, JAK2 and MDM2 were 
mentioned as the putative target genes at 2p, 9p and 12q57-61. Gains on 2p including the 
c-REL gene were observed in up to 55% of cHL cases with a predominant presence in the 
NS subtype. Interestingly, gain of 2p correlated with a nuclear localization of c-REL pro-
tein62, suggesting that c-REL amplification contributes to constitutive activation of NF-κB 
in cHL29. CGH analysis of 20 cHL cases revealed largely similar results to those by Joos 
et al.57,63. Though gain of 2p was detected in only 40% of cases, gain of 17q was more fre-
quent (70%) in this study. In contrast to these studies, a CGH study using 9 cHL cases 
by Ohshima et al. revealed a different spectrum of aberrations, i.e. gain on 1p13 and 7q35-
q36 and loss off 16q11-q2164.
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 1The chromosomal aberrations described in cHL are different from those observed in most 
other lymphomas. However, cHL share several aberrations with primary mediastinal B cell 
lymphoma (PMBL), including gains of 2p, 9p, 12q and loss of 13q65-67. This is of particular 
interest since cHL and PMBL have been shown to share more characteristics including lack 
of Ig expression, low levels of BcR signalling molecules, activated NF-κB, secretion of mol-
ecules like the chemokine CCL17 and the prominent expression of IL-13 receptors68,69.

NLPHL is characterized by an almost completely different set of chromosomal abnormali-
ties, i.e. gain of 1, 2q, 3, 4q, 5q, 6, 8q, 11q, 12q, and X, and loss of chromosome 17 in 37% 
to 68% of the cases49. Gain of 12q is the only frequent aberration detected in both NLPHL 
and cHL. Analysis of the NLPHL cell line DEV using array-based CGH revealed 8 regions 
with copy number changes, including a ~3Mb homozygous deletion at 17q2455. 

Loss of heterozygosity
In a search for inactivated tumor suppressor genes in HL, loss of heterozygosity (LOH) 
studies were performed on 7 cases of cHL70. Several markers mapping at loci that were re-
ported to be deleted in HL (1q42, 4q26, 9p23 and 11q23) were analyzed and confirmed 
the frequent loss of these regions in microdissected HRS cells. A study using 56 markers 
on cHL cell line L1236 revealed LOH on 6p12-21, 9q13-21 and 17p13, including p5371. 
Though LOH at the p53 locus was reported, one allele was fully intact consistent with the 
view that TP53 is usually not inactivated in HL60,72,73. Allelic loss at 6q was demonstrated 
in 78% of cHL cases74. A more detailed analysis using 13 markers on 6q led to the iden-
tification of a 3.3 Mb region on 6q25 that was deleted in 11/14 cHL cases. This region 
showed overlap with one of two reported minimal deleted regions in NHL74-76. Though 
several potential tumor suppressor genes within this region were investigated, none has yet 
been shown to be critically involved in the malignant transformation of HRS cells or other 
malignancies74,77-79. Oshima et al. used LOH to study their previously detected deletion of 
chromosome 16q in more detail. Using 7 markers, up to 90% of cHL cases showed LOH 
around 16q21-23, including the E-cadherin gene. Immunohistochemistry for E-cadherin 
showed that this transmembrane protein was rarely expressed by the HRS cells. Since ex-
pression of this gene seems to be restricted to epithelial cells and is not observed in lym-
phoid cells80,81, the absence of E-cadherin expression in HRS cells82 appears to be unrelated 
to the high percentage of LOH. A recent study focussed on the ATM locus at 11q22-2383, 
a region that has been implicated in HL pathogenesis70,84. Only 2/15 cHL cases showed 
LOH of the ATM locus, implying that loss of ATM may not play an important role in the 
pathogenesis of the majority of cHL cases83.

General introduction

15



C
h

a
p

te
r

 1 Mutation analysis
Several individual genes were analyzed for mutations based on their function in apoptosis 
(TP5360,72,73, FAS85,86, CASP8, CASP10 and FADD87) or oncogenesis (BCL-2, N-ras88). 
Most analyzed genes showed a very low frequency or absence of mutations. Somatic muta-
tions in members of the IκB family, the natural inhibitors of NF-κB, were detected in up 
to 30% of cases89-95. Besides c-REL amplifications, LMP1 expression, CD30 and CD40 
signalling, mutations in IκB members may be another factor contributing to the consistent 
finding of constitutive NF-κB activation in cHL29,30. 

1.3 Gene expression studies in HL

Only limited data is available on the global gene expression profiles of HRS and L&H 
cells. The main reason for this is that these kinds of studies require substantial 

amounts of good quality RNA from pure tumor cell populations which is not easily ob-
tained in the case of HL. Therefore most gene expression studies have been performed on 
cHL derived cell lines96-104 or on whole tissue of cHL cases105-107. Only two studies used 
isolated HRS and/or L&H cells for gene expression profiling (Table 1)108,109. 

Table 1. Overview of HL gene expression studies. 
Tissue/cell line Technique Study

Cell lines L428 SAGE 96
L428 & KM-H2 Microarray 97
L428 SAGE 98
L428, HDLM-2, L1236 & KM-H2 Microarray 99
L428, HDLM-2, L1236 & KM-H2 Microarray & SAGE 100
L1236 SAGE 101
DEV SAGE 102
L428, L1236, KM-H2 & L591 Microarray 103
KM-H2 Microarray 104

Whole tissue cHL (16 MC, 5 NS) Microarray 105
cHL (2 NS) SSH 106
cHL (6 MC, 23 NS) Microarray 107

Isolated cells HRS (1 NS), L&H (1), L428 & KM-H2 cDNA sequencing 108
HRS (9 MC, 5 NS) Microarray 109

SH, Suppression subtractive hybridization; SAGE, serial analysis of gene expression.
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 1Lack of B cell specific gene expression in cHL
In an early report on gene expression, micromanipulated HRS cells from a case of NS HL, 
a case of NLPHL and cHL cell lines L428 and KM-H2 were used to construct 4 HL cDNA 
libraries108. In total, more than 27.000 cDNA clones were sequenced from these cDNA 
libraries. The cDNA library from the isolated L&H cells showed abundant Ig expression 
supporting the B cell derivation of NLPHL. Comparison of all HL libraries with the GC 
B cell library revealed that many other B cell markers like Lyn, PU.1, CD79A, CD79B, 
RP105, CD19 and BLK were not expressed in the HL libraries but were expressed in the 
GC B cell library108. This effect could most likely be attributed by the cHL samples and 
not by the NLPHL sample. The peculiar “loss of B cell phenotype” was recognized in a 
thorough analysis of cHL cell lines using both SAGE and microarrays by Schwering and 
coworkers100. They showed that nearly all known B-lineage specific genes were downreg-
ulated at the mRNA level by comparison of the gene expression profiles of cHL cell lines 
with those of normal B cell subsets. Several other lymphoid or hematopoietic specific genes 
that are expressed in normal B cell subsets were also downregulated in cHL. This could be 
verified on the protein level for 9 B cell markers, not previously investigated in cHL100. The 
absence of B-lineage identity is now considered a hallmark of cHL17,110. Four mechanisms 
have been proposed that may explain this remarkable phenotype. (1) Downregulation of B 
cell transcription factors, including Oct-2, Bob.1 and Pu.1111-114. (2) The expression of the 
EBV gene product LMP2A in EBV+ cHL, known to induce a global downregulation of B 
cell specific transcription factors and signalling molecules33. (3)  Methylation of the pro-
moter regions of B cell specific genes resulting in gene silencing115,116. (4) Overexpression 
of the helix-loop-helix proteins ABF-1 and Id2 induces a downregulation of B cell specific 
genes and upregulation of B cell inappropriate genes in HRS cells117.

cHL specific genes
The first report on global gene expression using the SAGE technique118 revealed  an extreme-
ly high expression of chemokine CCL17 in cHL cell line L428. CCL17 was expressed in the 
HRS cells of cHL but not in NLPHL and several NHL subtypes96. The high expression of 
CCL17 was suggested to explain the characteristic Th2-type T cell infiltrate as seen in cHL. 
Microarray analysis of two cHL cell lines compared to an EBV immortalized lymphoblas-
tiod B cell line (LCL) showed that IL-13 mRNA was also highly expressed in cHL97. This 
cytokine might stimulate growth of HRS cells by an autocrine mechanism. Indeed, high 
expression of IL-13 receptor was shown in HRS cells and HRS cell growth could be in-
hibited by a soluble IL-13 decoy receptor119-121. A recent gene expression study using a cy-
tokine and chemokine specific array, did not confirm the high IL-13 expression in purified 
primary HRS cells, but did show high expression of CCR7, CCL17 and IL-11Rα109. 
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 1 Comparison of SAGE libraries of cHL cell line L1236 and GC B cells revealed 177 upregu-
lated genes in L1236 compared to GC B cells101. Several of the upregulated genes were sug-
gested to be of potential importance to the pathogenesis of cHL like the oncogenes rhoC, 
L-myc and PTP4A and the transcription factors ATF-5, ATBF1 and P21SNFT. In another 
study, 4 cHL cell lines were analyzed by microarray and compared to diffuse large B cell 
lymphoma (DLBCL), BL and LCL cell lines99. Unsupervised clustering revealed that cHL 
cell lines represented a distinct group among the various B cell lines that were analyzed. 
LCL cell lines and DLBCL cell lines with an activated B cell (ABC) like phenotype clus-
tered closely to the 4 cHL cell lines, whereas BL cell lines (regardless of EBV status) and 
the GC B cell (GCB) like DLBCL cell lines clustered on a separate branch. The presence 
of constitutive activated NF-κB in cHL, ABC DLBCL and LCL may explain the similari-
ties in these expression patterns29,122,123. 27 genes were highly expressed in cHL, includ-
ing previously identified genes like CCL17, FSCN1, TIMP1 and RANK. Among the nov-
el genes were 4 transcription factors: GATA-3, ABF1, EAR3 and Nrf399. SAGE analysis 
of NLPHL cell line DEV revealed high expression of BIC102. This gene appeared to be 
noncoding and was later shown to host microRNA-155124. RNA in situ hybridization re-
vealed high expression of BIC in the tumor cells of HL, regardless of subtype102. A recent 
report on microarray based expression profiling described a high expression of activating 
transcription factor 3 (ATF3) in 4 cHL cell lines and absence or low levels of expression 
in several NHL cell lines103. Knock-down of ATF3 in cHL cell lines suppressed prolifera-
tion and strongly reduced cell viability, indicating that ATF3 contributes to the malignant 
growth of HRS cells103.       

1.4 The scope of this thesis

Several studies have tried to define the transforming events that are critical to HL patho-
genesis. Much has been learned, but it is still unclear which processes exactly underlie 

the malignant transformation of the precursor GC B cell. Our first approach was to use 
serial analysis of gene expression (SAGE) to obtain a global overview of the genes that are 
deregulated in HL compared to GC B cells. Our second approach was to study the expres-
sion and processing of the previously identified primary microRNA (miRNA) gene BIC in 
normal and malignant lymphoid tissues. 

In chapter two SAGE was used to reveal the global gene expression profile of HL. Profiles 
of several cHL cell lines and one NLPHL cell line were compared with the profile of GC 
B cells to identify deregulated genes in cHL and NLPHL. In addition, we performed ar-
ray-based CGH (aCGH) on HL cell lines to identify global changes in DNA copy number. 
The results of SAGE and aCGH were combined to identify genes that were deregulated by 
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 1copy number alterations. 

HRS cells are known to be of B cell origin, but hardly express B cell lineage genes. Moreover, 
they do express several markers characteristic of other lineages, especially several dendritic 
cell (DC) markers. In chapter three we examined more closely the relation between HRS 
cells and DC. Therefore, we generated a DC SAGE library and selected highly expressed 
genes for analysis in HL, DC, GC B cells and NHL.

One of the genes identified by SAGE as being highly expressed in HL was BIC, a prima-
ry miRNA that can be processed to miR-155. In chapter five the expression of BIC and 
miR-155 was studied in normal lymphoid, HL and NHL tissues. The two NHL subtypes 
PMBL and DLBCL were included based on the large overlap in gene expression profiles 
with that of cHL.

In chapter six the levels of BIC and miR-155 were studied in BL. Cases of posttransplan-
tation lymphoproliferative disorder were used to evaluate the relation of BIC and miR-155 
expression with EBV infection. BIC is expressed by a small subset of germinal center B 
cells and marginal zone B cells in normal lymphoid tissues. Expression of BIC can be in-
duced in vitro via B cell receptor triggering. A detailed analysis of the molecular pathway 
that regulates the expression of BIC and miR-155 in B cells is presented in chapter seven. 
In the final chapter, chapter eight, an overview is presented on the role of miRNA in the 
normal hematopoiesis and hematopoietic malignancies.
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Abstract

Hodgkin lymphoma (HL) tumor cells are derived from germinal center (GC) B cells. 
The molecular mechanisms that cause the transformation of GC B cells are still poorly 

understood. To identify candidate genes responsible for malignant transformation, we per-
formed serial analysis of gene expression (SAGE). In addition, global changes in DNA copy 
number (CN) were identified by array-based comparative genomic hybridization (aCGH) 
to analyze a possible association with up- or downregulated expression levels. Aberrantly ex-
pressed genes were identified by comparison of SAGE libraries of 2 classical HL (cHL) and 
1 nodular lymphocyte predominant HL (NLPHL) cell line with a GC B cell SAGE library. 
Comparisons between all three HL or the two cHL cell lines and GC B cells revealed that 
only 7 and 14 genes, respectively, were commonly overexpressed. In contrast, 125 and 141 
genes were consistently downregulated in HL and cHL, respectively. Array-CGH revealed 
increased CN of chromosomal regions on 2p, 7p, 9p, 11q and Xq in at least 3/4 cHL cell 
lines and decreased CN of regions on 4q and 11q in 2 cHL cell lines. Combination of gene 
expression data and aCGH profiles per cell line revealed that 7-18% of the differentially 
expressed genes mapped to regions with an abnormal CN. These genes showed a good cor-
relation between underexpression and loss of DNA or overexpression and gain of DNA. 
Despite the fact that we only observed 14 commonly upregulated genes in cHL, FSCN1 
on 7p and IRAK1 on Xq both mapped at genomic loci that frequently showed CN gain in 
cHL. Our results confirm the previously reported “loss of B cell phenotype” in cHL and 
show that this phenotype may be shared to some extend with NLPHL. The identification 
of FSCN1 and IRAK1 as genes that are frequently overexpressed perhaps due to increased 
CN provides evidence for an important role for these genes in cHL pathogenesis. 
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Introduction

Hodgkin lymphoma (HL) is an unusual malignancy based on the presence of only a 
minority of tumor cells scattered among a large reactive background. Two main HL 

subtypes are recognized, one is classical HL (cHL) with malignant cells known as mono-
nucleated Hodgkin- and multinucleated Reed-Sternberg (HRS) cells. The other is nodular 
lymphocyte predominant (NLP) HL with tumor cells called lymphocytic and histiocytic 
(L&H) cells. Due to the scarcity of tumor cells in HL the origin of the tumor cells has 
been uncertain for a long time. The combination of sensitive PCR techniques and single 
cell microdissection has revealed that both HRS and L&H cells have clonal immunoglob-
ulin (Ig) gene rearrangements and are therefore considered to be derived from germinal 
center B cells13. L&H cells are characterized by ongoing mutations and functional Ig ex-
pression, whereas HRS cells lack an active hypermutation process and display crippling Ig 
mutations in ~25% of cases11-14. 

Several genetic approaches like classical cytogenetics, loss of heterozygosity (LOH) and 
comparative genomic hybridization (CGH) have been used in the past to gain insights into 
HL biology125. Cytogenetic studies have revealed a high number of chromosomal break-
points in advanced clinical stages of HL. The most frequent breakpoints mapped at 7q22, 
7q32, 11q32, 13p11 and 14q3242. CGH on microdissected HRS cells revealed recurrent 
gains of 2p, 9p, 12q and 17q and losses on 13q, 6q, 11q and 4q in cHL. The most com-
monly amplified regions were 2p and 9p including, respectively, the NF-κB family mem-
ber c-REL and the tyrosine kinase JAK2 57-59,61-63. In NLPHL, gain was observed for chro-
mosome arms 1q, 3p, 4q, 5q, 6q, 8q, 12q, and Xq and loss for chromosome 17 49. All the 
studies described above show that HL is characterized by many and often complex chro-
mosomal aberrations. However, no consistent aberration that underlies the process of ma-
lignant transformation has been identified yet. 

Only limited data is available on gene expression profiles of HRS and L&H cells. The 
main reason for this is that such studies are hampered by the rarity of the HRS and L&H 
cells in the tissue. To overcome this technical problem, HL cell lines97,99 or whole HL tis-
sues105 were used for gene expression profiling. The only study using primary material was 
from Cossman and colleagues who performed cDNA sequencing on micromanipulated 
HRS cells108. This approach precluded the generation of a global/large scale overview of 
the HRS transcriptome. A more comprehensive study, using serial analysis of gene expres-
sion (SAGE) and micro-array approaches to compare cHL cell lines with several normal B 
cell populations, revealed loss of B-lineage specific gene expression in HRS cells of cHL99-

101. So far no large scale gene expression study has been performed in NLPHL or the only 
available NLPHL derived cell line DEV 55. Overall, our knowledge on global gene expres-
sion in NLPHL is still very limited.
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Due to these limited gene expression studies and lack of detection of consistent aberrations 
in genomic studies, HL is still poorly understood at the molecular level. In an effort to gain 
more insight into the pathogenesis of HL we combined data on global gene expression with 
results from chromosome copy number (CN) analysis. Besides a global correlation between 
CN changes and differentially expressed genes, two specific genes with a common increase 
in CN and expression level in cHL were identified.

Material & Methods

Cell lines 
The HL cell lines L428, L1236, DEV, L591 and KM-H2 were cultured in RPMI-1640 
medium (Cambrex Biosciences, Walkersville, MD) supplemented with ultraglutamine 
1 (Cambrex Biosciences), 100 U/ml penicillin/streptomycin, 10% fetal calf serum (FCS) 
(Cambrex Biosciences) at 37ºC in an atmosphere containing 5% CO2. The final FCS con-
centration for DEV was 20% and for L428 5%. 

Microarray-based Comparative Genomic Hybridization (aCGH)
The design and construction of the BAC-microarray used in this study is described in detail 
elsewhere55. For the positioning of the 6465 BACs relative to the human sequence we have 
used the May 2004 human reference sequence (UCSC version hg16) that is based on NCBI 
Build 35. Genomic DNA (250 ng), isolated with a standard salt-chloroform extraction 
protocol, was labeled with either Cy3- or Cy5-dUTP (Perkin Elmer, Langen, Germany) 
using the BioPrime DNA Labeling System (Invitrogen Inc., Carlsbad, CA) as described55. 
Samples were inversely sexmatched with the reference DNA to have an internal control 
for gain or loss at the sex chromosomes. Slides were processed according to the protocol of 
the manufacturer and as described126. Briefly, the hybridizations were carried out under a 
coverslip, in a humidified chamber at 65°C for 40 hours. Post hybridization washes were 
done as recommended by the manufacturer of the slides (Schott Nexterion). Arrays were 
scanned using the Affymetrix 428 scanner (Affymetrix Inc., Carlsbad, CA). The resulting 
images were analyzed with ImaGene software package 5.0 (BioDiscovery Inc., Marina Del 
Rey, CA). Data were further processed with in-home designed data-analyses software126. 
Briefly, spots are eliminated if the absolute reference signal is less than two times the average 
signal of a set of control spots consisting of Drosophila DNA. Raw sample/reference ratios 
are calculated for all spots without any background correction. Normalization is carried 
out for each subarray separately, assuming that the median ratio of all spots will be “1”. As 
a second threshold a spot is eliminated if it differs more than 20% from the median ratio 
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of all replicate spots that contain the same BAC. As a third threshold, all BACs are elimi-
nated for which there is only one data point (spot) left. Finally, the average ratio is calcu-
lated for the remaining replicates of each BAC. All BACs whose mean ratio deviates more 
than 20% from the normal ratio were selected as possibly aberrant. However, high or low 
copy signals were only interpreted as possible gain or loss of DNA if at least two consecu-
tive BACs on the array showed the same deviation from the normal ratio.

Centroblast isolation for qRT-PCR
Cell suspensions were prepared from tonsils taken from patients during routine tonsil-
lectomy. Centroblasts (CB) were isolated using a double staining with CD20-PE (clone 
B-Ly1, DAKO) and CD77-FITC (clone 5B5, BD Pharmingen) by fluorescence activated 
cell sorting (MoFlo Cytomation, Fort Collins, Colorado, USA). CB1 consisted of a pool 
of centroblasts isolated from frozen tonsil cell suspensions of three patients and CB2 was 
a pool of centroblasts isolated from fresh tonsil cell suspensions of two patients. By re-
analysis, each sample showed a purity of more than 90%. All protocols for obtaining and 
studying human tissues and cells were approved by the institution’s review board for hu-
man subject research.

RNA isolation 
Total RNA from CB and HL cell lines was extracted using Absolutely RNA Miniprep Kit 
(Stratagene, La Jolla, CA) or Trizol (Invitrogen, Carlsbad, CA) according to the manufac-
turer’s protocol. All RNA samples were DNase treated followed by a multiplex PCR with 
primer sets specific for genomic DNA to monitor the efficiency of the DNAse procedure. 
The integrity of the isolated RNA was routinely checked on a 1% agarose gel and only good 
quality RNA samples were used for subsequent analysis.

Generation of SAGE libraries
SAGE libraries for L428 and DEV were generated using the I-SAGE kit (Invitrogen, Carls-
bad, CA) according to the manufacturers protocol. The L1236 and CB SAGE libraries were 
generated previously100,101. The computer program (SAGE2000 version 4.12) used for the 
analysis of gene specific tags was kindly provided by Dr KW Kinzler (John Hopkins On-
cology Center, Baltimore, Maryland, USA) (see also http://www.sagenet.org). Linker tags 
and duplicate dimers were excluded and the tag numbers were normalized to 20000. The 
SAGE tags were linked to the CGAP127 best gene for a tag map (http://cgap.nci.nih.gov/
SAGE) to identify the corresponding genes. Further analysis and comparisons were per-
formed in Microsoft access and excel. Comparisons were focused on identification of (1) 
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HL specific up- and downregulated genes, (2) cHL specific up- and downregulated genes 
and (3) genes differentially expressed between cHL and NLPHL. Tags with >4 fold in-
crease or decrease and a tag count of more than 4 in at least one of the libraries were con-
sidered to be differentially expressed. The fold change in expression was determined by di-
viding the (average) number of tags of one or more profiles through the (average) number 
of tags of other profiles. The Reference Sequence (RefSeq) code of every gene was used to 
define its genomic position in the aCGH profiles. SAGE tags that could not be assigned to 
a gene or Unigene cluster to map it on the genome were not included in this analysis. For 
L428, L1236 and DEV, 25, 13 and 34 genes, respectively, could not be accurately mapped 
to the genome. 

Quantitative RT-PCR
TaqMan® Low-density arrays (Applied Biosystems, Foster City, CA) loaded with TaqMan® 
Gene Expression Assays (Applied Biosystems) were used for quantitative RT-PCR analy-
sis of selected genes. Complementary DNA (cDNA) was synthesized from  500 ng of total 
cellular RNA by First Strand cDNA Synthesis System using Superscript II RT (Invitrogen, 
Carlsbad, CA) using random hexamers in a volume of 20 µl. 50 µL cDNA was mixed with 
sample-specific PCR mix (Applied Biosystems) and loaded into the Micro Fluidic Cards 
according to the manufacturers protocol (final concentration of 2 ng cDNA/well) and the 
PCR reaction was performed in the ABI Prism 7900 Sequence Detection System (Applied 
Biosystems). Assays were performed in duplicate on different arrays. RNA polymerase II was 
used as a reference gene. In each sample, average Ct values for the target genes were sub-
tracted from the average Ct value of the reference gene to yield the ΔCt value. 2-ΔCt values 
were calculated to indicate the relative amount of transcripts in each sample.

Results

Array CGH analysis
Array CGH (aCGH) analysis of cHL cell lines revealed many aberrations. L428, L1236 
and KM-H2 all showed aCGH profiles with more than 20 CN changes. The L591 profile 
showed 8 gains and 7 losses. In contrast, analysis of the NLPHL cell line DEV revealed only 
5 gains and 3 losses including a ~3-Mb homozygous deletion at 17q24.1-24.2 (Fig. 1)55. 

Comparison of aCGH profiles revealed two frequently overrepresented regions previously 
reported in cHL. Gain of 2p was observed in all 4 cHL cell lines with the smallest region 
of overlap (SRO) spanning from ~59-71 Mb relative to 2pter, and gain of the telomeric re-
gion of 9p (~0-5 Mb) in 3/4 cHL cell lines. Other regions with gain identified in 3/4 cell 
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Figure 1. Whole genome aCGH profiles of cHL cell lines L428, L1236, KM-H2, L591 and NLPHL cell line DEV. 
The cHL cell lines have many more chromosomal aberrations than the NLPHL cell line DEV. Plotted on the y axis 
are the log2 ratios for the individual BAC clones on the array and on the x axis the genomic order of the BAC clones 
from 1p-Yq. Shaded vertical boxes indicate the smallest region of overlap (SRO) with increased CN in at least 3 
cHL cell lines. Open vertical boxes indicate SROs with loss in at least two cHL cell lines. The positions and sizes of 
the SROs are shown in megabase (Mb) below the vertical boxes.  
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lines were detected on 7p (2-6 Mb), 9p (26-36 Mb), 11q (128-134 Mb) and Xq (151-155 
Mb). No consistent loss was identified in the cHL cell lines. Two regions showed loss in two 
cell lines, a ~ 7 Mb deletion on chromosome arm 4q in L591 and KM-H2 and a ~6 Mb 
deletion on chromosome arm 11q  present in L591 and L428 (Fig. 1). None of the SROs 
identified in the cHL cell lines was present in DEV. 

SAGE analysis
SAGE profiles of the cHL cell line L428 and the NLPHL cell line DEV consisted in to-
tal of 20442 tags representing 1224 unique tags and 19852 tags representing 1132 unique 
tags, respectively (Table 1). The previously reported SAGE profiles of cHL cell line L1236 
and centroblasts (CB) were included for further analysis100,101. In total almost 100,000 
tags were compared.

Identification of differentially expressed genes
To identify differentially expressed genes we used an arbitrary >4 fold increase or decrease 
in tag count. Comparison of all HL libraries with the CB library revealed only 7 consis-
tently upregulated genes (Table 2, 1A). In contrast, 125 genes were consistently downregu-
lated (Table 2, 1B). Among these were many known B cell and/or hematopoietic genes like 
CD22, CD79A & B, BOB.1, SWAP70, CD45-AP, CD37, CD72 and several HLA and Ig 
heavy and light chain genes (Table 2). 

Comparison of classical HL cell lines L428 and L1236 with CB revealed 14 genes with 
overexpression in L428 and L1236. This included FSCN1 (Fascin), CCL17 (TARC) and 
IRAK1, that are known to be overexpressed in cHL (Table 2, 2A). 141 genes were consis-
tently downregulated in both cHL cell lines compared to CB (Table 2, 2B). Several genes 
were also downregulated in the DEV cell line, but others like LRMP1, CD45, PLC-γ2, 
CD20 and CD19 were only downregulated in the cHL cell lines and demonstrated simi-
lar expression levels in CB and DEV. 

Table 1. Overview of SAGE libraries. 
Library Tissue Total tags Unique tags*
L428 NS HL 20442 1224

L1236** MC HL 30623 1249
DEV NLP HL 19852 1132
CB** normal 29787 1197
Total 97168

* unique tags with a tag count of > 1, ** Described previously101
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Between the cHL cell lines and the NLPHL cell line DEV 103 genes were differentially 
expressed. 13 were expressed at higher level in L428 and L1236 (Table 2, 3A), including 
CCL17 and IRAK1. 90 were expressed at higher level in DEV, including potential onco-
genes like PIM2, BCL2A1 and MAGE-A9 and several hematopoietic or B cell markers 
like LRMP1, CD48, CD45 and PLC-γ2 (Table 2, 3B).

 

qRT-PCR validation of selected genes in HL cell line panel and CB
Based on the different comparisons (1A/B, 2A/B and 3A/B), we selected 45 genes for veri-
fication by qRT-PCR on 5 HL cell lines and two pools of CB (Table 2 and Table 3). cHL 
cell lines KM-H2 and L591 were included in this analysis to determine whether the de-
regulated expression was a more general feature in HL. 

For the CB > HL (comparison 1B) comparison, 20/21 genes could be validated (Fig. 2A). 
Consistent results were observed for all genes in KM-H2 and for 14 genes in L591. Several 
B cell genes present in 1B, e.g. CD79B, CD45AP, CD79A, BOB.1 and SWAP70, demon-
strated a reduced expression in DEV in comparison to CB, but the levels are higher as those 
observed in most cHL cell lines. For 11 genes, including most of the HLA genes, DEV dis-
plays expression levels similar to cHL which were lower than the levels in CB. 

SAGE results could be validated for FSCN1, CCL17, IRAK1, GNG5 and LGALS1 iden-
tified as upregulated in cHL compared to CB (comparison 2A, Fig. 2B). Results were con-
sistent for 4/5 genes in KM-H2 and all in L591. Though CCL17 levels appear to be much 
lower in KM-H2 and L591, they are still, respectively, a ~100-fold and a ~10-fold higher 
expressed than in CB. Seven out of 8 genes downregulated in cHL and not in DEV as 
compared to CB, indeed showed reduced expression in L428, L1236 and KM-H2 (com-
parison 2B, Fig.2C). For L591 results were consistent for 5 genes. DEV demonstrated for 
most genes expression levels that were higher than the levels in cHL and lower than the 
levels in CB. 

Table 2. Overview of the SAGE library comparisons, the number of differentially expressed genes, the number 
of genes selected for validation and the results of the validation study.

Comparison Genes differentially expressed Selected for validation Validated
1 A HL > CB 7 0

B CB > HL 125 21 20 (95%)
2 A cHL > CB 14 5 5 (100%)

B CB > cHL 141 29* 27 (93%)
3 A cHL > DEV 13 4** 4 (100%)

B DEV > cHL 90 17*** 5 (29%)

* 21 genes of comparison 1B plus 8 additional genes, ** genes were also identified and selected in comparison 2A 
and *** 6/17 genes were also selected for comparison 2B.
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Table 3. List of the genes selected from different comparisons for qRT-PCR analysis.
Comparison Fold Tag Sequence L428 L1236 DEV CB UniGene Symbol Location Also in

1A HL>CB

1B CB>HL 40 GGGCATCTCT* 3 1 0 53 Hs.520048 HLA-DRA 6p21.3 2B

29 GACCCAACTG 0 0 0 29 Hs.89575 CD79B 17q23 2B

26 TGTACCCCGC 0 0 0 26 Hs.155975 CD45AP 11q13.3 2B

23 GGGGCAACAG 0 0 0 23 Hs.276770 CDW52 1p36 2B

16 TCTCTCAAAG 0 0 0 16 Hs.443057 CD53 1p13 2B

13 TATGAGGACA 0 0 0 13 Hs.79630 CD79A 19q13.2 2B

12 ACGCTCTCGA 0 0 0 12 Hs.166556 CD37 19p13-q13.4 2B

13 GACTTTTCTG* 0 1 0 13 Hs.2407 BOB.1 11q23.1 2B

10 CACACCTCCC 0 0 0 10 Hs.262150 CD22 19q13.1 2B

10 TGGACCTTGA* 0 0 1 10 Hs.153026 SWAP70 11p15 2B

9 AGGACACCGC 0 0 1 9 Hs.77793 CSK 15q23-q25 2B

9 ATCCTGAGTT 2 1 0 9 Hs.409934 HLA-DQB1 6p21.3 2B

9 GTTCACATTA* 27 16 21 196 Hs.436568 CD74 5q32 2B

8 TTCCCTTCTT 0 0 0 8 Hs.485130 HLA-DPB1 6p21.3 2B

8 TGAAAACTAC 0 1 0 8 Hs.347270 HLA-DPA1 6p21.3 2B

6 CTGACAGTGA 0 1 0 6 Hs.351279 HLA-DMA 6p21.3 2B

5 TGGAAGAGTG 0 0 0 5 Hs.87205 LY64 5q12 2B

5 CCTCTCCAAC 0 0 0 5 Hs.1162 HLA-DMB 6p21.3 2B

5 ATCTCCAAAG 0 0 0 5 Hs.1802 HLA-DOB 6p21.3 2B

5 GTAGAATGGG 0 0 0 5 Hs.116481 CD72 9p13.3 2B

4 CTTGTGTTAT** 0 0 0 4 Hs.478588 BCL6 3q27 2B

2A cHL>CB 70 ATAGTAGCTT* 129 10 3 0 Hs.118400 FSCN1 7p22

34 GGCACAAAGG 60 8 0 0 Hs.546294 CCL17 16q13 3A

9 CCCCCGTGAA 8 9 0 0 Hs.522819 IRAK1 Xq28 3A

8 AATTTCTATT** 12 4 0 0 Hs.546257 GNG5 1p22 3A

6 GCCCCCAATA** 3 9 0 0 Hs.445351 LGALS1 22q13.1 3A

2B CB>cHL 21 AAACCAGAGG 1 1 12 21 Hs.124922 LRMP1 12p12 3B

14 AAGGATGTAG* 0 0 5 14 Hs.460336 GGA2 16p12 3B

12 TTAAATCCCA 0 1 11 12 Hs.192039 CD45 1q31-q32 3B

9 GACATACTTA* 0 0 2 9 Hs.438040 CD20 11q12

7 TTCCAAACCT 0 0 8 7 Hs.413111 PLCG2 16q24.1 3B

5 CACCACGGTG 0 0 5 5 Hs.125867 EVL 14q32.2 3B

5 CCAGTGACAC 0 0 3 5 Hs.96023 CD19 16p11.2

4 ATCAAGAATC** 0 0 8 4 Hs.14623 IFI30 19p13.1 3B

3A cHL>DEV
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The SAGE data for CCL17, IRAK1, GNG5 and LGALS1, selected as elevated in cHL in 
comparison with DEV, could all be validated (comparison 3A, Fig. 2B). KM-H2 showed 
elevated expression compared to DEV for 3/4 genes and L591 for all. Finally, only 5 of the 
17 genes selected as upregulated in DEV compared to L428 and L1236 could be validated 
(comparison 3B, Fig. 2D). Consistent results were obtained for all genes in KM-H2 and 
for only 1 gene in L591. 

Global correlation between gene expression and DNA Copy Number
A genome wide comparison of DNA CN changes with differentially expressed genes re-
vealed that in total, 18% of the differentially expressed genes of L428 and L1236 map to 
regions with gain or loss of CN. In DEV, only 7% of the differentially expressed genes map 
to regions with abnormal CN. A high percentage of the genes that mapped to genomic re-
gions with loss showed decreased mRNA levels. This percentage declines in regions with 
gain (Fig. 3). On the other hand, the percentage of genes with increased mRNA levels that 
mapped to regions with loss is lower than the percentage in regions with gain. This trend is 
most pronounced in the L428 cell line, where the percentage of overexpressed genes map-
ping in regions with loss increases from 27% to 73% in regions with gain. 

Chromosomal aberrations and gene expression
Of the 14 commonly overexpressed genes in L428 and L1236, FSCN1, and IRAK1 map 
within amplified regions identified in 3/4 cHL cell lines (Fig. 1). FSCN1 and IRAK1 are 
located on the telomeric ends of 7p and Xq, respectively, and show an increased expression 

3B DEV> cHL 24 TCCTTGCTAC* 2 4 71 0 Hs.75256 RGS1 1q31

16 TGTGGAAACC 0 8 63 3 Hs.496096 PIM2 Xp11.23

14 TAATGAATAA 3 0 21 2 Hs.227817 BCL2A1 15q24.3

13 TTCACTGTGA* 3 0 19 0 Hs.531081 LGALS3 14q21-q22

11 ACCAAATTAA 0 0 11 0 Hs.521456 TNFRSF10B 8p22-p21

11 TTTACACAGT 1 0 11 0 Hs.130031 TRIO 5p15.1-p14

10 CTTTTTTCCC 0 0 10 0 Hs.243564 CD48 1q21.3-q22

10 ATTTTTGTAT 0 0 10 0 Hs.467020 BBC3 19q13.3-q13.4

9 TAAGAGAAAT 0 0 9 0 Hs.512582 MAGEA9 Xq28

9 CAAATGCTGT 1 0 9 0 Hs.470943 STAT1 2q32.2

8 AATGAAAATA 0 0 8 1 Hs.36958 BCAR3 1p22.1

* gene is represented by two different tags, the most frequently observed tag is shown
** fold differences in tag counts of these genes were ≤ 4 fold

Table 3 continued
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in cHL cell lines compared to CB and DEV (Fig. 2B). 

Chromosomal region 2p is frequently amplified in cHL and includes the c-REL gene at 
2p13 (position 61 Mb) as the proposed target gene. All 4 cHL cell lines have complete or 

Figure 2. qRT-PCR validation of SAGE results. A) Analysis of downregulated genes in all HL cell lines compared to 
CB (comparison 1B). B) Analysis of genes upregulated in cHL compared to CB (comparison 2A) or DEV (compari-
son 3A). C) Analysis of genes downregulated in cHL compared to CB (comparison 2B). All genes from comparison 
1B are also valid for this comparison. D) Analysis of downregulated genes in cHL compared to DEV (comparison 
3B). LRMP1, CD45, PLCG2, IFI30, EVL and GGA2 from comparison 2B are also valid for this comparison.

Global correlation of genome and transcriptome changes in classical Hodgkin lymphoma

33

C
h

a
p

te
r

 2



partial gains of chromosome arm 2p with an SRO from ~59-71 Mb (Fig. 4A). However, 
in none of the SAGE libraries, tags (or alternative tags) corresponding to c-REL could be 
identified. Analysis of c-REL mRNA levels by qRT-PCR revealed an on average 2-fold re-
duced transcript level in cHL cell lines compared to CB (Fig 4A). None of the genes over-
expressed in L428 and L1236 as compared to CB map within the 2p-SRO.

The SRO at 9p includes the JAK2 gene at 9p24 (Fig. 4B). Again, no tag(s) representing 
JAK2 were identified in the cHL SAGE libraries. qRT-PCR analysis revealed that JAK2 
mRNA levels in 3/4 cHL cell lines were comparable to CB. L1236 showed a ~10-fold high-
er JAK2 expression (Fig.4B). No other commonly overexpressed gene mapped within the 
SRO on 9p.  

Many of the downregulated genes shared between L428, L1236 and DEV mapped to the 
HLA region on chromosome 6 (Fig. 4C). The decreased expression of 7 of those genes could 
be confirmed by qRT-PCR (HLA-genes in Fig. 2A, comparison 1B). All 7 genes were also 
downregulated in KM-H2 and 5/7 were downregulated in L591. None of the HL cell lines 
showed loss of the HLA region on 6p. 

The homozygous deletion in the DEV cell line at 17q24.1-24.2 contains 12 Reference Se-
quence (RefSeq) genes. As expected, no tags corresponding to any of the 12 genes were 

Figure 3. Correlation between gene expression and loss or gain of DNA. All differentially expressed genes of L428, 
L1236 and DEV compared to CB were positioned on their respective aCGH profiles to determine the CN status. 
Only a minority of the differentially expressed genes of every cell line map to a region with a copy number altera-
tion, i.e. 125/700 for L428, 52/282 for L1236 and 41/607 for DEV. The figure shows the percentage of up- or 
downregulated genes in chromosomal regions with loss or gain. The percentage of upregulated genes is higher in re-
gions with gain compared to regions with loss. Below the graph the total numbers of differentially expressed genes 
within regions with loss or gain are shown. 
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detected in the DEV library. Tags for 2/12 RefSeq genes, i.e. GNA13 and PRKCA, were 
detected in one or more of the other SAGE libraries. qRT-PCR analysis confirmed the ab-
sence of GNA13 and PRKCA transcripts in DEV and their presence in cHL cell lines and 
CB (Fig. 4D). 

Discussion

Chromosomal aberrations in HL
In the present study we used aCGH to identify and map segmental CN changes in HL 
cell lines. Besides the already known SROs with gain on 2p, 9p and 11q59,63, we detected 
two new segments of ~4 Mb with an increased CN mapping to 7p and Xq (Fig. 1). Previ-
ous studies have not recognized these small SROs, perhaps due to the limited sensitivity 
of conventional CGH128,129.  

Gene expression in HL
To validate our SAGE libraries, 45 different genes were selected for qRT-PCR validation. 
More than 90% of the selected genes could be validated for 4/5 comparisons. For un-
clear reasons, the validation frequency of the comparison between cHL and DEV was 
much lower. KM-H2 and L591 showed consistent gene expression changes for all but one 
(GNG5) and ~73% of the genes, respectively. The fact that L591 is more often an “outlier” 

Figure 4. Genomic views of the SRO on 2p and 9p, the HLA region on 6p and the homozygous deletion in DEV. 
A) Overview of the chromosome 2p SRO (shaded box, 59-71Mb). All cHL cell lines show an increased CN in this 
region (indicated by BACs above the 0.4 cut-off dashed line). The c-REL gene, mapping within this SRO does not 
show an increase in c-REL mRNA compared to CB. B) The SRO at 9p (0-5 Mb) includes the JAK2 gene and shows 
increased CN in L428, L1236 and L591. Only L1236 shows upregulation of JAK2 mRNA as determined by qRT-
PCR. C) Many genes within the HLA region (shaded box) were downregulated in HL cell lines L428, L1236 and 
DEV compared to CB (open circles at -1) while only few were upregulated (open circles at 1). No SAGE data are 
available for KM-H2 and L591. The downregulation of HLA genes does not correlate with loss of DNA. D) Ge-
nomic overview of the small homozygous deletion on chromosome 17 (~3 Mb at 17q24.1-24.2) in DEV. This de-
leted region contains 12 RefSeq genes that were all not present in the DEV SAGE library. SAGE tags representing 
the RefSeq genes GNA13 (at 60.4 Mb) and PRKCA (at 61.7- 62.2 Mb) were present in other libraries. Expression 
of GNA13 and PRKCA in cHL and CB, and lack of expression in DEV could be confirmed by qRT-PCR. Plot-
ted on the y axis are the log2 ratios of the individual BAC clones on the array (indicated as “-“) and on the x axis 
the genomic order of the BAC clones. Dashed lines indicate cut-off lines and the vertical line in every aCGH figure 
shows the position of the centromere.
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among the cHL cell lines may be due to the fact that this cell line shows a, for cHL, un-
usual EBV latency III gene expression program, i.e. expression of the transcriptional acti-
vator EBNA2 130,131. 

Comparison of the HL SAGE libraries with the CB library revealed only 7 commonly up-
regulated genes in HL. This may not be very surprising since it is known that cHL and NL-
PHL are distinct types of HL based on several clinical, immunohistochemical and genetical 
differences. More surprising was the fact that also in L428 and L1236 very few genes (14) 
were commonly overexpressed compared to CB. Lowering the threshold for differences in 
tag count does not increase this number much: placing the threshold to >3 fold difference 
in tag count in cHL compared to CB resulted in 29 commonly overexpressed genes. 

In contrast to overexpression, many genes are commonly downregulated in HL (125) and 
even more in cHL cell lines (141) compared to CB. Especially many B lineage or hemato-
poietic lineage genes were downregulated in cHL, in line with a previous report100. Sev-
eral of those genes, e.g. CD79B, CD79A, BOB.1 and CD22 were also downregulated in 
NLPHL cell line DEV. However, several other B cell expressed genes, e.g. LRMP1, CD45, 
CD20, CD19 and PCLG2 are also expressed in DEV. This suggests that the NLPHL cell 
line DEV may have an intermediate “loss of B cell phenotype” at the mRNA level. Whether 
primary L&H cells also display this phenotype, remains to be investigated. At the protein 
level at least, expression of several of these B cell genes was comparable in DEV and pri-
mary L&H cells to normal B cells8,55. 

The common loss of B cell characteristic gene expression suggests that it may have an im-
portant function in the pathogenesis of cHL. This may be achieved via downregulation or 
functional inhibition of one or more B cell associated transcription factors like E2A, EBF 
or Pax5. Recently, it was shown that in HRS cells inhibition of E2A by the known antago-
nists ID2 and/or ABF-1 results in reduced expression of several B cell specific genes117. In-
deed, ID2 and ABF-1 were shown to be highly expressed in cHL99,117. Besides deregulation 
of transcription factors, epigenetic mechanisms were also reported to be involved in the B 
lineage specific gene silencing in cHL. It was shown that the expression of many B lineage 
genes, including CD19, CD20, CD79B, SYK, PU.1, BOB.1, BCMA and LCK, could be 
reactivated by demethylation of the DNA115,132.

The common downregulation may also be caused by the overexpression of microRNA 
(miRNA). This recently discovered new class of small regulatory RNA molecules can down-
regulate the expression of several target genes by mRNA degradation and/or translational 
repression133. We and others have shown that miR-155 is strongly upregulated in HL, re-
gardless of subtype134,135. Studies defining the targets of miR-155 and possible other high-
ly expressed miRNA in HL will help determining their role in the global downregulation 
of B cell genes. 
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Association between copy number changes and gene expression
Mapping of differentially expressed genes to aCGH profiles of the HL cell lines revealed 
that most genes map to regions without gain or loss. This implies that the differential ex-
pression of most genes is not directly caused by CN changes. However, a clear trend was 
observed for the percentage of up- or downregulated genes in relation to the CN. The per-
centage of upregulated genes is much higher in regions with gain than in regions with loss 
and vice versa (Fig. 3). 

Two genes upregulated in L428 and L1236 mapped within a SRO, FSCN1 on chromosome 
arm 7p and IRAK1 (interleukin-1 receptor-associated kinase 1) on chromosome arm Xq. 
High expression of FSCN1 protein in cHL and not NLPHL was reported previously136. 
FSCN1 is known to be involved in actin cytoskeletal organization and cell migration137. 
More recently it was shown that FSCN1 downregulation in carcinoma suppresses cell pro-
liferation and invasion138. The increased CN in the majority of cHL cell lines, the elevated 
expression at the mRNA and protein level and the potential functional role of FSCN1 to-
gether suggest an important role for FSCN1 in the pathogenesis of cHL. 

The high IRAK1 mRNA levels in cHL in comparison to CB correlated with a common CN 
increase in cHL. A high IRAK1 mRNA expression level was demonstrated previously in 
cHL, but its expression was not studied in NLPHL101. Unfortunately, detection of IRAK1 
protein by immunohistochemistry was not possible since none of the available anti-IRAK1 
antibodies showed (reliable) staining. IL1 bound to type 1 IL1 receptor (IL1R) induces re-
cruitment of IRAK1 to the receptor complex, leading to IRAK1 phosphorylation. Upon 
phosphorylation, IRAK1 dissociates from the receptor complex and interacts with down-
stream molecules ultimately leading to NF-κB activation139. Expression of IL1 has been 
shown in HRS cells140 and elevated expression of IL1R was also shown in HRS cells com-
pared to germinal center B cells109. Constitutively activated NF-κB is a hallmark of HRS 
cells29 that can be induced by diverse mechanisms62,89,91,92,141,142. Autocrine or paracrine 
signalling via IL1 - IRAK1 may provide an additional mechanism leading to constitutive 
activity of NF-κB in HRS cells. 

The previously reported c-REL and JAK2 genes as targets of the SROs on 2p and 9p59 were 
also studied by qRT-PCR (Fig. 4A and B). Surprisingly, c-REL and JAK2 mRNA levels 
were not elevated in the majority of cHL cell lines compared to CB. These results raise the 
question whether c-REL and JAK2 are the real targets of the SROs on 2p and 9p.    

A striking downregulation of genes mapping within the HLA region was detected in all HL 
cell lines. This downregulation did not correlate with a loss of genomic DNA (Fig. 4C). It 
is known that HLA class I protein is usually not expressed by HRS cells143. Although this 
was previously not appreciated143,144, a recent study by Diepstra et al. showed absence of 
membranous HLA class II expression in almost 40% of the cHL cases145. 
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A small homozygous deletion of ~3-Mb at 17q24.1-24.2 was detected in the DEV cell line55 
(Fig. 4D). In a series of 19 NLPHL cases 6 showed loss of whole chromosome 17 and 1 
showed loss of 17p49. In contrast to NLPHL, cHL is recognized by frequent gain of 17q 
instead of loss63. The homozygous deletion in DEV contains 12 RefSeq genes. Several of 
those genes have potential interesting functions like protein kinase C alpha (PRKCA), a 
gene with well known signal transduction capacity, and the tumor suppressor genes AXIN2 
and HELZ146,147. So far, the relevance of the loss of expression of any of the genes within 
the homozygous deletion in relation to the pathogenesis of NLPHL is unknown.

In summary, we have confirmed the “loss of B cell phenotype” in cHL cell lines and show a 
more intermediate phenotype in the NLPHL cell line DEV. Comparison of gene expression 
profiling results with CN alterations revealed a good correlation for L428 and L1236. Two 
consistently overexpressed genes mapped to two common SROs in cHL, FSCN1 on 7p and 
IRAK1 on Xq. The fact that IRAK1 and FSCN1 are commonly amplified and overexpressed 
in cHL suggests an important role for these two genes in the pathogenesis of cHL. 
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Abstract

Though Hodgkin and Reed-Sternberg (HRS) cells are of B cell origin, they are known 
to display a loss of B cell phenotype. However, several markers more commonly ex-

pressed by other cell types like myeloid cells, T cells and dendritic cells (DC) are expressed 
by HRS cells. Especially several DC associated markers like FSCN1, CD83, CCL17 and 
CCL22 have been described to be expressed by HRS cells. In this study we examined more 
broadly the similarities in gene expression between DC and HRS cells. From a previously 
constructed DC SAGE library we selected 17 highly expressed genes for qRT-PCR analysis 
in classical Hodgkin lymphoma (cHL) cell lines, DC and centroblasts (CB). In addition, 
we analyzed several cases of cHL, DC associated malignancy Langerhans cell histiocyto-
sis (LCH) and anaplastic large cell lymphoma (ALCL). Indeed 13/17 of the DC expressed 
genes were also highly expressed in cHL cell lines while their expression was lowered or 
absent in CB. Analysis of cHL, LCH and ALCL tissues revealed for 11/13 genes a sig-
nificant higher expression in cHL and LCH compared to ALCL. Especially several genes 
directly or indirectly involved in actin modulation showed a high expression in DC and 
cHL. CFL1 and GSN, both involved in actin modulation, were also recently reported to 
play a role in apoptosis. CFL1 is thought to inhibit the pro-apoptotic function of cleaved 
GSN. We show that CFL1 is highly expressed in cHL while GSN expression is low or ab-
sent. High expression of CFL1 in combination with low levels or absence of GSN may thus 
indicate a new route for HRS cells to escape apoptosis. In conclusion, we show that HRS 
cells have many similarities in gene expression to DC that are not always shared with the 
postulated counterparts CB. 
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Introduction

Classical Hodgin lymphoma (cHL) is characterized by the presence of a minority of 
tumor cells called Hodgkin and Reed-Sternberg (HRS) surrounded by a majority of 

reactive cells. The abnormal immunophenotype and the rarity of HRS cells have made the 
origin of these large often multinucleated cells uncertain for a long time. The detection of 
clonal immunoglobulin (Ig) gene rearrangements in single microdissected HRS cells has 
shown that the HRS cells of nearly all cHL cases are of B cell origin12,13,15. The high fre-
quency of somatic mutations in Ig genes resulting in crippling/non-functional Ig expres-
sion in about 25% of cases indicated that HRS cells are derived from (pre-apoptotic) ger-
minal center B cells12,18.

Despite the B cell origin, the immunophenotype of HRS cells does not resemble that of 
regular germinal center B cells. Genome-wide gene expression and immunohistochemical 
studies have shown that HRS cells frequently lack common B cell markers, transcription 
factors and signal transduction molecules like CD20, Ig, CD79a, CD79b, Oct-2, Bob-1, 
PU.1, Syk, BLNK and PLC-γ2100,111,112,148. In contrast, markers of other lineages are ex-
pressed by HRS cells, for instance myeloid markers (CD15), T cell markers (Notch-1, 
GATA-3, T-bet) and several dendritic cell (DC) markers (CCL17, CCL22, CD21, FSCN1, 
CD83, Restin, IL3R and RANK)18,19,96,136,149-155. Due to many immunophenotypic over-
laps with DC, including genes related to antigen-presentation156, it has even been suggest-
ed that a so-called lymphoid dendritic cell of B cell origin might be the normal counter-
part of HRS cells153.

Since the immunophenotype of HRS cells does not resemble their normal counterparts but 
does share several phenotypic overlaps with DC, we examined more broadly the mRNA 
levels of DC expressed genes in HRS cells. This may result in the identification of new 
phenotypic markers for cHL and may give new insights into the pathogenesis of cHL. We 
previously generated a genome wide expression profile of DC using the serial analysis of 
gene expression (SAGE) technique118,157. From the 150 most abundantly expressed genes, 
17 were selected for qRT-PCR analysis on a cHL cell line panel in comparison to DC and 
germinal center centroblasts (CB). Interestingly, 13 of the selected genes were expressed at 
similar levels in cHL cell lines and DC. Transcript levels of those genes were further stud-
ied on a tissue panel containing cases of cHL, DC associated malignancy Langerhans cell 
histiocytosis (LCH) and anaplastic large cell lymphoma (ALCL). Our results show that 
several DC (specific) genes are highly expressed in cHL. 
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Material & Methods

Cell lines/tissues
DC were purchased from MatTek (MatTek Corporation, Ashland, MA, USA) and cultured 
according to the manufacturer’s protocol. Cytospins were made to confirm DC morphol-
ogy and to verify expression of DC specific genes expression157. CB were isolated from fro-
zen tonsil cell suspensions that were taken from patients during routine tonsillectomy. CB 
were double stained with CD20-PE (clone B-Ly1, DAKO) and CD77-FITC (clone 5B5, 
BD Pharmingen) and sorted by fluorescence activated cell sorting (FACS). By reanalysis, 
each sample showed a purity of more than 90%. cHL cell lines (L591, L428, HDLM-2, 
KM-H2 and L1236) were cultured in RPMI-1640 medium (Cambrex Biosciences, Walk-
ersville, MD) supplemented with ultraglutamine 1 (Cambrex Biosciences), 100 U/ml peni-
cillin/streptomycin, 10% FCS (Cambrex Biosciences) at 37ºC in an atmosphere containing 
5% CO2. The final FCS concentration for L428 was 5%. Frozen tissue specimens from 5 
LCH, 5 cHL and 5 ALCL (3 ALK+, 2 ALK-) were obtained from the Tissue Bank of the 
Department of Pathology from the University Medical Center Groningen. All protocols 
for obtaining and studying human tissues and cells were approved by the institution’s re-
view board for human subject research. 

Generation of DC SAGE library
The SAGE library for DC was generated using the I-SAGE kit (Invitrogen, Carlsbad, CA) 
according to the manufacturer’s protocol157. The resulting clones were sequenced and ana-
lyzed with the SAGE2000 (version 4.12) software that was kindly provided by Dr. K. W. 
Kinzler (John Hopkins Oncology Center, Baltimore, MD)118. Linker tags and duplicate 
dimers were excluded. The SAGE tags were linked to the CGAP best gene for a tag map 
(http://cgap.nci.nih.gov/SAGE) to identify the corresponding genes127. 

qRT-PCR
Total RNA from cell lines and tissue sections was isolated using the absolutely RNA mini-
prep kit which includes a DNase treatment step (Stratagene, La Jolla, CA). The integrity 
of the RNA was routinely checked using a 1% agarose gel. All RNA samples were checked 
for DNA contamination with primer sets that specifically amplify genomic DNA. The first-
strand cDNA synthesis, primed with random primers, was performed using the protocol 
provided by the manufacturer (Life Technologies Inc., Gaithersburg, MD). Quantitative 
PCR was performed for highly expressed genes, using primers and probes listed in table 1. 
RNA polymerase II (RPII) was used as a positive control and for normalization. Real-time 
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PCR reactions were performed in a 20µl reaction volume containing 1 × SYBRgreen mix 
(Applied Biosystems), 600nM primers, and 2ng cDNA. For CCL17 (Hs00171074_m1), 
CCL22 (Hs00171090_m1) and ALK (Hs00608289_m1) Taqman® Gene Expression Assays 
(Applied Biosystems, Foster City, CA) were used. For these genes, PCR reactions were per-
formed in a 20µl reaction volume with 1x qPCR master mix (Eurogentec, Liege, Belgium), 
1x Taqman® Gene Expression Assay mix (Applied Biosystems) and 2ng cDNA. All reactions 
were performed on an ABI7900HT Sequence Detection System device (PE Applied Biosys-
tems) using the standard program (10 min at 95°C followed by 40 cycles of 15 sec at 95°C, 
and 60 sec at 60°C). All PCR reactions were performed in triplicate, positive and negative 
controls were included in each run. Fluorescence was quantified with the sequence detec-
tion system software (SDS, version 2.1, Applied Biosystems). Mean cycle threshold values 
(Ct) and standard deviations (SD) were calculated for all genes. The amount of target gene 
was normalized relative to the amount of RPII (ΔCt=ΔCtgene−ΔCtRPII) and the SD of the 
ΔCt (SD(ΔCt)) was calculated using  the formula SD(ΔCt)=√((SDgene)2+(SDRPII)2). Relative 
expression levels were expressed as 2-ΔCt. Significant differences in relative gene expression 
levels between two groups of affected tissues were determined using the Mann-Whitney 
U Test (two tailed, P<0.05).

Table 1. Primers used for qRT-PCR

Gene Forward primer Reverse primer Amplicon 
length (nt) Exon

CFL1 GCGCCCCTTAAGAGCAAAAT TGCTTGCAATTCATGCTTGATC 87 2-3

SIAT6 GCTGCTGCCGGAATCACT TCCCCCCTACCCAAATTCAC 70 13

FSCN1 CGTCCAATGGCAAGTTTGTG GCTCTGAGTCCCCTGCTGTCT 78 3-3/4

GSN TGAGGTCCAGGGCTTCGA ATCCTGATGCCACACCTCCTT 86 3-4

LGALS1 CATCCTCCTGGACTCAATCATG TCGGACTCGAAGGCACTCT 82 1-2

BAK1 CACGGCAGAGAATGCCTATGA CCCAATTGATGCCACTCTCA 71 4-5

MMP12 GGCCCGTATGGAGGAAACAT GTCAACATCCTCACGGTTCATG 77 2-3

ZNF216 CATGTGCAGAAAGAAAGTTGGTCTT AACGGTGAAGTCCACAAAACAAAT 74 6-7

CST3 ACAACTGCCCCTTCCATGAC GCACAGCGTAGATCTGGAAAGA 72 2-3

RAB5C TCTGCGGTAGGCAAATCCA GGCAGACAGTCTGTGTGAGGAA 106 2-3

ZYX TGACCAAGAATGATCCTTTCAAAG GGTACTGGACTTGGAACTGGATGG 89 4-5

S100A10 AGGAGTTCCCTGGATTTTTGG TACACTGGTCCAGGTCCTTCATTA 78 2-3

RAP1B CCTAGTGCGGCAAATTAACAGA GAATTGGGCAACAGTTCTTCAGA 130 7-8

CDC42 GCCTCCAGAACCGAAGAAGA GACACCAGCTGTGCAGAAAGG 79 5

RGS10 AAGAACCGCACCCTCTGATG GCGGCTGTAGCTGTCGTACTT 77 4-5

RAC1 TGACCAATACTGACCCTCTTTACCT CATCAATAGGCAAAGCGACTACA 71 6

TRA1 GCTCTATGTGCGCCGTGTATT CCACACCCTTGACAAAATTGAG 80 9-11

CD30 CTGTGTCCCCTACCCAATCTGT GGTGGCGCCTCAAAGGT 87 8-9

CD1A GACCTGTCCTGTCGGGTGAA GAAGCCCACGGAACTGTGAT 84 4-5

CD207 GTGGATGACACGCCATTCAA TTGTTGGGCTCACCTGGAA 65 5-6

RPII* CGTACGCACCACGTCCAAT CAAGAGAGCCAAGTGTCGGTAA 139 16-17

 For RPII the following taqman probe was used: TACCACGTCATCTCCTTTGATGGCTCCTAT
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Immunohistochemistry
Immunohistochemistry was applied using standard laboratory procedures. Antibodies 
against CFL1 (1:100, clone GS-2C4, Abcam, Cambridge, UK) and GSN (1:800, Cyto-
skeleton, Denver, CO) were used. In each run, positive control sections and negative con-
trols were included routinely.

Results

Generation of DC SAGE library and tag to gene identification
The SAGE profile of DC consisted of 10299 tags representing 4805 unique tags that were 
obtained by sequencing 559 clones. The 150 tags with the highest abundance ranging from 
554 to 5 were used for further analysis. Tags not corresponding to any gene or tags cor-
responding to ESTs, hypothetical proteins, ribosomal proteins, housekeeping, MHC or 
HLA genes were excluded leaving 87 tags. This list contained several genes known to be 
expressed in DC like CD207 and CD1a, lysozyme and the CC chemokines CCL17/TARC 
and CCL22/MDC known to be expressed in both DC and cHL.

qRT-PCR analysis
Of the remaining genes, 17 were selected for qRT-PCR analysis (Table 2) on a cHL cell 
line panel, 2 DC and 2 CB populations. This approach was used to select genes that are 
expressed in DC and cHL. 14 of selected genes were expressed in DC at comparable or 
higher levels as the housekeeping gene RPII confirming their high expression according 
to the SAGE data. 13 genes showed similar or higher expression levels in at least 4/5 cHL 
cell lines compared to DC. The 4 remaining genes (GSN, MMP12, CST3 and S100A10) 
showed a high expression level in DC and low or no expression in cHL and CB. For CFL1, 
FSCN1, LGALS1 ZNF216, RAC1 and TRA1 the high expression in DC and cHL cell 
lines was accompanied with a lower expression in CB (Fig. 1).  

Expression of the 13 genes with similar mRNA levels in DC and the majority of cHL cell 
lines was also examined in a tissue panel containing 5 cases of cHL, 5 cases of LCH and 5 
cases of ALCL. As a control we analyzed expression levels for cHL expressed chemokines 
CCL17 and CCL22, cHL and ALCL marker CD30, LCH markers CD1a and CD207 
and ALK+ ALCL marker ALK. As expected, CCL17 and CCL22 were indeed mainly 
expressed in cHL, CD30 was most prominently expressed in HL and ALCL, CD1a and 
CD207 were exclusively expressed in LCH, and ALK was expressed only in ALK+ ALCL 
(3 ALK+ ALCL cases) (Fig. 2A).
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Analysis of the 13 genes co-expressed in cHL cell lines and DC revealed for 11 a signifi-
cant higher expression in tissues of cHL and LCH compared to ALCL. SIAT6 and ZYX 
were only differentially expressed between LCH and ALCL. In cHL the expression levels 
of these genes were in between the levels observed in LCH and ALCL. All genes showed 
the highest expression in LCH compared to ALCL. RAP1B, RGS10 and RAC1 were also 
higher expressed in LCH compared to cHL (Fig. 2B).  

Immunohistochemistry
HDLM2, the only cHL cell line with substantial GSN mRNA levels (Fig. 1) demonstrated 
detectable GSN staining (Fig. 3). The other four cHL cell lines showed no GSN staining 
in concordance with the absence of GSN transcripts. CFL1 protein could be detected in 
all cell lines in agreement with qRT-PCR results (Fig. 3).

Table 2. Genes selected from top 150 most abundant tags in DC

Tag DC DC vs CB
DC=cHL for

≥4 cHL cell lines
Gene

1 GAAGCAGGAC 57 > Y CFL1*
2 ATAGTAGCTT 46 > Y FSCN1*
3 GAAGCAATAA 33 = Y SIAT6
4 TCACCGGTCA 21 > N GSN
5 GCCCCCAATA 19 > Y LGALS1
6 CTCCTCACCT 16 = Y BAK1
7 CTCTGTAAGT 16 > N MMP12
8 TACAGAGGGA 15 > Y ZNF216
9 TGCCTGCACC 13 > N CST3

10 TAACCAATCA 12 = Y RAB5C
11 CTGCCAAGTT 12 = Y ZYX
12 AGCAGATCAG 11 > N S100A10
13 CAAGGGCTTG 8 = Y RAP1B
14 TCTCAATTCT 7 = Y CDC42
15 ATGGCTAAGC 7 = Y RGS10
16 TATGACTTAA 7 > Y RAC1
17 TGTATAAAAA 5 > Y TRA1

*gene was represented by two different tags, tag counts were combined
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Figure 1. Many DC expressed genes are also expressed in HRS cells. Quantitative RT-PCR analysis for 17 genes in 
two centroblast populations (CB1 and CB2), two dendritic cell populations (DC1 and DC2) and 5 cHL cell lines 
(L428, L1236, KM-H2, L591 and HDLM2). The expression of GSN, MMP12, CST3 and S100A10 is more or 
less restricted to DC. Expression of the remaining 13 genes was observed both in DC and the majority of cHL cell 
lines, 6 of those (CFL1, FSCN1, LGALS1, ZNF216, RAC1 and TRA1) showed a lower expression in the postu-
lated counterparts CB.
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Discussion

In this paper we analyzed the expression of DC genes in cHL. DC specific genes were select-
ed from a previously generated SAGE library. The top150 most abundantly expressed tran-
scripts included several genes known to be expressed in DC, like CD207 and CD1a. Some 
of the genes in the top150 list were already known to be high expressed in cHL and DC, 
for instance lysozyme158 and the CC chemokines CCL17/TARC and CCL22/MDC159,160. 
Presence of these genes already demonstrates the similarities between cHL and DC. Of 
the 17 selected genes, 14 showed relative expression levels in DC similar or above that of 
the housekeeping gene RPII that is set at 1 confirming that these genes indeed are highly 
expressed in DC. 13 genes were expressed at equal or higher levels in the majority of cHL 
cell lines. The expression of the other 4 genes, GSN, MMP12, CST3 and S100A10 was 
more restricted to DC. Especially FSCN1 (fascin) showed high levels of expression in DC 
and 4/5 cHL cell lines. FSCN1 was not expressed in CB and T cell derived cHL cell line 
HDLM-2. Besides FSCN1, mRNA levels of CFL1, LGALS1, ZNF216, RAC1 and TRA1 
were also elevated in DC and cHL cell lines compared to CB showing that for several genes 
HRS cells more closely resemble DC than CB. Of the genes with high expression in DC 
and cHL several are known to be involved in actin modulation and cell migration. These 
included two Rho GTPases RAC1 and CDC42 that are known to coordinate changes in 
the actin cytoskeleton via several other proteins161. Interestingly, among those modulating 
proteins were CFL1, FSCN1 and ZYX that we also show to be highly expressed in DC 
and cHL. It has been shown that RAC1 and CDC42 can influence the activity of CFL1 
via LIM kinase162. CFL1 was reported to control sites of actin polymerization and protru-
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Figure 2. High mRNA levels of genes highly expressed in DC, in cases of cHL and LCH. (A) As a control, the ex-
pression levels of several genes known to be expressed in cHL (CCL17 and CCL22), cHL and ALCL (CD30), ALK+ 
ALCL (ALK, 3 ALK+ and 2 ALK- ALCL cases) and LCH (CD1a and CD207) are shown. (B) For 13 genes with 
high expression in DC and the majority of cHL cell lines (Fig. 1), expression levels in cHL, LCH and ALCL were 
determined. 11/13 genes were expressed significantly higher in cHL and LCH compared to ALCL tissues.
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sion163. Finally, it has been reported that CDC42 induced actin-based protrusions result 
in the recruitment of amongst others the cytoskeletal protein zyxin164. Another critical 
component downstream of RAC1 and CDC42 necessary for actin cytoskeletal organiza-
tion and cell migration is FSCN1137. An interesting role for FSCN1, besides its role in ac-
tin modulation, is that its expression is reported to be critical for the ability of mature DC 
to function as antigen presenting cells (APC) 165. In cHL, high expression of FSCN1 by 
HRS cells136 may contribute to their APC like capability and thereby contribute to the T 
cell rich background formation. More recently it was shown that FSCN1 downregulation 
in carcinoma suppresses cell proliferation and invasion138.

GSN has paradoxically been shown to be both an inhibitor and effector of apoptosis166-170. 
A recent report implicated both CFL1 and GSN to play a role in apoptosis169. It is thought 
that during apoptosis DNase 1 is transported to the nucleus due to destabilization of the 
actin-DNase 1 complex by cleaved GSN. CFL1 can stabilize the actin-DNase 1 complex 
by binding to actin in such a way that it prevents cleaved GSN induced release of DNase1 
from actin. Both proteins are expressed in DC but only CFL1 is expressed at high levels in 
the cHL cell lines both at the mRNA and protein level (Fig. 1 and Fig. 3). GSN was ab-
sent in 4/5 cHL cell lines, only T cell derived cell line HDLM-2 was GSN positive both 
at the mRNA and protein level. High expression of CFL1 and low expression/absence of 

Figure 3. HRS cells express CFL1 but not GSN. Immunohistochemical staining for GSN and CFL1 on cHL cell 
lines L428, L1236 and HDLM-2. GSN was not expressed in cHL cell lines L428, L1236, L591 and KM-H2 
(L591 and KM-H2 not shown), only HDLM-2 was positive. In contrast, CFL1 is expressed in all cHL cell lines 
Original magnifications: x400. (Color version on page 116)
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GSN in cHL may be a novel mechanism for HRS cells to escape apoptosis. 

qRT-PCR analysis on the tissue panel confirmed for 11 of the 13 genes a higher expression 
in the dendritic cell associated neoplasm LCH and cHL compared to ALCL. This further 
supports the idea that HRS cells may resemble DC more closely than previously thought. 
LCH was reported to be associated with cHL in several cases171-173. In a literature survey of 
91 LCH cases associated with malignant neoplasms, 39 patients presented with malignant 
lymphoma. Of those, no less than 25 patients presented with cHL before (9), concurrent 
with (12 + 3 subtype unknown), or after (1) LCH diagnosis174. Our finding that several 
genes highly expressed in cHL are also highly expressed in LCH may relate to the striking 
association between these two malignancies.  

Our results show that the HRS cells of cHL have several similarities in gene expression pro-
file to DC that are not always shared with the postulated counterparts CB. This indicates 
once more that HRS cells, though of B cell origin, have many phenotypic similarities to 
DC. We report that especially several genes involved in actin modulating and apoptosis are 
highly expressed in cHL and DC. The potential functional importance of these genes in 
the pathogenesis of cHL warrants further studies elucidating the relevance of these genes. 
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Chapter 4
microRNA biogenesis and functioning

Joost Kluiver



Introduction

MicroRNAs (miRNAs) are now recognized as an important class of small RNA mol-
ecules that can posttranscriptionally downregulate the expression of genes bearing 

complementary target sequences. A miRNA is currently defined as a small single stranded 
RNA of ~22 nt that is generated by RNase III type enzymes from a hairpin present in a 
longer endogenous transcript1. It is thought that ~2-3% of all genes have a miRNA func-
tion indicating that in human, there are at least 800 miRNA genes2-5. At this moment, 332 
miRNA are present in the miRNA database6.  

Biogenesis

Biogenesis of a miRNA starts with the transcription of a longer primary transcript 
(pri-miRNA) by RNA polymerase II7,8. The pri-miRNA contains a hairpin structure 

that can be recognized and cleaved by the microprocessor complex which consists of the 
RNase III enzyme DROSHA and the double stranded RNA binding protein DGCR89-13. 
The resulting  ~65 nt precursor miRNA (pre-miRNA) is exported to the cytoplasm by the 
RAN-dependent nuclear transport receptor exportin-514-17 for further processing into a ~22 
nt miRNA duplex by the RNase III enzyme DICER18-21 and its partner the human im-
munodeficiency virus transactivating response RNA-binding protein (TRBP)22,23. Based 
on the stability at the 5’end of the miRNA duplex, one strand will be degraded while the 
other remains associated with DICER to form an active RNA-induced silencing complex 
(RISC)24-26. The RISC complex generally binds to complementary sites in the 3’ UTR of 
target genes and acts by either translational inhibition or by mRNA cleavage. The com-
plex can contain several other components besides DICER, i.e. TRBP, Argonaute family 
proteins (Ago)27, PACT28, MOV1029 and TNRC6B29. TRBP, Ago2 and PACT have been 
shown to be necessary for miRNA directed target mRNA degradation22,27,28. In general, 
the exact functions of most of the RISC components are not fully understood. It is cur-
rently thought that in animals the RISC complex acts mainly by inhibition of translation 
and to a lesser extent by degradation of mRNA target transcripts. In recent studies, so-
called processing bodies or P-bodies were demonstrated to be involved in miRNA directed 
translational inhibition30-33. Sequestration of target mRNAs into P-bodies is supposed to 
make them unavailable to the translational machinery. 
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Functioning

To date, the role of most miRNA is largely unknown. To obtain a better insight into 
miRNA function, much effort has been put in the computational identification of 

miRNA targets using various algorithms. The algorithms used in these prediction pro-
grams rely mainly on criteria like, base pairing rules between mRNA and miRNA target 
sites, localization of the target site in the 3’ UTR, conservation of the target site in related 
genomes and free energy of binding between RNA:RNA duplexes33-45. In addition, the 
5’end of miRNA, i.e. nt 2-8 or “the miRNA seed”, has been shown to be very important in 
miRNA target gene recognition46-48. Most algorithms use this seed sequence to search for 
complementary sequences in the 3’ UTR of genes. A recent report also takes into account 
miRNA target site accessibility based on the secondary structure of the target mRNA43. 
These computational studies have shown that miRNA might regulate up to 200 gene tar-
gets that can have very diverse functions, e.g. transcription factors, secreted factors, recep-
tors and transporters. However, these are all predictions with a substantial false positive 
rate, and only very few predicted miRNA targets have been verified so far. One should also 
take into account that the miRNA and target mRNA are not always expressed in the same 
cell. Thus, miRNA can have different targets in different cell types. 

microRNA in human biology and disease

Some reports have now shown a role for miRNA in various biological processes, especial-
ly in differentiation and development. For instance, miR-1 was shown to play a role in 

the development of heart and skeletal muscle, miR-134 regulates dendritic spine develop-
ment, miR-143 is proposed to regulate adipocyte differentiation and miR-196 was shown 
to play a role in limb development49-53.

Several diseases may also have a miRNA related origin. A mutation in the 3’UTR of the 
SLITRK1 gene in 2 patients with Tourette’s syndrome enhanced the miR-189 directed 
translational inhibition of SLRTK1 mRNA54. Together with the demonstrated SLITRK1 
and miR-189 expression patterns in developing brain, this suggested a role for miR-189 
in Tourette’s syndrome. Two studies have provided evidence for a role of the liver specific 
miR-122 in metabolic diseases by administering specific inhibitors to normal mice55,56. In 
both studies a significant decrease in plasma cholesterol levels was achieved after inhibi-
tor treatment. Similar effects could be shown in a diet-induced obesity mouse model with 
also a significant improvement in liver steatosis. These studies suggest that miR-122 plays 
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a role in the regulation of cholesterol levels and might be an attractive therapeutic target 
for high cholesterol related diseases. Many viruses, including herpesviruses, polyomavi-
ruses and retroviruses were shown to encode miRNA57-67. Whether these viral miRNA 
are directed against viral target genes, host target genes or both is currently unknown. In 
the case of EBV, 17 miRNA were shown to be expressed depending on the type of infec-
tion60,66. These miRNAs were shown to be more conserved than the total viral genome in 
comparison to rhesus lymphocryptovirus, an equivalent to the human EBV66. The exten-
sive miRNA conservation between related viruses suggests that their targets predominantly 
are of cellular and not of viral origin. However, a recent study did show that the EBV miR-
BART2 regulates the expression of the viral BALF5 gene60. 

A large body of evidence has accumulated indicating an important role of miRNA in on-
cogenesis33,68-75. miRNAs were shown to be frequently located at fragile sites or at genomic 
sites that are often altered in cancer76. Some specific miRNAs, that were shown to be un-
derexpressed, mapped to regions that are frequently deleted77,78 and may thus be potential 
tumor suppressor miRNAs. Other miRNAs were found to be overexpressed and located 
at regions frequently amplified in cancer and could therefore be considered as oncogenic 
miRNA (or onco-miRNA)79,80. Finally, miRNA expression profiling was reported to al-
low a better definition of specific subtypes of cancer than an expression profile of 16,000 
genes81. Several studies have now used miRNA profiling to identify deregulated miRNA 
expression in various types of cancer82-87.
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Chapter 5
BIC and miR-155 are highly expressed in 

Hodgkin, primary mediastinal and diffuse 
large B cell lymphomas

Journal of Pathology 2005, 207: 243-249
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Susan Jacobs, Bart-Jan Kroesen, Anke van den Berg



Abstract

In a previous study we demonstrated high expression of the non-coding BIC gene in the 
vast majority of Hodgkin’s lymphoma (HL) cases. Evidence suggesting that BIC is a pri-

mary microRNA transcript containing the mature microRNA-155 (miR-155) as part of a 
RNA hairpin is now accumulating. We therefore analyzed HL cell lines and tissue samples 
to determine whether miR-155 is also expressed in HL. High levels of miR-155 could be 
demonstrated, indicating that BIC is processed into a microRNA in HL. Most non-HL 
subtypes were negative for BIC as determined by RNA-ISH. However, in diffuse large B 
cell lymphoma (DLBCL) and primary mediastinal B cell lymphoma (PMBL), significant 
percentages of positive tumor cells were observed in 12/18 and 8/8 cases. A higher propor-
tion of tumor cells were positive for BIC in DLBCL with activated B cell-like phenotype 
than in DLBCL with germinal center B cell-like phenotype. Differential BIC expression 
was confirmed by qRT-PCR analysis. Northern blot analysis showed expression of miR-
155 in all DLBCL and PMBL derived cell lines and tissue samples analyzed. In summary, 
we demonstrate expression of primary microRNA BIC and its derivative miR-155 in HL, 
PMBL and DLBCL.
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Introduction

MicroRNAs (miRNAs) are endogenous ~22 nt RNAs that play important regulatory 
roles by targeting mRNAs for cleavage or translational repression261. To date, hun-

dreds of miRNA have been identified, representing approximately 1% of all predicted genes 
in most species262. Chen and colleagues reported a set of miRNAs that can modulate he-
matopoietic lineage differentiation, and demonstrated that overexpression of miR-181 in 
hematopoietic stem/progenitor cells resulted in an increase in the number of B lymphoid 
lineage cells263. Low levels of miR-15 and miR-16 were reported in the majority of CLL 
cases, either by downregulation or by hemizygous and homozygous deletions of a 30 kb 
region at 13q14250. In addition, miRNA expression profiling revealed different profiles in 
Zap-70 positive and negative CLL255, suggesting that miRNA expression patterns contrib-
ute to the pathophysiology of this disease. Interestingly, more than half of the miRNAs 
are mapped within cancer-associated genomic regions or fragile sites249. Reduced levels of 
specific miRNAs were observed in colon and lung tumors, supporting a role for miRNAs 
in carcinogenesis264,265. Taken together, these data provide good evidence that miRNAs 
play key roles in the regulation of a variety of cellular processes.

We previously reported high expression of BIC in more than 90% of Hodgkin’s lymphomas 
(HLs)102. The expression was observed in Hodgkin and Reed-Sternberg cells (HRS) of clas-
sical HL (cHL) and the lymphocytic and histiocytic (L&H) cells of nodular lymphocyte-
predominant (NLP) HL. No BIC expression was observed in the neoplastic cells of several 
non-HL (NHL) subtypes102. A putative role for BIC in lymphomagenesis was supported 
by frequent overexpression of BIC in virally induced lymphomas in chickens266. Based on 
the fact that BIC lacks an extensive and conserved open reading frame, it was suggested 
that BIC functions via its RNA transcripts266. The high degree of homology observed over 
a 138 nucleotide (nt) region between human, mouse and chicken, which contains an im-
perfect stem-loop structure267, suggests that BIC might function as a primary-miRNA (pri-
miRNA). Pri-miRNAs are located in the nucleus and processed, based on the presence of 
a stem-loop structure, into ~70 nt precursor-miRNAs (pre-miRNAs)187,268. The nuclear 
localization of BIC transcripts observed in HL and normal tissues is thus consistent with 
a putative pri-miRNA function. Further support for a pri-miRNA function was obtained 
by cloning of the BIC derived miRNA, miR-155124 and by demonstrating that ectopic BIC 
expression in a BIC and miR-155 negative cell line resulted in high levels of miR-155135.

In this study, we report the presence of miR-155 at high levels in HL cell lines and tissues. 
In addition, we demonstrate BIC and miR-155 expression in some additional NHL sub-
types.
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Materials and methods

Cell lines and tissues
All protocols for obtaining and studying human tissues and cells were approved by the 
institution’s review board for human subject research. The cHL cell lines L591, L428, 
HDLM-2, KM-H2, L1236 and the NLPHL cell line DEV were used. The HDLM-2 cell 
line is of T cell origin, while the other HL cell lines are of B cell origin269-271. The follow-
ing NHL cell lines were used: K1106P (primary mediastinal B cell lymphoma, PMBL), 
SU-DHL-6 [diffuse large B cell lymphoma, DLBCL, t(14;18)], Ver [DLBCL, t(8;14)] and 
Rose [DLBCL, t(14;18)]. Cell lines were cultured in RPMI-1640 medium (Cambrex Bio-
sciences, Walkersville, MD) supplemented with ultraglutamine 1 (Cambrex Biosciences), 
100 U/ml penicillin/streptomycin and 10% FCS (Cambrex Biosciences) or 20% FCS (DEV 
and K1106P) at 37°C in an atmosphere containing 5% CO2. Frozen (Northern blotting 
and qRT-PCR) and paraffin-embedded tissues (BIC ISH, IHC and qRT-PCR) of HL and 
various NHL cases were randomly selected from the tissue bank at the Department of Pa-
thology and Laboratory Medicine, University Medical Center Groningen. Reactive lymph 
node and tonsil tissue specimens were included as control tissues.

RNA in situ hybridization (ISH)
RNA-ISH was performed as described previously102, and was used to detect the full-length 
primary BIC transcript. The slides were scored independently by SP and JK, and the aver-
age of the two scores was used as the percentage of BIC-positive cells. In discrepant cases, 
slides were scored again simultaneously to reach consensus. All cases were routinely stained 
with a probe for β-actin to ensure the RNA quality and fixation of the tissue samples. Cases 
were scored positive when more than 1% of the tumor cells stained positive.

RNA isolation and Northern blotting
Total RNA from frozen tissue sections was isolated using Trizol (Invitrogen, Carlsbad, CA) 
according to the manufacturer’s protocol. Total RNA from the cell lines was isolated using 
the Absolutely RNA Miniprep Kit (Stratagene, La Jolla, CA). After DNase treatment, the 
integrity of the RNA was checked on a 1% agarose gel and only good quality RNA sam-
ples were used for subsequent analysis. Total RNA (20 µg) was loaded on a 7.5 M urea 12% 
PAA denaturing gel and after electrophoresis transferred to Hybond N+ nylon membrane 
(Amersham, Freiburg, Germany) and cross-linked using UV light. Hybridization with the 
miR-155 antisense starfire probe 5’-CCCCTATCACGATTAGCATTAA-3’ (to detect miR-
155) or miR-155 sense probe 5’-TTAATGCTAATATGTAGGAG-3’ (as a negative control) 
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(IDT, Coralville, IA) was performed according to the manufacturer’s instructions. After 
washing, the membranes were exposed for 20-50 h to Kodak XAR-5 films (Sigma Chemi-
cal, St Louis, MO). As a loading control, hybridizations were performed with an antisense 
U6-snRNA starfire probe, 5’-GCAGGGGCCATGCTAATCTTCTCTGTATCG-3’233 and 
the membranes were exposed for 15-30 min. Due to material limitations, we could only 
analyze a limited number of lymphoma cases by this method.

Quantitative RT-PCR
For the paraffin-embedded DLBCL and PMBL cases, RNA was isolated using a previously 
described protocol272. All RNA samples were treated with DNase, followed by a multiplex 
PCR with primer sets specific for genomic DNA to monitor the efficiency of the DNase 
procedure. Quantitative RT-PCR (qRT-PCR) was performed as described previously and 
resulted in the specific amplification of BIC transcripts102. Glyceraldehyde-3-phophate dehy-
drogenase (GAPDH) was used for normalization. The GAPDH primers and probe were: F, 
5’-CCACATCGCTCAGACACCAT-3’; R, 5’-GCGCCCAATACGACCAAAT-3’; and P, 
5’-6-FAM-CCCTTCCACTTCCAGCCTCAGTTGC-TAMRA-3’. The relative amount 
of BIC was calculated by subtracting the average Ct value for BIC from the average Ct value 
of the reference gene (ΔCt). Relative expression levels were expressed as 2-ΔCt.

Immunohistochemistry
Immunohistochemical staining was performed with mouse anti-human monoclonal anti-
bodies against CD10 (1 : 20, 56C6, Novacastra, Newcastle, UK), MUM1 (1 : 25, MUM1p, 
DAKO, Copenhagen, Denmark) and Bcl-6 (1 : 20, PG-B6P, DAKO) on paraffin-embed-
ded tissue sections after antigen retrieval. Positive staining was visualized using a peroxi-
dase-labeled second step and diaminobenzidine (DAB). DLBCL cases were classified as 
germinal center B cell-like (GCB-like) or activated B cell-like (ABC-like) according to 
Hans et al273.

Results

BIC RNA-ISH
We previously reported positive staining for BIC in a few cases of DLBCL, typically in a 
minority of tumor cells102. We have now extended the DLBCL group and screened addi-
tional NHL subtypes (Table 1). BIC RNA-ISH revealed characteristic nuclear staining for 
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BIC in a variable percentage of tumor cells in the majority of DLBCL cases (12/18, ~67%) 
(Table 2). DLBCL cases were stained for CD10, Bcl-6 and Mum1 to classify them into 
GCB-like or ABC-like273. Eleven cases (61%) were assigned to the GCB-like group and 
seven cases (39%) to the ABC-like group (Table 2). Interestingly, ABC-like DLBCL showed 
more than twice as many BIC-positive cells as GCB-like DLBCL. In addition, screening of 
eight PMBL cases by RNA-ISH revealed BIC-positive staining in 12% on average (range 2-
30%) of the tumor cells. All PMBL cases were negative for CD10 and positive for MUM1 
and in 7/8 cases positive for Bcl-6, indicating an ABC-like phenotype (Table 2). RNA-ISH 
in other NHL subtypes revealed no BIC expression in 11 TCRBCL and six MCL cases 
(Table 1). In some cases a few weakly positive small cells were observed that, based on the 
morphology, most likely do not represent the tumor cell population. One TCRBCL case 
was positive in a low percentage of tumor cells. The three TCL cases showed BIC staining 
in 1-2% of the tumor cells (Fig. 1). Two MZL cases were positive; in one case the majority 
of cells in the marginal zone were positive, while in the other case the positive cells were 
mainly present in the mantle zone. 

Quantification of BIC expression levels in DLBCL and PMBL
To confirm differences in BIC expression levels observed by RNA-ISH in DLBCL and 
PMBL we applied qRT-PCR (Table 2) on paraffin-embedded or frozen tissue samples. To 
determine the accuracy of the qRT-PCR on paraffin-embedded tissues, we tested several 
tissues both on paraffin-embedded tissues and frozen material, which revealed similar BIC 
expression levels (bottom of Table 2). The relative BIC levels in ABC- and GCB-like DL-

Table 1. Overview of BIC RNA-ISH results in various NHL subtypes and HL.
Tissue BIC- BIC+
FL* 15 0
BL* 8 1
MCL 6 0
MZL 0 2
DLBCL 6 12
PMBL 0 8
HL* 5 53
TCRBCL† 16 1
ALCL* 7 0
TCL 0 3

FL, follicular lymphoma; BL, Burkitt lymphoma; MCL, mantle cell lymphoma; TCRBCL, T cell rich B cell 
lymphoma; MZL, marginal zone lymphoma; DLBCL, diffuse large B cell lymphoma; PMBL, primary mediastinal 
B cell lymphoma; HL, Hodgkin lymphoma; ALCL, anaplastic large cell lymphoma; TCL, T cell lymphoma. *: cases 
described previously102; and †: cases partly described previously102.
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Figure 1. BIC RNA-ISH in various NHL subtypes. (A) BIC-negative mantle cell lymphoma; (B) T cell lymphoma 
showing approximately 2% BIC-positive cells; (C) diffuse large B cell lymphoma with 5% positive cells; (D) pri-
mary mediastinal B cell lymphoma with 10% of the cells positive for BIC, as controls; (E) classical Hodgkin lym-
phoma case with a group of strongly positive HRS cells; and (F) a tonsil with a few positive cells within the germi-
nal center (original magnifications × 400)

65

C
h

a
p

te
r

 5

BIC and miR-155 are highly expressed in Hodgkin, primary mediastinal and diffuse large B cell lymphomas



Table 2. Quantification of BIC expression levels in DLBCL, PMBL, HL and controls. 

Tissue Case CD10 MUM1 Bcl-6 Site BIC ISH 
(%)

BIC (x 10-3) 
(paraffin tis.)

BIC (x 10-3) 
(frozen tis.)

GCB-like 1 + + + N - 11
DLBCL 2 + - + N 1-2 5

3 + - + N - 2
4 - - + N - 3
5 + + + E 20 47 23
6 + + + E - 9
7 + + + E 5 19
8 + + + E - 3
9 - - + E 5 4

10 - - + E 5 11
11 - - + E 10 24

Avg 5.3 12.4
ABC-like 12 - + + N 1-2 23 19
DLBCL 13 - + + N 10 nd

14 - + + N - 9
15 - + - E 50 32
16 - + - E 5 30
17 - + - E 5 28
18 - + - E 10 11

Avg 10.2 21.9
DLBCL Avg 7.1 15.8

PMBL 1 - + + 10 38
2 - + + 3-10 nd
3 - + + 2 16
4 - + + 2 77
5 - + + 10 34
6 - + + 30 nd
7 - + + 25 26 5
8 - + - 10 21

Avg 11.9 35
HL 1 7 5

2 4 7
3 5 12
4 7 4
5 12 7

Avg 7.0 6.8
RL 1 4 4

2 5 6
3 6 4
4 4 4
5 3 3

Avg 4.6 4.0

GCB, germinal center B cell; ABC, activated B cell; N, nodal presentation; E, extranodal presentation; Avg, 
average; nd, indicates not determined; RL, reactive lymph node.
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BCL and PMBL, e.g. highest in PMBL and lowest in GCB-like DLBCL, were in agree-
ment with the results of the RNA-ISH data.

miR-155 analysis
Using northern blot analysis with an antisense miR-155 probe, a strong 22 nt hybridiza-
tion signal was observed in HL cell lines DEV, L1236, L591 and KM-H2, in the PMBL 
cell line K1106P and in the DLBCL cell line Rose. HL cell line L428 and DLBCL lines 
VER and SU-DHL-6 were weakly positive. The T cell HL cell line HDLM-2 was nega-
tive for miR-155 (Fig. 2A). Using a miR-155 sense probe no signal was observed, provid-

Figure 2. Northern blot analysis for miR-155. (A) The majority of the Hodgkin’s, primary mediastinal and diffuse 
large B cell lymphoma cell lines express miR-155 strongly, as do (B) primary cases of HL, PMBL and DLBCL. As 
a control, tonsils and a reactive lymph node were analyzed. U6 snRNA hybridizations results are shown as a qual-
ity and loading control. *Note that L591 was analyzed on a separate blot, to compare it with the other HL cell 
lines DEV was also analyzed on this blot
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ing experimental support that only one of the two stem sequences is retained as a miRNA 
(data not shown). 

Northern blot analysis on various tissue samples revealed a strong miR-155 hybridization 
signal in seven HL cases, two randomly chosen DLBCL cases and one PMBL case. In re-
active lymph node and tonsil, which show a low percentage of BIC RNA-ISH positive cells, 
miR-155 was also detected at high levels (Fig.  w2B).

To compare expression of miR-155 with BIC, we quantified BIC levels using qRT-PCR in 
all samples analyzed for miR-155 (Table 3). The four HL cell lines and the PMBL cell line 
with strong miR-155 signals also showed high BIC levels (DEV, KM-H2, L1236, L591 and 
K1106P). Cell lines without (HDLM-2) or low miR-155 levels (L428, VER and SU-DHL-
6) all showed lower amounts of BIC. The only cell line with an inconsistent result was 
Rose, which demonstrated a strong signal for miR-155 and only a low level of BIC. Whole 
tissue sections from seven HL cases, two DLBCL and one PMBL revealed a uniform BIC 
expression level consistent with the miR-155 levels. 

Table 3. Overview of qRT-PCR for BIC in HL, PMBL, DLBCL cell lines and tissues and normal tissues 
that were also analyzed for miR-155 by Northern blot.

Cell line Rel. BIC (x 10-3) Tissue Rel. BIC (x 10-3)
HL KM-H2 6 cHL-1 5

L1236 4 cHL-2 7
L428 0,03 cHL-3 3
HDML-2 0,08 cHL-4 4
L591 10 NLPHL-1 3
DEV 8 NLPHL-2 4

NLPHL-3 3
PMBL K1106P 3 PMBL-7 3
DLBCL VER 0,08 DLBCL-5 11

ROSE 0,09 DLBCL-12 9
SU-DHL-6 0,4

Normal T-1 2
tissues T-2 3

T-3 3
RL 5

cHL-1, classical HL 1; NLPHL-1, nodular lymphocyte predominant HL-1; T-1, Tonsil-1.
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Discussion

In this study we demonstrated high BIC and miR-155 levels in four of the six HL cell lines 
(L1236, L591, KM-H2 and DEV). The other two HL cell lines, L428 and HDLM-2, ex-
pressed low levels of BIC and miR-155 analysis revealed low or no expression, respectively. 
The lack of miR-155 in HDLM-2 may relate to its T cell derivation or to reduced processing 
potential of BIC transcripts. These observations demonstrate a good relation between high 
BIC and miR-155 levels and support the hypothesis that BIC is a pri-miRNA that can be 
processed to miR-155. This was recently confirmed by induction of ectopic BIC expression 
in a BIC- and miR-155-negative cell line, resulting in a high level of miR-155135.

In HL tissues, the absolute levels of both the primary BIC transcripts and miR-155 are on 
average similar to those observed in the HL cell lines (Fig. 2, Table 3). This finding is un-
expected, since it is known that HRS and L&H cells in HL tissues make up only 1% or 
less of the total cell population. A possible explanation for this discrepancy might be that 
HRS and L&H cells in HL tissues are triggered for enhanced BIC expression by the T 
cells directly surrounding the tumor cells, while this interaction is lacking in the cell lines. 
Another possible explanation might be that in the cell lines only a low percentage of the 
cells are BIC-positive. Due to lack of a reliable RNA-ISH protocol for cell lines, we could 
not investigate this aspect further.

We have previously observed BIC expression in some of the cells within germinal centers 
of reactive lymphoid tissues, suggesting that BIC positivity may be a reflection of the acti-
vation status of the lymphoid cells102. This is indeed confirmed by the strong induction of 
BIC expression in both activated B and T cells102,274. Nevertheless, we did not detect BIC-
positive reactive cells in HL tissues. This difference might be due to the different cellular 
composition of HL tissues and reactive lymphoid tissues. In addition, it might also be ex-
plained by the intrinsic differences of the reactive cells of HL, such as the anergic/immu-
noregulatory phenotype of the T cells275 or the different microenvironment due to abnor-
mal cytokine production in HL tissues276.

The three TCLs showed a low percentage of BIC-positive tumor cells. Induction of BIC ex-
pression was demonstrated in CD4+ T cells upon activation with anti-CD3 and anti-CD28 
antibodies, demonstrating that BIC can be induced in T cells274. Whether BIC-positive 
cells in TCL can be attributed to an activated phenotype remains to be investigated.

In this study we show that, in addition to HL, PMBL and a large proportion of DLBCL 
cases are also BIC-positive, albeit in a smaller proportion of the tumor cells. Currently, the 
biological implication of the variation of BIC expression within these lymphomas is not 
known. It can be speculated that, in contrast to HL, in which consistent BIC expression is 
demonstrated in the vast majority of tumor cells, the induction of BIC expression in some 
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of the tumor cells in DLBCL and PMBL cases is dependent on specific external or internal 
stimulatory signals. This suggests that, in DLBCL and PMBL, the high BIC expression in 
some of the cells displays a specific (activation) state rather than an oncogenic marker.

Comparison of ABC-like with GCB-like DLBCL revealed more pronounced expression of 
BIC in ABC-like cases by RNA-ISH and qRT-PCR (Table 2). These findings are in agree-
ment with a recent publication of Eis et al., who also demonstrated low BIC and miR-155 
level in two GCB-like DLBCL cases and an enhanced BIC and miR-155 expression level 
in nine ABC-like DLBCL cases, using specific invader mRNA assays135. In addition, they 
showed accumulation of BIC and miR-155 in five HL cell lines, three CLL cases and one 
case of marginal zone lymphoma.

Based on high BIC levels observed by both RNA-ISH and qRT-PCR, we speculate that the 
ABC-like phenotype is related to higher expression of BIC. Interestingly, it was shown that 
nuclear factor (NF)- κB transcription factor activity correlates with the ABC-like DLBCL 
phenotype122. Constitutively activated NF-κB is also one of the hallmarks of HRS cells277 
and a putative NF-κB binding site is present in the promoter region of the BIC gene102. 
Despite our original findings that triggering of the B cell receptor in a Ramos cell line, 
transfected with a non-degradable form of IκB, did not completely block the induction of 
BIC, a strongly reduced BIC expression level was observed at 24 h compared to wild-type 
Ramos102. This reduced BIC induction has now been confirmed in several additional ex-
periments (unpublished data). Therefore, it can be speculated that NF-κB activity plays a 
role in the induction of a high BIC expression.

Several studies have reported a close relationship between HL and PMBL cases, based on 
similar gene expression profiles and common genomic aberrations278,279. It will be of inter-
est to analyze the miRNA expression profiles of HL and PMBL cases to determine whether 
these two entities are also related with respect to miRNA expression profile. Our finding 
that BIC and miR-155 are expressed in both lymphoma subtypes indicates a new common 
pathophysiological feature of HL and PMBL and warrants further studies.

Our results show that, with the exception of PMBL and DLBCL, the tumor cells of most 
NHL subtypes are BIC-negative. Nonetheless, we could detect miR-155 in whole tissue of 
some NHL cases with a percentage of BIC-positive cells below the 1% cutoff used for RNA-
ISH (data not shown). Since similar low percentages of BIC-positive cells in normal tissues 
give rise to detectable miR-155 levels, it can be anticipated that miR-155 is also present at 
similar levels in these NHL cases.

The relevance of high miR-155 expression in HL is not yet known. Given the high expres-
sion of BIC and miR-155 in HL, PMBL and DLBCL, it may be speculated that down-
regulation of one or more of the miR-155 target genes is involved in the pathophysiology 
of these diseases. So far, a number of potential miR-155 target genes have been reported 
based on computational algorithms211,214,222,233,280. None of these target genes were veri-
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Table 4. Putative target genes for miR-155
Target gene Proposed function 
MNAB211   Cell-surface DNA-binding protein

TIP120A211 TBP-interacting protein.

HNRPA2B1211 Heterogeneous nuclear ribonucleoprotein A2/B1, hnRNPs are associated with pre-
mRNAs and appear to influence pre-mRNA processing. 

PU.1211 Transcriptional activator that may be specifically involved in the differentiation or 
activation of macrophages or B- cells. Loss of PU.1 expression is associated with 
defective immunoglobulin transcription in tumor cells of classical Hodgkin dis-
ease.

DCX211 Cytoplasmic protein which appears to direct neuronal migration by regulating the 
organization and stability of microtubules.

ENST00000296490211

IDN3211 The Drosophila protein facilitates enhancer-promoter communication of remote 
enhancers and plays a role in developmental regulation. Mutations in this gene re-
sult in Cornelia de Lange syndrome.

OLFM3211 Olfactomedin 3, a candidate gene for disorders involving the anterior segment of 
the eye and the retina.

BCORL-1211 Transcriptional variant of BCL6 co-repressor-like 1 locus, Q86YA6.

BCORL-1211 Transcriptional variant of BCL6 co-repressor-like 1 locus, Q8TEN3.

AP3D1211 Adapter-related protein complex 3 delta 1 subunit, implicated in intracellular bio-
genesis and trafficking of pigment granules and possibly platelet dense granules 
and neurotransmitter vesicles.

YPEL5211 Yippee-like 5 protein, belongs to the yippee family.

FGF17211 Member of the fibroblast growth factor family, may be a signaling molecule in the 
induction and patterning of the embryonic brain.

ENST00000285951211

ENST00000336942211 Hypothetical protein NP_689835.

DDIT4211 DNA-damage-inducible transcript 4.

MECP2222 Capable of binding specifically to methylated DNA and can repress transcription 
from methylated gene promoters.

JARID2222 Ortholog of the mouse jumonji gene, which encodes a nuclear protein essential for 
mouse embryogenesis, including neural tube formation. Overexpression of mouse 
jumonji negatively regulates cell proliferation.

TBR1214 Transcription factor involved in the regulation of developmental processes.

ZIC-3214 Probably functions as a transcription factor in early stages of left-right body axis 
formation.

ICOSL233 Ligand for the T cell-specific cell surface receptor ICOS.

GAB2233 Activator of phosphatidylinositol-3 kinase in response to activation of the high af-
finity IgE receptor.

ATP1A2280 ATPase is an integral membrane protein responsible for establishing and maintain-
ing the electrochemical gradients of Na and K ions across the plasma membrane.

PolQ280 DNA polymerase theta, could be involved in the repair of interstrand crosslinks, 
belongs to the dna polymerase type-a family.

BC029985280 Original hit described was with hypothetical protein XM_209749.
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fied in vitro or in vivo and different targets have been reported in each study (table 4). One 
potentially interesting putative target of miR-155 is ICOSL233. ICOS-ICOSL signaling 
is important in T cell activation, proliferation and cytokine production281,282. HRS cells 
are surrounded by ICOS expressing T cells (unpublished results) and the lack of ICOSL 
expression may thus influence the immune response. Another miR-155 target is the tran-
scription factor PU.1211, a protein required for early B cell differentiation283. Absence of 
PU.1 protein expression is thought to be associated with defective immunoglobulin tran-
scription in HRS cells of cHL113,114.

In summary, we demonstrate high levels of BIC in the majority of tumor cells in HL and in 
a variable percentage of tumor cells in DLBCL and PMBL. Consistent with these findings, 
Northern blot analysis of various cell lines and tissues demonstrated high miR-155 levels 
in HL, PMBL and DLBCL. In DLBCL, BIC expression appears to be associated with an 
ABC-like phenotype, possibly as a result of NF-κB activation.
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Abstract

We previously demonstrated high expression of primary-microRNA BIC (pri-miR-155) 
in Hodgkin lymphoma (HL) and lack of expression in most non-Hodgkin lympho-

ma subtypes including some Burkitt lymphoma (BL) cases. Recently, high expression of 
BIC was reported in BL in comparison to pediatric leukemia and normal peripheral-blood 
samples. In this study, we extended our series of BL cases and cell lines to examine expres-
sion of BIC using RNA in situ hybridization (ISH) and quantitative RT-PCR (qRT-PCR) 
and of miR-155 using Northern blotting. Both BIC RNA ISH and qRT-PCR revealed no 
or low levels of BIC in 25 BL tissue samples [including 7 Epstein-Barr virus (EBV)-positive 
cases] compared to HL and normal controls. In agreement with these findings, no miR-155 
was observed in BL tissues. EBV-negative and EBV latency type I BL cell lines also showed 
very low BIC and miR-155 expression levels as compared to HL cell lines. Higher levels of 
BIC and miR-155 were detected in in vitro transformed lymphoblastoid EBV latency type 
III BL cell lines. An association of latency type III infection and induction of BIC was sup-
ported by consistent expression of BIC in 11 and miR-155 in 2 post transplantation lympho-
proliferative disorder (PTLD) cases. In summary, we demonstrated that expression of BIC 
and miR-155 is not a common finding in BL. Expression of BIC and miR-155 in 3 latency 
type III EBV-positive BL cell lines and in all primary PTLD cases suggests a possible role 
for EBV latency type III specific proteins in the induction of BIC expression.
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Introduction

Burkitt lymphoma (BL) is recognized as a highly aggressive mature B cell lymphoma 
consisting of endemic, sporadic, and immunodeficiency-associated variants. The hall-

mark of this disease is overexpression of MYC, most commonly resulting from t(8;14), 
although other variant translocations involving 8q24/MYC have been described284. The 
pathogenetic role of MYC in lymphomagenesis was demonstrated extensively by in vitro 
transformation studies and by experiments in transgenic animal models285-289. These ex-
perimental models suggest that rearrangements of MYC contribute but are not sufficient 
to cause lymphoma development, consistent with the requirement for multiple genetic le-
sions in tumorigenesis.

A candidate gene for cooperation with MYC, called BIC (B cell integration cluster), was 
reported in a virally induced lymphoma model in chicken290. The BIC locus was originally 
identified as a common integration site291, and screening of this locus resulted in the iden-
tification of a novel gene, called BIC266. BIC is a primary microRNA (pri-miRNA) that 
can be processed via the intermediate precursor miR-155 (pre-miR155) to the functional 
22-nt miR-155124,135,267.

Recently, Metzler et al. reported high expression of BIC and pre-miR-155 in BL in com-
parison to pediatric acute lymphoblastic leukemia and normal peripheral-blood samples292. 
In contrast, we have previously shown that in comparison to the strong signal observed in 
Hodgkin Reed-Sternberg (HRS) cells of Hodgkin lymphoma (HL), 8 of 9 BL cases did not 
express BIC. Only one case showed weak expression in a minority of tumor cells102. The 
discrepancy between our results and those reported by292 prompted us to analyze a larger 
series of MYC translocation-positive BL cases and cell lines for the expression of BIC us-
ing RNA in situ hybridization (ISH) and quantitative RT-PCR (qRT-PCR), and of miR-
155 using Northern blotting.

Materials and methods

Tissues and Cell Lines
Paraffin-embedded tissue samples of 22 human MYC translocation-positive pediatric/
young adult (ages 4-27) BL cases (including 4 atypical cases) were selected from the pa-
thology files of the University Medical Center Groningen and the University Medical Cen-
ter Amsterdam, The Netherlands. All selected cases had an 8q24/MYC translocation as 
studied previously293 by banding analysis and/or interphase FISH294. For 3 of these cases, 
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frozen material was available (for qRT-PCR), and frozen tissue was also available for 3 ad-
ditional BL cases (for qRT-PCR and Northern blotting). Several HL tissue samples (not 
enriched for HRS cells) and 11 cases of Epstein-Barr virus (EBV)-positive B cell posttrans-
plantation lymphoproliferative disorder (PTLD) were selected from the pathology files 
(University Medical Center Groningen). The diagnosis of PTLD in these cases was based 
on histology, B cell immunophenotype, positive EBER ISH, and clonal immunoglobulin 
gene rearrangement analysis. Patients with PTLD varied in age from 3 to 58 (median age 
49) and included 8 lung (1 lung and heart), 2 kidney (1 kidney and pancreas), and 1 liver 
transplants. Reactive lymph node (RL) and tonsillar tissues were added as controls. Pe-
ripheral-blood mononuclear cells (PBMC) were obtained from the blood of a healthy do-
nor by centrifugation on a Ficoll-Paque gradient. All protocols for obtaining and studying 
human tissues and cells were approved by the institution’s review board for human subject 
research. Several BL cell lines (Ramos, ST486, CA-46, BL65, Namalwa, Raji, and Jijoye) 
and HL cell lines (L591, L428, HDLM-2, KM-H2, L1236, and DEV) were used for qRT-
PCR and Northern blot analysis. Cell lines were cultured in RPMI-1640 medium (Cam-
brex Biosciences, Walkersville, MD) supplemented with ultraglutamine 1 (Cambrex Bio-
sciences, Walkersville, MD), 100 U/ml penicillin/streptomycin, and 10% FCS (Cambrex 
Biosciences, Walkersville, MD) at 37°C in an atmosphere containing 5% CO2. The final 
FCS concentration was 20% for DEV and 5% for L428.

RNA In Situ Hybridization
RNA ISH was performed on routine formalin-fixed and paraffin-embedded tissue sections 
using a probe and a procedure described previously102. The BIC probe is specific for the full-
length BIC transcript and does not overlap with the less abundant shorter transcript267, the 
pre-miR-155 and miR-155 sequences. All cases were routinely stained with a probe for β-ac-
tin as a control for the RNA quality and fixation of the tissue samples. Cases were scored 
BIC positive when more than 1% of the tumor cells stained positive.

Quantitative RT-PCR
Total RNA from frozen tissue sections was isolated using Trizol (Invitrogen, Carlsbad, CA) 
according to the manufacturer’s protocol. Total RNA from the cell lines was isolated us-
ing a Absolutely RNA Miniprep Kit (Stratagene, La Jolla, CA). The integrity of the RNA 
was routinely checked using a 1% agarose gel. All RNA samples were DNase treated and 
checked for possible DNA contamination with primer sets that specifically amplify ge-
nomic DNA. Quantitative RT-PCR (qRT-PCR) was performed in triplicate as described 
previously102. The primers used for amplification are in exons 2 and 3 upstream of the pre-
miR-155 sequence of the BIC transcript and allow specific detection of both the full-length 
BIC and the shorter BIC transcript using the alternative poly-A site. Hypoxanthine phos-
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phoribosyltransferase 1 (HPRT) was used for normalization102. The relative amount of BIC 
was calculated by subtracting the average Ct value for HPRT from the average Ct value 
of BIC (ΔCt). Next, ΔΔCt values were calculated by subtracting the ΔCt of the common 
calibrator (HL cell line L428) from the ΔCt of the sample. Finally, expression was defined 
as 2-ΔΔCt. The range of expression levels was determined by calculating the standard devia-
tion (SD) of ΔCt, using the formula SD (ΔCt) = [(SD-CtBIC)2 + (SD-CtHPRT)2], followed by 
2-[(ΔΔCt ± SD(ΔCt)]. Expression levels in BL tissues and cell lines were compared to those in 
tonsil, reactive lymph node (RL), PBMC, and HL tissue samples and cell lines.

RNA Isolation and Northern Blotting
For Northern blotting, 20 µg of good quality total RNA was analyzed on a 7.5M ure-
um 12% PAA denaturing gel and transferred to an Hybond N+ nylon membrane (Am-
ersham, Freiburg, Germany). Membranes were crosslinked using UV light for 30 sec at 
1200 mjoule/cm2. Hybridization was performed with the miR-155 antisense starfire probe, 
5’-CCCCTATCACGATTAGCATTAA-3’ (IDT, Coralville, IA), to detect the 22 nt miR-155 
fragments according to the instructions of the manufacturer. After washing, membranes 
were exposed for 20-40 hrs to Kodak XAR-5 films (Sigma Chemical, St. Louis, MO). As a 
positive control, all membranes were hybridized with a U6 snRNA probe, 5’-GCAGGGGC-
CATGCTAATCTTCTCTGTATCG-3’233. Exposure times for the U6 control probe varied 
between 15 and 30 min. Because of material limitations, we could only analyze a limited 
number of lymphoma cases.

Immunohistochemistry
To determine the EBV latency-type expression pattern in the EBV-positive BL cell lines 
(Jijoye, Raji, Namalwa, and BL65), cytospins were prepared and fixated with 4% parafor-
maldehyde. Primary antibody incubation for LMP1 (1:500 clone cs.1-4; Dako, Copenha-
gen, Denmark) or EBNA2 (1:20 clone PE2; Dako, Copenhagen, Denmark) were followed 
by a 0.08% H2O2 step to block endogenous peroxidases and incubation with peroxidase-
labeled rabbit antimouse antibody and peroxidase-labeled goat antirabbit antibody steps 
(both from Dako, Copenhagen, Denmark). Positive staining was visualized using 3-amino-
9-ethylcarbazole (AEC). Slides were counterstained with hematoxylin. The EBV-positive 
HL cell line L591 was used as a positive control131, and EBV-negative BL cell lines were 
used as negative controls.
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Results

qRT-PCR revealed low BIC expression in 5 of the 8 BL cell lines (ranging from 3 × 10-5 
to 3 × 10-1) in comparison to the levels observed in 6 HL cell lines (ranging from 1 to 94; 
Table 1). Remarkably, 3 of the 4 EBV-positive BL cell lines demonstrated higher BIC ex-

pression. In the Raji and Namalwa cell lines, we observed intermediate BIC expression (2 
and 5, respectively), whereas high expression was observed in Jijoye (120). To determine 
the type of EBV latency infection in the EBV-positive BL cell lines, staining was performed 
for the LMP1 and EBNA2 proteins expressed in type III but not in type I latency infec-
tion. This revealed expression of both proteins in Jijoye and Raji, expression of EBNA2 in 
Namalwa, and no expression of LMP1 and EBNA2 in BL65 (Fig. 1). 

Consistent with the qRT-PCR results for BIC, we observed no miR-155 expression in Ra-
mos, CA-46, DG-75, and BL65. In Jijoye, high miR-155 expression was observed, which 
was in the same range as that observed in the HL cell line DEV. Lower miR-155 expres-
sion was observed in Raji, whereas a very weak miR-155 signal was present in Namalwa 
(Fig. 2A). 

RNA ISH in 21 of 22 MYC-translocation-positive BL samples revealed no nuclear or cy-
toplasmic BIC staining (Fig. 3, Table 2). In one case (case 4), BIC expression was observed 

Table 1. Overview of the qRT-PCR results for BIC on Burkitt lymphoma cell lines.
Cell lines EBV BIC Range

Burkitt Ramos - 3.1x10-05 (2.9x10-05 – 3.3x10-05)
lymphoma ST486 - 4.0x10-04 (3.9x10-04 – 4.1x10-04)

CA-46 - 3.5x10-02 (2.4x10-02 – 5.2x10-02)
DG-75 - 2.9x10-01 (2.6x10-01 – 4.4x10-01)
BL65 + (type I) 1.6x10-04 (1.5x10-04 – 1.7x10-04)
Namalwa + (type III*) 4.9 (4.5 – 5.4)
Raji + (type III) 1.8 (1.6 – 2.1)
Jijoye + (type III) 120 (102 – 142)

Hodgkin L1236 - 94 (78 – 112)
lymphoma KM-H2 - 16 (15 – 18)

HDLM-2 - 1.1 (1.0 – 1.3)
L591 + (type III) 92 (79 – 107)
DEV - 57 (52 – 62)
L428 - 1.0

EBV, Epstein-Barr virus. * Namalwa was EBNA 2 positive but LMP1 could not be detected. 
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miR-155

U6 snRNA

Figure 1. LMP1 and EBNA2 staining on BL cell lines. EBV-negative BL cell line CA-46 (A, D), EBV latency type 
III-positive BL cell line Jijoye (B, E), and EBV latency type I-positive BL cell line BL65 (C, F) were stained for 
EBV proteins LMP1 (A-C) and EBNA2 (D-F). Only EBV latency type III cell lines expressed LMP1 and EBNA2. 
Original magnifications: × 400 (A-F). (Color version on page 116)

Figure 2. Northern blot results for miR-155 and U6 snRNA in BL tissues and cell lines. (A) EBV negative or EBV 
latency type I BL cell lines (DG-75, CA-46, BL65, and Ramos) did not express miR-155, whereas miR-155 was 
expressed in the EBV latency type III BL cell lines Jijoye and Raji. A much weaker signal was present for the Na-
malwa cell line. The HL cell line DEV was a positive control for miR-155 expression. (B) All BL cases were nega-
tive for miR-155, whereas HL, reactive lymph node, tonsil, and PTLD tissues were positive. The U6 snRNA probe 
was used as a positive control for RNA quality and blotting procedure.
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Figure 3. BIC RNA ISH in BL, PTLD, and control tissues. Representative BL cases with no positive staining in 
the tumor cells (A = case 3, B = case 4, C = case 13, and D = case 20), PTLD cases with positive staining in tumor 
cells (E and F), cHL case with positive Hodgkin and Reed-Sternberg cells (G), and a characteristic staining in a 
tonsil (H). Original magnifications: × 400 (A-G) and × 200 (H).
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in the nuclei of a minority of cells. The strong nuclear signal, characteristic of HRS cells102, 
was not detected in any of the samples (Fig. 3). To confirm the RNA ISH data, we analyzed 
6 BL cases (including 3 that were also analyzed by RNA ISH) by the more sensitive qRT-
PCR technique. All BL tissue samples showed BIC RNA transcript levels that were much 
lower than those observed in normal control and HL tissue samples (Table 3). Northern blot 
analyses of BL tissue samples revealed no signal (or only a very weak signal) for miR-155, 
whereas a strong signal was obtained for the normal control and HL tissues (Fig. 2B). 

To further establish a possible relation of BIC expression with EBV latency type III infec-
tion, as suggested by the BIC expression observed in the 3 EBV latency type III BL cell 
lines, we also analyzed 11 (EBV-positive) PTLD cases by RNA ISH. This revealed a strong 
signal in the nuclei of the vast majority of tumor cells in all cases (Fig. 3). Consistent with 
the BIC RNA ISH, qRT-PCR showed high BIC levels (Table 3), and Northern blot re-
vealed strong miR-155 signals (Fig. 2B) in 2 PTLD cases.

Table 2. Overview of BIC RNA-ISH in 22 MYC Translocation-positive Burkitt lymphoma Cases.  
Case Age EBV BIC expression
BL-1 9 + -
BL-2 13 - -
BL-3 5 - -
BL-4 10 - -*
BL-5 13 - -
BL-6 7 - -
BL-7 6 - -
BL-8 6 + -
BL-9 5 - -
BL-10 7 - -
BL-11 7 + -
BL-12 9 - -
BL-13 9 - -
BL-14 6 + -
BL-15 9 - -
BL-16 6 - -
BL-17 6 - -
BL-18 8 - -
BL-19 6 + -
BL-20 4 + -
BL-21 9 + -
BL-22 27 - -

BL-4, -17, -21 and -22, morphologic variant atypical BL; BL-1 to 7 correspond to case numbers 2–8 in 
Haralambieva et al.293 and BL-8 to -22 correspond to the test cases in the same report; -, negative; +, positive 
and *, some BIC positive cells observed. 
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Discussion

BIC RNA ISH revealed that 21 of 22 BL cases were negative for BIC. Normal lymphoid 
tissue demonstrated positive staining in a minority of cells, and HL tissue demonstrated 
strong staining in all HRS cells. Because RNA ISH is not very sensitive, we can not ex-
clude the possibility that low expression of BIC transcripts occurred in the majority of tu-
mor cells of the BL tissues. To exclude this possibility, we applied qRT-PCR and demon-
strated much lower expression of BIC transcripts in BL cases compared to that in normal 
control and HL cases. Taking into account the low percentage of positive cells in normal 
control and HL tissue samples, it is obvious that the BL tissue samples had only very low 
levels of BIC transcripts. The high level of BIC transcripts previously reported in 11 cases 
of pediatric BL was based on relative expression compared to acute lymphoblastic leuke-
mia (ALL) and normal PBMC292. We clearly demonstrated that in comparison to HL and 
normal lymphoid tissues, BL cases showed very low BIC expression.

Because BIC is not the functional end product of the BIC gene135, we also analyzed the 
level of miR-155 in the BL cases for which sufficient frozen material was available. This 

Table 3. Overview of the qRT-PCR results for BIC.
Tissue BIC Range
Burkitt BL-3 0.8 (0.6 – 1.0)

lymphoma BL-6 0.9 (0.7 – 1.2)
BL-7 1.6 (1.2 – 2.2)

BL-23 0.8 (0.5 – 1.3)
BL-24 1.8 (1.7 – 2.0)
BL-25 6.1x10-03 (5.6x10-03 – 6.7x10-03)

Hodgkin HL-1 254 (222 – 290)
lymphoma HL-2 35 (27 – 46)

HL-3 111 (103 – 120)
PTLD PTLD-1 64 (56 – 74)

PTLD-2 189 (166 – 215)
Normal PBMC 9 (6 – 13)

T-1 53 (50 – 57)
T-2 26 (25 – 27)
T-3 24 (20 – 29)
T-4 32 (27 – 40)

RL-1 40 (37 – 44)
RL-2 22 (17 – 27)
RL-3 23 (22 – 24)
RL-4 42 (36 – 50)

PTLD, posttransplantation lymphoproliferative disorder; PBMC, peripheral blood mononuclear cells; T, tonsil; 
RL, reactive lymph node tissues. 
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revealed a consistent lack of the miR-155 hybridization signal in all BL tissue samples and 
excluded the possibility that the low levels of BIC were caused by depletion of BIC tran-
scripts by a very efficient processing of these full-length transcripts to the functionally ma-
ture miR-155. The lack of BIC and miR-155 in 5 of 8 BL cell lines was consistent with the 
findings in the primary BL cases.

Remarkably, 3 of the 4 EBV-positive BL cell lines (Jijoye, Raji, and Namalwa) demonstrat-
ed BIC levels similar to those in the HL cell lines. Jijoye and Raji expressed miR-155 in the 
same range as that observed for HL and had a type III latency EBV infection, confirmed 
by a positive staining for LMP1 and EBNA2. Namalwa displayed incomplete type III la-
tency infection because cells were positive for EBNA2 but negative for LMP1. In this cell 
line, only a very weak miR-155 signal could be detected, in contrast to Raji, which dem-
onstrated similar BIC expression levels and much higher miR-155 levels. The EBV-positive 
BL65 cell line295 did not express LMP1 or EBNA2, consistent with a latency type I infec-
tion, and was negative for BIC and miR-155. Latency type I infection is commonly ob-
served in EBV-positive primary BL cases296. Our BL series included 7 EBV-positive cases 
that consistently lacked BIC expression. The relatively high BIC and miR-155 expression 
in EBV-positive BL cell lines might be associated with type III latency infection, which is 
usually not observed in primary BL cases. It is known that serial passage of BL cell lines 
derived from EBV-positive BL tumors is often accompanied by a broadening of virus latent 
gene expression toward that shown by in vitro transformed lymphoblastoid cell lines296,297. 
To test whether latency type III EBV infection was possibly associated with a high level of 
BIC, we analyzed 11 cases of EBV-positive B cell-derived PTLD, which are known to show 
a latency III program298,299. Indeed, high levels of BIC and miR-155 were detected in all 
EBV-positive B cell-derived PTLD cases, supporting this hypothesis.

Several EBV proteins are expressed in latency type III infections and not in type I, and it is 
tempting to speculate that one or more of these proteins are responsible for the induction of 
BIC expression. An interesting candidate is LMP1, which is known to activate NF-κB300,301. 
A putative NF-κB binding site is indeed present in the promoter region of the BIC gene102, 
and constitutive activated NF-κB is one of the hallmarks of HRS cells277.

Tam and colleagues proposed an oncogenic collaboration between MYC and BIC in the 
development of virally induced lymphomas in chicken290. They showed that coexpression 
of MYC and BIC enhanced growth in chicken embryo fibroblasts. In addition, they dem-
onstrated poorer overall survival and an increased incidence of short-latency lymphomas 
upon cotransfection of BIC and MYC in chicken embryos. The consistent lack of BIC 
and miR-155 expression in BL argues against oncogenic cooperation between BIC/miR-
155 and MYC protein in BL. However, we cannot exclude that this cooperation may ex-
ist during early onset of BL pathogenesis. It would be interesting to see whether there is 
an oncogenic cooperation between BIC and MYC in other human lymphomas that coex-
press BIC and MYC.
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In summary, we have shown that BL cases and the majority of BL cell lines lack BIC and 
miR-155 expression, arguing against a role for BIC/miR-155 in the oncogenesis of BL. On 
the other hand, the lack of miR-155 could result in increased protein expression of miR-
155 target genes, which may have an oncogenic potential in the pathogenesis of BL. Based 
on the higher BIC expression levels in latency type III EBV-positive BL cell lines and all 
PTLD cases, it can be speculated that the expression of one or more latency type III-spe-
cific proteins is responsible for induction of BIC.
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Abstract

BIC is a primary microRNA (pri-miR-155) that can be processed to mature miR-155. 
High expression of BIC and miR-155 is observed in several B cell lymphomas, but not 

in Burkitt lymphoma (BL). In the normal lymphoid system, BIC expression is observed 
in a proportion of the germinal center B cells and we have previously shown induction of 
BIC expression by BcR stimulation. In this study we show the crucial involvement of PKC 
and NF-κB in the regulation of BIC expression upon BcR triggering. Surprisingly, North-
ern blot analysis did not reveal any miR-155 expression upon induction of BIC expression 
in Ramos whereas other microRNAs were clearly detectable. Ectopic expression of BIC in 
Ramos and HEK293 cells resulted in miR-155 expression in HEK293 but not in Ramos 
cells suggesting a specific block of BIC to miR-155 processing in Ramos. In line with the 
results obtained with Ramos, lack of miR-155 expression after induction of BIC expres-
sion was also observed in other BL cell lines, indicating a generic and specific blockade in 
the processing of BIC in BL. In contrast, induction of BIC expression in normal tonsillar 
B cells resulted in very high levels of miR-155 expression and induction of BIC expression 
in Hodgkin lymphoma cell lines also resulted in elevated levels of miR-155. Our data pro-
vide evidence for two levels of regulation for mature miR-155 expression: one at the tran-
scriptional level involving PKC and NF-κB, and one at the processing level. BL cells not 
only express low levels of BIC but also prevent processing of BIC via an, as yet, unknown 
mechanism.
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Introduction

Recent evidence indicates that the regulation of gene expression by microRNAs (miR-
NAs), a family of non protein coding ~22 nt RNAs, is an important mechanism in 

maintaining cellular and tissue homeostasis. Some miRNAs have been shown to be criti-
cally involved in biological processes as diverse as insulin secretion302, dendritic spine de-
velopment227 and hematopoiesis263. In addition, several reports have now shown that de-
regulated miRNA expression plays an important role in the development of human disease, 
especially cancer242,243.

miRNAs are initially transcribed as longer transcripts called primary miRNA (pri-miR-
NA) which are processed in the nucleus to ~70 nt precursor miRNA (pre-miRNA) by the 
microprocessor complex184. The pre-miRNA are transported to the cytoplasm by Exportin-
5189 where they are further processed to mature miRNA by the RNase III Dicer194. Finally, 
miRNA are loaded into RNA-induced silencing complex (RISC) to induce translational 
repression and/or degradation of the target gene transcripts303. 

A pri-miRNA that has been studied for several years is BIC, now known as pri-miR-155. 
The BIC gene was originally described as a common site of viral DNA integration in virally 
induced lymphomas in chicken291. The oncogenic potential of BIC was shown in lymphoma 
and leukemia and a possible collaboration with the oncogene MYC was suggested290. In 
a miRNA cloning study of mouse tissues, Lagos-Quintana et al. were the first to identify 
the small phylogenetic conserved region of the BIC transcript encoding miR-155124. High 
expression of BIC and miR-155 was shown in various human B cell neoplasms including 
HL, PMBL and DLBCL102,134,135. In contrast, very low levels of BIC and miR-155 are 
present in Burkitt lymphoma304. Little is known about the expression of BIC and miR-155 
in the normal lymphoid or hematopoietic system. No miR-155 was detected in sorted B 
cells, T cells, monocytes and granulocytes from peripheral blood samples305. Upregulated 
BIC expression was reported in T cells after incubation with antibodies against CD3 and 
CD28274. By RNA-ISH, we have previously shown only a limited number of BIC positive 
cells in tonsil and lymph node102. BIC positive cells were predominantly located within the 
germinal center and at least part of those cells were also CD20 positive indicating expres-
sion of BIC in germinal center B cells. Northern blotting confirmed expression of miR-155 
in normal tonsil and lymph node134.

The recently established importance of miRNA in cellular and tissue homeostasis implicates 
that pri-miR transcription and processing needs to be tightly regulated. The germinal center 
reaction is characterized by an antigen driven activation of B cells in which BcR mediated 
signaling is instrumental to the transformation of naïve B cells to mature antibody produc-
ing B cells. We therefore hypothesized that the expression of miR-155 is controlled by BcR 
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signaling. Indeed, BcR triggering of Burkitt lymphoma cell line Ramos cells resulted in 
upregulation of the pri-miRNA BIC102. We have now investigated the molecular and cell 
biological nature of the BcR triggering induced expression of BIC and demonstrate a criti-
cal involvement of PKC and NF-κB in this process. Interestingly, the upregulation of BIC 
transcripts in Burkitt lymphoma cell lines does not result in increased miR-155 expression. 
This is in contrast to HEK293 cells and normal B cells, where upregulation of BIC does 
result in induction of miR-155. These results provide evidence that mature miR-155 expres-
sion is regulated at the BIC/pri-miR-155 transcriptional as well as at the processing level. 

Material & Methods

Cell lines and tissues
The HL cell lines L591, L428, KM-H2, L1236, and DEV, the BL cell lines Ramos, Ra-
mos-IκBαnd

102, DG-75, CA-46, and Raji were cultured in RPMI-1640 medium (Cambrex 
Biosciences, Walkersville, MD, USA). HEK293 cells were cultured in DMEM (Cambrex 
Biosciences). Culture media were supplemented with ultraglutamine 1 (Cambrex Biosci-
ences), 100 U/ml penicillin/streptomycin and 10% FCS (Cambrex Biosciences) at 37ºC in 
an atmosphere containing 5% CO2. L428 was supplemented with 5% FCS and DEV was 
supplemented with 20% FCS. Cell suspensions were prepared from a tonsil taken from a 
patient during routine tonsillectomy. CD20+ B cells were isolated using CD20-PE (clone 
B-Ly1, DAKO, Copenhagen, Denmark) by fluorescence activated cell sorting (MoFlo Cy-
tomation, Fort Collins, CO, USA). All protocols for obtaining and studying human tissues 
and cells were approved by the institution’s review board for human subject research.

Constructs and generation of stable transfectants
A vector containing the full length BIC cDNA was purchased (RZPD, Berlin, Germany) 
and subcloned into the pcDNA3.1(+) vector (Invitrogen, Carlsbad, CA, USA). The insert 
was sequenced to confirm the correct BIC sequence. 5 x 106 Ramos cells were transfected 
with 25 µg plasmid DNA using an electroporator (Genepulser, Biorad). For HEK293, 3 
x 106 cells were transfected with 5 µg plasmid DNA using the AMAXA system (Amaxa 
Biosystems, Cologne, Germany) with buffer V and nucleofector program A23. As a con-
trol, both cell lines were also transfected with the empty pcDNA3.1 vector. Two days after 
transfection selection was started using geneticin (Invitrogen) with final concentrations of 
0,5 mg/ml for HEK293 and 1 mg/ml for Ramos cells. 
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Stimulation/inhibition experiments
For all experiments cells were cultured one day before the start of the stimulation/inhibi-
tion experiment. The next day, cells were spread to 0.5 x 106 cells/ml in RPMI 5% FCS and 
incubated with 5 µg/ml anti-IgM (Jackson Immuno Research, West Grove, PA) or 1 ng/
ml phorbol 12-myristate 13-acetate (PMA) and 0,5 µM  Ionomycin (both Sigma Aldrich, 
Saint Louis, MO) for indicated time periods. The PKC inhibitor Bisindolylmaleimide I 
(Calbiochem, La Jolla, CA, USA) was dissolved in dimethylsulphoxide (DMSO) and used 
at a concentration of 1 µM. All experiments were performed at least in triplicate. After 
treatment, cells were harvested and directly stored at -20°C before RNA isolation.

RNA isolation and Northern blotting
Total RNA was isolated using Trizol (Invitrogen) according to the manufacturers proto-
col. RNA integrity was monitored using a 1% agarose gel. For Northern blotting 20 µg of 
good quality total RNA was loaded on a 7.5 M ureum 12% PAA denaturing gel, and after 
electrophoresis transferred to Hybond N+ nylon membrane (Amersham, Freiburg, Ger-
many). Membranes were cross linked using UV light for 30 seconds at 1200 mjoule /cm2. 
Hybridizations with antisense starfire probes (IDT, Coralville, IA, USA) for miR-155 (5’-
CCCCTATCACGATTAGCATTAA-3’) or miR-16 (5’-CGCCAATATTTACGTGCTGCTA 
-3’) were performed according to instructions of the manufacturer. After washing, mem-
branes were exposed to Kodak XAR-5 films (Sigma Chemical, St Louis, MO, USA). As 
a control for RNA quality and blotting procedure, all membranes were hybridized with a 
U6 snRNA probe 5’-GCAGGGGCCATGCTAATCTTCTCTGTATCG-3’233. 

Quantitative RT-PCR
All RNA samples were DNase treated and checked for possible DNA contamination with 
primer sets that specifically amplify genomic DNA. The first-strand cDNA synthesis, 
primed with random primers, was performed using the protocol provided by the manu-
facturer (Life Technologies Inc., Gaithersburg, MD). PCR was performed in qPCR Core 
kit (Eurogentec, Seraing, Belgium) containing 200 nmol/L probe, and 900 nmol/L primers 
and 2 ng cDNA using the standard amplification procedure. All analyses were performed 
in triplicate. Hypoxanthine phosphoribosyltransferase 1 (HPRT) was used for normalization. 
Primers and probes used for BIC and HPRT were as reported previously102,272. The relative 
amount of BIC was calculated by subtracting the average CT value for HPRT from the av-
erage Ct value of BIC (ΔCt). Next, ΔΔCt values were calculated by subtracting the ΔCt of 
the common calibrator (HL cell line L428) from the ΔCt of the sample. Finally, expression 
was defined as 2-ΔΔCt. The range of expression levels was determined by calculating the stan-
dard deviation (SD) of ΔCt, using the formula SD (ΔCt) = [(SD-CtBIC)2 + (SD-CtHPRT)2], 
followed by 2-[(ΔΔCt ± SD(ΔCt)]. 
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Determination of BIC editing by ADARs
To identify adenosine residues that underwent editing by ADARs, BIC RNA transcripts 
were sequenced. To this end, BIC RT-PCR products of Ramos cells stably transfected with 
the full length BIC construct and of PMA/Ionomycin stimulated CA-46 cells were com-
pared with BIC RT-PCR products of HEK293 cells stably transfected with the BIC con-
struct and of L1236 cells. Primers used for RT-PCR were F: 5’-AACCTACCAGAGACCT-
TACC-3’ and R: 5’-ATGCTTCTTTGTCATCCTCC-3’. The resulting 296bp PCR products 
were cloned using the TOPO TA cloning system (Invitrogen). Per sample, 30 clones were 
sequenced using both forward and reverse M13 universal primers. The resulting sequences 
were analyzed for A to G conversions in miR-155 and 100 nt up- and downstream regions, 
using Seqman software version 6.1 (DNASTAR, Madison, WI, USA).

Results

Pri-miR-155/BIC expression is regulated by the BcR via PKC and NF-κB
We have previously reported upregulation of BIC transcription upon BcR triggering, which 
was first detectable after 1.5 hrs and became full blown after 24 hrs of stimulation with 
anti-IgM102. To elucidate the molecular pathway regulating BIC transcription, we studied 
downstream BcR signaling components. BcR signaling is known to involve activation of 
PKC and the transcription factor NF-κB. First, we studied the involvement of PKC in the 
regulation of BIC transcription by direct stimulation of PKC with PMA/Ionomycin. Indeed, 
direct stimulation of PKC in Ramos cells using PMA/Ionomycin resulted in a significant 
upregulation of BIC (Fig. 1A). The specific involvement of PKC was further confirmed 
by treatment of Ramos cells with anti-IgM in the presence of the specific PKC inhibitor 
Bisindolylmaleimide-I. After 24 hrs, induction of BIC expression upon BcR triggering was 
completely blocked by Bisindolylmaleimide-I (Fig. 1B). No effect on anti-IgM induced BIC 
expression was observed in DMSO-vehicle control cells, confirming specificity of the ob-
served inhibition of BIC induction by Bisindolylmaleimide-I (not shown). 

The promoter region of BIC has been reported to contain a putative NF-κB binding site102. 
Activation and nuclear translocation of the transcription factor NF-κB is known to occur 
downstream from BcR triggering and activated PKC. Next, we therefore investigated the 
involvement of NF-κB in BcR induced BIC expression. To this end, we used a Ramos cell 
line overexpressing a non-degradable form of IκBα, the endogenous cellular inhibitor of 
NF-κB (Ramos-IκBαnd). As reported previously102, incomplete inhibition of BIC expres-
sion by IκBα overexpression was observed early, i.e. 6 hrs, after treatment with anti-IgM. 
However, as shown in figure 1C, prolonged stimulation with anti-IgM, i.e. up to 24 hr, 
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Figure 1. The expression of BIC is regulated by the BCR via PKC and NF-κB. (A) Direct activation of PKC in 
Ramos cells with PMA/Ionomycin (+ P/I) induces BIC expression. (B) The induction of BIC expression upon anti-
IgM induced BcR stimulation can be blocked using the PKC inhibitor Bisindolylmaleimide-I (BIS). (C) The Ra-
mos-IκBnd cell line, overexpressing a non-degradable form of the natural NF-κB inhibitor IκB, can not induce 
BIC expression at similar high levels as the parental Ramos cell line revealing involvement of NF-κB in the regu-
lation of BIC expression.
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resulted in a significant further increase of the BIC levels in normal Ramos cells while in 
Ramos-IκBαnd cells BIC expression remained at the level observed after treatment for 6 hrs. 
These results show that the PKC-NF-κB signaling axis is critically involved in the regula-
tion of BIC transcription in Ramos cells.

Expression of pri-miR-155/BIC does not result in miR-155 expression in Ramos
Next, we studied the processing of BIC into miR-155 upon treatment with anti-IgM or 
PMA/Ionomycin using Northern blot analysis. Surprisingly, neither anti-IgM nor PMA/
Ionomycin induced upregulation of miR-155 expression (Fig. 2). As a control we analyzed 
the expression of the more ubiquitously expressed miR-16. In contrast to miR-155, miR-16 
was expressed in all treated and untreated samples. A slightly stronger miR-16 signal was 
noted after 24 hours of treatment with anti-IgM. 

To exclude the possibility that BIC expression levels in Ramos were too low to detect ap-
preciable amounts of miR-155, we generated two stable transfectants of Ramos using a 
construct containing the full length BIC cDNA and empty vector (EV) controls. As an 

Figure 2. No miR-155 expression upon induction of BIC expression in Ramos. Northern blot analysis of Ramos 
cells treated with anti-IgM or PMA/Ionomycin (P/I) shows that, despite the induction of BIC, no miR-155 is ex-
pressed. The HL cell line DEV is shown as a positive control for miR-155 expression. MiR-16 is shown as a control 
for miRNA expression in Ramos, note the slightly higher expression of miR-16 after 24h of anti-IgM treatment. 
U6 snRNA is shown as a control for RNA quality and blotting procedure.
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additional control we also generated 2 stable BIC and 2 EV transfectants of HEK293. 
Both parental HEK293 cells and Ramos cells did not express BIC. The stably transfected 
derivatives of HEK293 and Ramos showed significant expression of BIC mRNA which 
was at least 10 fold higher than the levels induced with anti-IgM treatment of Ramos (Fig. 
3A). Northern blot analysis revealed significant expression of miR-155 in HEK293 cells, 
whereas Ramos cells again failed to express miR-155 even at this high level of BIC expres-
sion (Fig. 3B). As a positive control for miR-155 expression, the classical HL cell line L428 
is shown. BIC mRNA levels in L428 are 5- to 7-fold lower than in stably transfected Ra-
mos cells (Fig. 3A and B).

Figure 3. Stably transfected Ramos and HEK293 cells differ in miR-155 processing capacity. (A) BIC qRT-PCR 
results for Ramos and HEK293 cell lines stably transfected in duplo with a construct containing the full length 
BIC cDNA (BIC1/2) reveals high BIC expression in both Ramos and HEK293 cells. The empty vector controls 
(EV1/2) were negative for BIC expression. (B) Northern blot analysis for miR-155 in Ramos and HEK293 stable 
transfectants revealed lack of expression in Ramos cells while HEK293 cells are able to process BIC to miR-155. 
U6 snRNA is shown as a control for RNA quality and blotting procedure. HL cell line L428 is shown as a control 
of a BIC and miR-155 positive cell line.
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miR-155 processing in BL, HL and normal B cells
To determine whether the defect in pri-miR-155/BIC processing is a general feature of 
Burkitt lymphoma, we additionally analyzed BL cell lines CA-46 and DG-75 which, like 
Ramos, display no or relatively low levels of both BIC and miR-155. BIC expression was in-
duced via direct PKC activation, using PMA/Ionomycin. In this experimental setup, BIC 
and miR-155 expression levels were compared with the Epstein-Barr virus (EBV) latency 
type III positive BL cell line Raji known to express both BIC and miR-155304. Both CA-
46 and DG-75 showed a several fold upregulation of BIC (Fig. 4A, left panel). However, 
similar to Ramos, neither Ca-46, nor DG-75 contained detectable levels of miR-155 (Fig. 
4A, right panel). In contrast, BIC and miR-155 were clearly detectable in both the treated 
and untreated Raji cells. In line with the detected increase in BIC levels, a slight increase 
in miR-155 levels was detected in Raji cells upon PMA/Ionomycin treatment. miR-16 is 
expressed in all BL cell lines, and treatment with PMA/Ionomycin did not appear to have 
an effect on miR-16 levels.

Next, we determined whether PMA/ionomycin stimulation does results in induction of 
BIC expression and elevated miR-155 levels in HL cell lines. PKC was directly activated us-
ing PMA/Ionomycin, resulting in a several fold induction of BIC expression in 3/4 HL cell 
lines. Levels got up from ~3 fold in DEV to more than 9 fold in KM-H2. L591, having the 
highest intrinsic levels of BIC, did not show much increase in BIC expression in response 
to treatment with PMA/Ionomycin (Fig. 4B, left panel). Northern blot analysis revealed 
some induction of miR-155 expression after PMA/Ionomycin treatment, especially in the 

Figure 4. Hampered miR-155 processing in BL and successful miR-155 processing in HL and normal B cells. (A) 
Left panel: 24h stimulation of Burkitt lymphoma (BL) cell lines with PMA/Ionomycin (P/I) results in upregulation 
of BIC. Right panel: Northern blot analysis of the same samples for miR-155 reveals that similar to Ramos, CA-46 
and DG-75 also fail to process BIC to miR-155. EBV latency type III positive BL cell line Raji, known to express 
BIC and miR-155, shows a slight upregulation of miR-155 upon PMA/Ionomycin treatment in line with the two-
fold upregulation of BIC mRNA levels. MiR-16 is expressed in BL, and levels are not affected by PMA/Ionomycin 
treatment. HL cell line L591 is shown as a positive control for BIC and miR-155 expression. (B) Left panel: Hodg-
kin lymphoma (HL) cell lines DEV, L1236 and KM-H2 that already express BIC show elevated BIC mRNA lev-
els after 24h PMA/Ionomycin stimulation. Note that L591, that was almost unresponsive to PMA/Ionomycin, was 
already expressing the highest levels of BIC. Right panel: HL cell lines DEV, L1236 and KM-H2 show increased 
miR-155 signals upon PMA/Ionomycin treatment in line with upregulated BIC levels. In contrast, L591 showed an 
unchanged miR-155 signal in line with qRT-PCR for BIC. MiR-16 is shown for comparison; only KM-H2 shows a 
slightly lower signal after treatment. (C) Left panel: Total tonsil cell suspension and isolated CD20+ B cells express 
BIC at moderate levels, stimulation of CD20+ cells with PMA/Ionomycin results in massive upregulation of BIC. 
Right panel: Stimulated CD20+ cells show high levels of miR-155 in line with the massive upregulation of BIC. In 
contrast, unstimulated CD20+ cells and tonsil show much lower levels of miR-155. MiR-16 is elevated in tonsil 
compared to CD20+ cells. U6 snRNA is shown as a control for RNA quality and blotting procedure.
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cell lines showing a very strong induction of BIC expression like KM-H2 and L1236. In 
line with the unresponsiveness to PMA/Ionomycin with regard to BIC expression, L591 did 
not show induction of miR-155 expression in response to treatment with PMA/Ionomycin. 
Analysis of miR-16 showed expression in all HL cell lines without clear evidence that miR-
16 expression was affected by PMA/Ionomycin stimulation (Fig. 4B, right panel).

To further study whether the apparently hampered BIC processing is specific for Burkitt 
lymphoma, we determined BIC and miR-155 expression levels in normal lymphoid ton-
sil tissue and sorted CD20+ tonsillar B cells. Half of the CD20+ fraction was stimulated 
with PMA/Ionomycin. A moderate expression level of BIC was shown in both total tonsil 
and CD20+ B cells. Treatment with PMA/Ionomycin strongly increased BIC expression in 
the CD20+ B cells (Fig. 4C, left panel). In contrast to BL cell lines, upregulation of BIC 
in normal B cells did result in the induction of very high miR-155 levels, providing further 
evidence for a BL-specific block of miR-155 processing (Fig. 4C, right panel).   

BIC processing is not hampered due to ADAR editing
More recent reports have indicated that miRNA processing may be regulated by editing of 
pri-miRNA sequences by adenosine deaminases acting on RNA (ADARs)306,307. ADARs 
can convert adenosines to inosines in stemloop sequences which may interfere with prop-
er recognition and cleavage of pri-miRNA by the microprocessor complex. To evaluate 
whether ADAR editing may explain the observed differences in BIC to miR-155 process-
ing, we analyzed the miR-155 sequence including 100 nt up- and downstream of BIC RT-
PCR products from stably transfected Ramos cells and PMA/Ionomycin stimulated CA-
46 cells and compared those with sequences obtained from stably transfected HEK293 
cells and L1236 cells. ADAR editing results in A to G conversions in the resulting PCR 
products. Analysis of 30 clones per sample revealed no or very few conversions in any of 
the samples. 1 A→G conversion 56 nt downstream the miR-155 sequence was detected in 
stably transfected Ramos cells, 1 A→G conversion 48 nt upstream the miR-155 sequence 
in stimulated CA-46 cells, and 1 A→G conversion in 2 independent clones 82 nt upstream 
the miR-155 sequence were detected in sequences from L1236. 

Discussion

The Burkitt lymphoma derived cell line Ramos is widely used to study BcR signaling and 
has been invaluable to the current understanding of this signaling pathway. In our study 
we show that the expression of pri-miR-155/BIC in Ramos is regulated via BcR triggering 
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and critically involves PKC and the downstream transcription factor NF-κB. Blocking ei-
ther PKC signaling or NF-κB activation abrogates induction of BIC expression. 

Since it is now known that BIC is processed to miR-155, we investigated whether induc-
tion of BIC expression resulted in induction of miR-155 expression. Surprisingly, Ramos 
cells did not express miR-155 upon induction of BIC by BcR triggering or after direct PKC 
activation. This is in contrast to other B cell malignancies, which show significant expres-
sion of both BIC and miR-155134. In line with the results obtained in Ramos, additionally 
analyzed BL cell lines CA-46 and DG-75 also lacked miR-155 expression after induction 
of BIC expression. This suggests a common blockade in BL cell lines to process BIC into 
mature miR-155 and excludes the possibility of a Ramos cell line specific phenomenon. 
Interestingly, in contrast to the above listed EBV negative classical BL cell lines, the EBV 
latency type III positive BL cell line Raji did show both induction of BIC and miR-155 ex-
pression. This was anticipated since the, for BL unusual EBV latency type III expression 
pattern, has been shown to be associated with enhanced BIC and miR-155 expression304,308. 
The results for Raji show that upregulation of BIC in a miR-155 positive cell line can result 
in enhanced levels of miR-155. Likewise, HL cell lines showed, similar to Raji, enhanced 
miR-155 signals after induction of BIC expression. This suggests that, in general, levels of 
miR-155 are directly coupled to the levels of BIC expression. In agreement to this, normal 
B cells also showed a strong induction of both BIC and miR-155 after stimulation. Stable 
transfectants of Ramos and HEK293 cells containing a full length BIC cDNA construct 
showed similar BIC levels in both cell types, but absence of miR-155 in Ramos and pres-
ence in HEK293 cells. Together, this strongly indicates that BL cells are characterized by a 
block in the processing of BIC to miR-155, suggesting a second level of regulation for miR-
155 expression. In addition, these results indicate that BL cell lines should be used with cau-
tion for the study of miR expression upon BcR triggering as a model for BcR signaling in 
general. Our results may be related to specific characteristics of the BcR triggering pathway 
in the germinal center reaction or to a specific pathophysiological characteristic of BL.

The molecular mechanism, responsible for the blockade in BIC to miR-155 processing in 
BL, remains to be elucidated and can only be speculated about. General factors necessary 
for miR processing, like components of the microprocessor complex or Exportin-5 184,189 
could be downregulated or absent. However, this seems unlikely since an unrelated miRNA 
(miR-16) is detected in BL cells. Differences in processing efficiency of miR-155 have been 
noted by others135, and were proposed to be due to nuclear export of BIC transcripts. This 
would result in the cytoplasmic degradation of BIC rather than proper processing to pre-
miR-155 by the microprocessor complex. Since RNA-ISH for BIC clearly shows a consis-
tent nuclear staining in BIC positive cells102,134,304, this proposed mechanism is not a very 
likely explanation for the observed block in BIC processing in BL. Evidence for regulation 
of pri-miRNA processing is also observed in other studies. Expression of pri-let-7a-1 in 
embryonic stem cells is not always accompanied by expression of mature let-7a-1309. Other 
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studies show that miRNA that are transcribed together from one cluster are not always 
expressed at similar levels. For instance, miR-221 and miR-222 form a cluster at Xp11, 
but only miR-221 is highly expressed in glioblastoma samples257. Comparison of miRNA 
profiles of CLL cases and normal CD5+ B cells revealed upregulation of 2 members of the 
miR-17-92 cluster at 13q31 and downregulation of two others255.

Several groups have reported that sequences outside the pre-miR hairpin sequence are im-
portant for miRNA processing187,263,310. It might be that BIC transcripts in BL differ from 
those present in normal B cells or HL, for instance due to mutations at the genomic DNA 
level in or closely flanking the stemloop sequence or due to alternative splicing, and there-
fore may not be processed. However, our experiments using Ramos and HEK293 stable 
transfectants expressing the full length wild type BIC cDNA sequence argues against this 
explanation.

A role for adenosine deaminases acting on RNA (ADARs) was described in modulation 
of miR processing and expression306,307. ADARs are involved in the editing of adenosine 
residues to inosine in double-stranded RNA311,312. Recently, 8 different pri-miRNA were 
tested as substrates for ADAR editing307. Pri-miR-142, pri-miR-223, pri-miR-1-1 and pri-
miR-143 were edited by ADARs, while pri-miR-181a, pri-miR-181b1, pri-miR-181b2 and 
pri-miR-122α did not show any signs of RNA editing. In the case of pri-miR-142, specif-
ic adenosines within the stemloop were almost always edited by ADARs. In vitro assays 
showed that expression of mutated pri-miR-142 transcripts resulted in suppression of its 
processing to mature miR-142. Specific editing of BIC in BL -and not in HEK293, HL 
and normal B cells- could result in the inability of the microprocessor complex to process 
BIC in BL. However, cloning of BIC transcripts and subsequent sequencing of 30 indi-
vidual clones, originating from cells that either can (transfected HEK293 and L1236 HL 
cells) or cannot (transfected Ramos cells and stimulated CA-46 cells) process BIC to miR-
155, revealed very few or no A→G conversions. This indicates that ADAR editing is not 
responsible for the observed BIC processing blockade in BL.

In summary, we show that expression of BIC is regulated by the BcR signaling pathway in 
a PKC and NF-κB dependent manner. Interestingly, BL cell lines, in contrast to normal 
B cells, HL cell lines and HEK293 cells, are not able to process BIC to mature miR-155. 
This indicates two levels of regulation of mature miR-155 expression, one at the transcrip-
tional and one at the processing level.
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Abstract

Over the past few years it has become evident that microRNAs (miRNAs) play an im-
portant regulatory role in various biological processes. Much effort has been put into 

the elucidation of their biogenesis, and this has led to the general concept that a number of 
key regulators are shared with the processing machinery of small interfering RNAs. De-
spite the recognition that several miRNAs play crucial roles in normal development and 
in diseases, little is known about their exact molecular function and the identity of their 
target genes. In this review, we report on the biological relevance of miRNAs for the dif-
ferentiation of normal hematopoietic cells and on the contribution of deregulated miRNA 
expression in their malignant counterparts.
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General introduction

MicroRNAs (miRNAs) are now recognized as an important class of small RNA mol-
ecules that can regulate the expression of many genes. The biogenesis of a miRNA 

starts with the transcription of a longer primary miRNA transcript (pri-miRNA) by RNA 
polymerase II (for reviews see Kim, 2005 and Du & Zamore, 2005313,314). The pri-miR-
NA contains a local hairpin structure that is recognized and cleaved by the microprocessor 
complex. The resulting ~65 nt precursor miRNA (pre-miR) is exported to the cytoplasm 
for subsequent processing to a ~22 nt miRNA duplex by DICER. Based on the stability at 
the 5’ends of the miRNA duplex, one strand is loaded in the active RNA induced silenc-
ing complex (RISC). The miRNA will then guide the RISC complex to target mRNA for 
gene silencing. It is currently thought that in human the RISC complex acts mainly by 
mediating specific translation inhibition and to a lesser extent degradation of mRNA tar-
gets. Cytoplasmic foci known as processing bodies (P-bodies) are involved in gene silencing 
mediated by miRNAs204. To date, the role of most miRNAs is largely unknown. To obtain 
better insight in the function of miRNAs much effort has been put in the computational 
identification of miRNA targets using various algorithms315. However, the drawbacks of 
these predictions are that they all have a substantial false positive rate and may be biased 
since they are mostly based on the few known miRNA:target gene interactions. 

There is significant evidence that miRNAs play an important role in disease, especially in 
oncogenesis241-243. Several miRNAs were shown to be located at fragile sites or at genomic 
sites that are altered in cancer249. Specific miRNAs were shown to be underexpressed and 
map to regions that are frequently deleted while others were reported to be overexpressed 
and map at regions that are frequently amplified in cancer250-253. Finally, miRNA expres-
sion profiling was reported to define specific subtypes of cancer much better than a gene 
expression profile of 16,000 genes254. This analysis revealed reduced expression levels of 
several miRNAs in comparison to the corresponding normal tissues. Since many miRNAs 
are induced during differentiation, the widespread reduction of miRNA levels in cancer 
might reflect the reduced differentiation stage observed in cancer cells.

microRNAs in hematopoiesis

The importance of miRNAs in hematopoiesis was revealed by the identification of three 
murine hematopoietic tissue specific expressed miRNAs, miR-181a, miR-142s and miR-
223263. miR-181a was preferentially expressed in the B-lineage and ectopic expression of 
miR-181 in hematopoietic precursor cells resulted in an increased percentage of B-lineage 
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cells. miR-142s was expressed in B and myeloid lineages, and miR-223 expression was con-
fined to myeloid lineages. Remarkably, ectopic expression of miR-142s or miR-223 resulted 
in an increase of T lineage cells and not of B lineage or myeloid cells263. These results show 
that miRNA can play an important role in the differentiation of hematopoietic cells. 

The high expression of miR-223 in the myeloid lineage was confirmed by studying myeloid 
differentiation in acute promyelocytic leukemia (APL) cells316. Stimulation of APL cells 
with retinoic acid induces differentiation towards granulocytic maturation, which is trig-
gered by the activation of C/EBPα. The C/EBPα transcription factor competes with the 
negative regulator NFI-A for binding to the miR-223 promoter and, upon replacement, 
induces high miR-223 expression. High miR-223 levels result in down regulation of NFI-
A protein translation by binding to the 3’-UTR of the NFI-A transcript. This indicates 
that activation of C/EBPα induces granulocytic maturation and that this differentiation is 
maintained by the induction of miR-223. 

Comparison of the miRNA expression profiles of murine hematopoietic cell populations 
at different stages of differentiation revealed a very strong correlation in cell populations 
that were at a similar stage of differentiation317. The correlation between mature cell pop-
ulations and their precursors was, however, much lower. This strengthens the concept that 
miRNAs have an important role in the differentiation and maintenance of specific hema-
topoietic maturation stages. 

Two studies report on the general role of miRNAs in murine T cell differentiation by gen-
eration of a conditional DICER-1 knock-out allele318,319. In the lckCre transgenic mice a 
DICER knock-out phenotype was induced from the first stage of T cell development318. In 
this model, the total number of cells was reduced 10 fold in the thymus, but the number 
of double negative (DN) T cells was unaffected. A detailed analysis of the four DN stages 
also revealed a normal distribution pattern. The main effect of the DICER knock-out phe-
notype was a reduced survival of αβ lineage T cells and a higher percentage of γδ lineage 
T cells. Finally, DICER seemed to be dispensable for differentiation into CD4 and CD8 
lineage T cells. More severe effects were observed in the second study that used CD4Cre 
transgenic mice, resulting in a full blown DICER knock-out phenotype at a much later 
stage of T cell development319. These mice demonstrated a 2 fold decrease in the amount 
of CD4+ T cells and a 4 fold decrease in the number of CD8+ T cells in spleen and lymph 
node. In the peripheral T cells, the DICER knock-out phenotype affected maturation and 
homeostasis which was most pronounced in CD8 positive cytotoxic cells. The DICER de-
ficient CD4+ T cells proliferated poorly and were more sensitive to apoptosis induction 
upon stimulation. CD4+ T cells were able to differentiate to TH1 and TH2 cells without 
DICER protein, but the TH2 cells expressed interferon-γ, a for TH2 cells inappropriate 
cytokine319. This indicates that T cells have the capacity to differentiate despite the lack 
of DICER protein. 

Downregulation of miR-221 and miR-222 in erythropoietic cells was observed at differ-
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ent stages of erythrocyte differentiation and maturation320. Sequence comparison of both 
miRNAs reveals that the first 8 nt of the 5’ sites are identical while the 3’ sites have only 
limited sequence similarity. The first 8 nt on the 5’site of a miRNA contains the so-called 
seed, which is crucial for miRNA:target gene recognition315. The fact that these two miR-
NAs have identical seed sequences strongly suggests overlap in their target gene repertoire. 
Target gene prediction studies suggested that the KIT receptor is a target for both these 
miRNAs. KIT is a key factor for the proliferation control of primitive hematopoietic and 
erythropoietic cells. Expression studies indeed indicated an inverse correlation of KIT and 
miR-221 / miR-222 expression upon erythropocyte differentiation320. Luciferase based as-
says provided further evidence that KIT is a true target of miR-221 and miR-222. This in-
dicates that down-regulation of miR-221 and miR-222 is a crucial event in erythropoiesis 
by unblocking the translational repression of the KIT receptor.

A few studies reported expression of BIC or pri-miR-155 in B and T cells and in lymphoid 
tissues102,267. RNA in situ hybridization revealed a limited number of BIC positive B cells 
located predominantly within the germinal centers (GC) of lymphoid tissues. In a more 
recent study, Northern blotting confirmed expression of the BIC derived miRNA, miR-155, 
in total tonsil and reactive lymph node tissue and also in GC B-cells sorted from tonsil cell 
suspensions (Kluiver et al., submitted)134. The expression of BIC in GC B cells suggested a 
possible link of BIC expression with the B cell maturation process regulated by B cell recep-
tor (BcR) – antigen interaction. This was indeed confirmed in the Burkitt lymphoma cell 
line Ramos, which is commonly used as a model system to study effects of BcR triggering 
in GC B cells102. Stimulation of normal tonsillar GC B cells also revealed strongly enhanced 
BIC and miR-155 expression levels (Kluiver et al., submitted). These data provide evidence 
for a role of miR-155 in the antigen triggered maturation process of naïve B cells. 

Stimulation of CD4+ T cells using anti-CD3 in combination with anti-CD28 did result 
in a strong upregulation of BIC expression274. This induction could be blocked by calci-
neurin blockers like cyclosporine A or FK506. Until now, the effect of T cell activation on 
miR-155 levels has not been studied. The data suggest an association between activation of 
B and T cells and induction of high BIC / miR-155 levels. Although several putative miR-
155 target genes have been identified, none of these has been experimentally validated. 

microRNAs in leukemia

miR-15a & miR-16-1
Hemi- or homozygous deletions at 13q14 are frequently observed in chronic lymphocytic 
leukemia (CLL), suggesting the presence of one or more tumor suppressor genes in that re-
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gion321,322. Recently, it was shown that miR-15a and miR-16-1 form a miRNA cluster that 
map within the 13q14 deletion250. Reduced miR-15a and miR-16-1 levels were observed 
in 75% of CLL cases with a hemi- or homozygous deletion at 13q14 and in 55% of cases 
without a 13q14 deletion. The low miR-15a and miR-16-1 expression levels support the hy-
pothesis that these two miRNAs represent the actual targets of the deletion. Low expression 
levels in CLL cases without a deletion might be caused by presence of small deletions or 
single base mutations that affect the processing of the primary transcript. However, analysis 
of the genomic sequences encompassing the miR-15a and miR-16-1 stemloop and flank-
ing sequences revealed no mutations in the precursor sequences in 144 CLL cases256,323. A 
germ-line mutation, 7 nucleotides 3’ to the pre-miR-16-1 sequence, was detected in 2 out 
of 75 CLL patients and not in 160 control subjects256. Both CLL patients showed a C→T 
conversion in the only remaining allele, but it is uncertain whether this mutation indeed 
explains the reduced miR-15a and miR-16-1 levels. The existence of a highly similar miR-
NA cluster at 3q25-26.1 containing the miR-15b and miR-16-2 miRNA genes adds further 
complexity124,324. miR-15b differs from miR-15a by 4 nucleotides outside the seed sequence 
and miR-16-2 is identical to miR-16-1. miRNA profiling revealed high expression levels of 
pre-miR-15b in CLL in comparison to normal CD5+ B cells, but additional studies have 
not yet been performed to accurately define the expression levels of this miRNA cluster255. 
These findings suggest that the loss of expression of the miRNA cluster at 13q14 might be 
compensated by higher expression levels of the miRNA cluster at 3q25-26.1. On the other 
hand, it might also be beneficial for the CLL cells to express miR-15b in favor of miR-15a, 
since based on the minor differences in sequence, miR-15b possibly targets a slightly dif-
ferent set of genes. Clearly, further studies are needed to determine the exact contributions 
of each miRNA cluster to the CLL pathogenesis.

The contribution of reduced miR-15a and miR-16-1 levels to the pathogenesis of CLL was 
further investigated by analyzing protein or mRNA levels of potential target genes. A po-
tential interesting target gene of miR-15a / miR-16-1, but also miR-15b / miR-16-2, is the 
anti-apoptotic gene BCL-2325. Protein expression of BCL-2 was inversely correlated with 
the expression of miR-15a and miR-16-1 in CLL cases. In addition, ectopic expression of 
miR-15a and miR-16-1 in a cell line with high levels of BCL-2 resulted in a strong reduc-
tion of BCL-2 protein levels and induction of apoptosis. Reduction of both members of 
the miR-15 and miR-16 family may thus be considered as a possible therapeutic target to 
block the BCL-2 oncogenic pathway in CLL.

microRNA profiling
Two miRNA profiling studies have been published, using a microarray that contains 161 
different oligo’s corresponding to the antisense human pre-miRNA sequences255,256. In the 
first study, expression profiles were generated from 38 CLL cases255. Unsupervised hier-
archical clustering revealed two miRNA signatures within the CLL samples, the miRNA 
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profile of cluster 1 was similar to the profile observed in peripheral blood mononuclear 
cells (PBMC) while cluster 2 was clearly different. The number of ZAP-70 positive CLL 
cases, a strong predictor of early disease progression in CLL326, was significantly lower in 
CLL patients from cluster 1 in comparison to patients from cluster 2. The normal CD5+ 
B cells, frequently used as a normal counterpart for CLL, clustered on a completely sepa-
rate branch. The limited degree of overlap between the miRNA profiles, and the closer re-
lation with total PBMC further raise the question whether CD5+ B cells are a good con-
trol population for CLL. Comparison of the miRNA profiles of all CLL cases with nor-
mal CD5+ B cells indeed revealed 55 differentially expressed miRNAs, confirming the 
low degree of similarity observed by the unsupervised hierarchical clustering. In contrast 
to previous studies, miR-15a and miR-16-1 in CLL were not identified as being differen-
tially expressed. Reduced expression was observed for miR-16-1 in 45% and for miR-15a 
in 25% of CLL cases. The different results may reflect the general difficulty in reliably as-
sessing mature miRNA levels on a microarray.

In a follow up study of the same group, 94 CLL samples were subjected to miRNA-profiling 
to investigate whether miRNA expression profiles are associated with known factors that 
predict the clinical course of CLL, as suggested by their first study256. The CLL samples 
were divided in 2 main groups based on the mutational status of the immunoglobulin heavy 
chain gene (IgH) and ZAP70 expression. A signature of 13 miRNAs, mostly different from 
the previously identified miRNA signature, was shown to discriminate between ZAP70+/
IgH mutation negative and ZAP70-/IgH mutation positive CLL patients256. miR-15a and 
miR-16-1 were part of this signature and were expressed at higher levels in ZAP70+/IgH 

mutation negative CLL cases. This finding is surprising and needs to be further investigat-
ed since ZAP70+/IgH mutation negative patients have an unfavorable clinical prognosis, 
whereas they would have the lowest anti-apoptotic BCL-2 protein levels as a consequence 
of the high miR-15a and miR-16-1 expression325. 

microRNAs as translocation partners
In a B-ALL case, an insertion was observed of 11q24 sequences in the IgH gene locus327. 
Sequence analysis of the 213 bp DNA fragment of 11q24 revealed that it contained the 
complete miR-125b-1 sequence. Lack of sufficient patient material precluded analysis of 
miR-125b-1 expression levels in the tumor. In a second patient presenting with aggres-
sive B cell leukemia a (8;17) translocation was observed in which exon 1 of the MYC gene 
was replaced by the miR-142 promoter, 5’ portion and the stem-loop sequences (originally 
termed BCL-3)328. The 3’ portion of miR-142 was replaced by the truncated MYC gene. 
The fusion transcript was highly expressed in the tumor cells, leading to increased MYC 
protein levels. 
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microRNAs in lymphoma

miR-155 
The BIC (B cell integration cluster) locus was originally identified as a target for proviral 
insertions in avian leukosis virus induced lymphomas291. Analyses of this locus led to the 
identification of the BIC gene266. BIC lacked an extensive open reading frame (ORF) and 
it was thought that it might function as a noncoding RNA. The additional identification 
of the human and mouse BIC genes revealed that there was little conservation between 
the human, mouse and chicken sequences267. Only a small region within the last exon of 
the BIC transcript, representing an imperfect stem-loop structure, showed a high degree 
of homology between the three species, suggesting that this region was functionally im-
portant. In 2002, Tuschl and colleagues described the cloning of the BIC derived miR-155 
sequence and demonstrated that BIC is a pri-miRNA124. The pre-miRNA sequence was 
indeed located within the previously identified interspecies conserved stem-loop structure. 
Ectopic expression of BIC in a BIC and miR-155 negative cell line resulted in high levels 
of miR-155 confirming that BIC is a pri-miRNA135.

The first evidence for an important role of BIC in human cancer came from a study show-
ing high expression of BIC in the Hodgkin and Reed-Sternberg cells (HRS cells) of Hodg-
kin lymphoma (HL)102. BIC was highly expressed in several HL cell lines and BIC RNA 
in situ hybridization showed nuclear staining for BIC in the HRS cells of HL in >90% of 
cases regardless of subtype or Epstein-Barr virus (EBV) status (Fig. 1). In contrast, several 

Figure 1. BIC and miR-155 RNA ISH in a classical HL case. Note that BIC staining is nuclear while miR-155 
staining is cytoplasmic. Original magnifications: x 630. (Color version on page 117)
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types of NHL were negative for BIC. 

Two additional recent studies confirmed the high BIC expression levels in HRS cells and 
also demonstrate the abundant expression of miR-155 by Northern blotting134,135. RNA in 
situ hybridization experiments using locked nucleid acid (LNA) antisense miR-155 probes 
confirmed presence of miR-155 in the cytoplasm of tissue sections of HL (Fig. 1). BIC 
and miR-155 are also expressed in primary mediastinal B cell lymphoma (PMBL) and dif-
fuse large B cell lymphoma (DLBCL), especially of the activated B cell (ABC) type, two 
NHL subtypes that demonstrate a marked overlap in their gene expression profiles with 
cHL134,135,278. High levels of BIC and miR-155 are also observed in EBV positive posttrans-
plantation lymphoproliferative disorder (PTLD) and EBV transformed lymphoblastoid B 
cell lines (LCL)304,308. This suggests a role for EBV in the induction of BIC expression. Re-
markably, Burkitt lymphoma (BL) cases do not express BIC and miR-155 regardless of their 
EBV status102,134,304. The discrepancy between high BIC expression levels in EBV positive 
PTLD cases and LCL with EBV-positive BL cases, might be explained by the type of EBV 
infection23. EBV+ BL has a type I infection with expression of EBERs and EBNA1. EBV+ 
cHL typically show a latency type II infection, characterized by the additional expression 
of LMP1 and LMP2a.  PTLD and LCL show a latency type III expression pattern with 
expression of EBERs, the EBNA and LMP proteins. These data might indicate that one 
or more EBV proteins that are not expressed in EBV latency type I infections may be re-
sponsible for induction of BIC. 

In the AVL induced lymphoma model in chicken, integration of proviral sequences in the 
BIC locus was found to be frequently accompanied by insertional activation of the MYC lo-
cus291. A further analysis of a possible cooperation between these two genes was performed 
by co-expression of MYC and BIC in chicken embryo fibroblasts which indeed enhanced 
growth of these cells290. Moreover, co-transfection of MYC and BIC in chicken embryos 
resulted in a lower overall survival and an increased incidence of short-latency lympho-
mas. Based on these findings it was suggested that there is oncogenic cooperation between 
BIC and MYC. The consistent lack of BIC and miR-155 in BL cases with a proven MYC 
translocation, argues against an oncogenic cooperation between MYC protein and BIC 
in human BL304.

High expression of miR-155 has also been observed in CLL and some solid tumors255,258,260. 
Taken together, the various studies strongly suggest an oncogenic role for BIC/miR-155. 
Definitive proof on the oncogenic potential of miR-155 may come from transgenic mice 
studies and verification of the predicted miR-155 target genes.

miR-17-92 polycistron
Amplification of 13q31 is frequently observed in various NHL subtypes and solid tumors, 
including diffuse large B cell lymphoma, follicular lymphoma, primary cutaneous B cell 
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lymphoma, and lung cancer329-333. The  candidate target gene at 13q31 was c13orf25331. 
Similar to the BIC gene, transcripts of c13orf25 were unlikely to encode for a protein since 
predicted open reading frames were short (<70 amino acids) and not conserved in close-
ly related species. Based on miRNA cloning studies334, it was noted that transcripts of 
c13orf25 contain a cluster of 7 miRNA. This cluster was named the miR-17-92 polycistron 
and included miR-17-5p, miR-17-3p, miR-18a, miR-19a, miR-20a, miR-19b-1 and miR-
92-1252,331,335. miRNA expression profiling and Northern blotting in human B cell lym-
phoma cell lines revealed high expression of the miR-17-92 polycistron in cell lines with 
13q31 amplifications252,253. 

The only proven target of miR-17-5p and miR-20a, both part of the miR-17-92 polycistron, 
is the transcription factor E2F1335. Expression of this gene is regulated by MYC and it acts 
as an activator of cell cycle progression. However, accumulation of E2F1 protein results 
in apoptosis336,337. Ectopic MYC expression in B cells also resulted in increased expression 
levels of the miR-17-92 polycistron335. Chromatin immunoprecipitation confirmed bind-
ing of MYC to the upstream genomic region of this miRNA cluster. This clearly indicat-
ed that MYC was responsible for the enhanced expression levels of the miR-17-92 cluster. 
These data suggest a model where MYC not only induces the expression of E2F1, but also 
regulates its protein levels by the simultaneous induction of c13orf25. The tight regulation 
of E2F1 protein by miR-17-5p and miR-20a allows cell cycle progression and prevents in-
duction of apoptosis. 

Another potentially interesting lead for the oncogenic potential of this miRNA cluster 
came from co-transfection experiments of various randomly selected subsets of miRNA 
in Eµ-MYC/+ mice252. In this mouse model, MYC expression is driven by the Ig heavy-
chain enhancer (Eµ) which leads to the development of B cell lymphomas at 4-6 months 
of age. Transplantation of hematopoietic stem cells (HSC) from Eµ-MYC/+ mice to le-
thally irradiated recipients result in similar B cell lymphoma latencies. Co-expression of 
the miR-17-92 cluster in Eµ-MYC/+ HSC and the subsequent transplantation to lethally 
irradiated recipients resulted in the development of leukemia at an average time interval 
of 51 days. The strongly reduced latency period observed upon co-transfection of the miR-
17-92 cluster indicated that this cluster can accelerate tumor development in cooperation 
with MYC. In contrast, none of the other tested miRNA subsets showed signs of acceler-
ated onset of disease. It would be interesting to study a possible oncogenic cooperation of 
miR-155 and MYC in this murine MYC driven B cell lymphoma model similar to the ALV 
chicken model. At present, no data are available on the expression levels of the miR-17-92 
cluster in the MYC induced lymphomas that develop in the ALV induced chicken model 
or in the Eµ-MYC/+ mice model. 
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Conclusions/Future perspectives

Based on the presented data, it is clear that miRNAs are essential factors in normal hema-
topoiesis and that deregulation of miRNA expression levels contributes to the development 
of cancer (Table 1). The miRNAs described can function as tumor suppressor genes or as 
oncogenes. A loss of function, or tumor suppressor mode has been convincingly demon-
strated for miR-15 and miR-16, which induce downregulation of the anti-apoptotic BCL-
2 protein. A gain of function, or oncogenic function has been demonstrated for miR-155 
and the miR-17-92 polycistron in MYC induced animal models. 

To resolve the total impact of miRNA on normal and neoplastic development, reliable in 
silico target prediction algorithms and strategies that allow large scale screening of mul-
tiple target genes are required. Potential interesting leads may come from the generation 
of miRNA transgenic mice.

Table 1. Overview of microRNA expression and their validated targets in normal hematopoiesis and hema-
topoietic malignancies

microRNA Expression Target Reference
Normal hematopoiesis

miR-142 ↑ B and myeloid lineageI 263
miR-155 ↑ Germinal center B cells and activated T cells 102, 274
miR-181a ↑ B lineageI 263
miR-221 ↓ Erythropoiesis KIT receptor 320
miR-222 ↓ Erythropoiesis KIT receptor 320
miR-223 ↑ Myeloid lineageI, granulopoiesis NFI-A 263, 316
Hematopoietic malignancies

miR-15a ↓ CLL BCL-2 250, 325
miR-16-1 ↓ CLL BCL-2 250, 325
miR-17-92II ↑ DLBCL E2F1 252, 332, 335
miR-125b-1 Involved in translocation in B-ALL case 327
miR-142 Involved in translocation in B-PLL case 328
miR-155 ↑ HL, DLBCL, PMBL, PTLD and CLL, ↓ BL 134, 135, 304

I, in murine hematopoietic cells; II, the miR-17-92 polycistron; CLL, chronic lymphocytic leukemia; DLBCL, dif-
fuse large B cell lymphoma; B-ALL, B-cell acute lymphoblastic leukemia; B-PLL, B-cell prolymphocytic leukemia; 
HL, Hodgkin lymphoma; PMBL, primary mediastinal B cell lymphoma; PTLD, posttransplantation lymphopro-
liferative disorder; BL, Burkitt lymphoma.
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Chapter 9
Summary, discussion and future 

perspectives

Joost Kluiver



Summary and discussion

The events that are critical to the transformation of a GC B cell to a HRS or L&H cell are 
still largely unknown. To obtain more insights into the transformation process, we applied 
SAGE on HL cell lines, which results in a comprehensive gene expression profile. One of 
the genes identified by SAGE, called BIC or pri-miR-155, was studied in detail in normal 
and malignant lymphoid tissues.

In chapter two we compared the gene expression profiles of cHL cell lines and a NLPHL 
cell line with the expression profile of normal GC B cells. This revealed downregulation of 
more than a 100 genes, including numerous B cell lineage expressed genes and also sever-
al HLA genes. The so-called “loss of B cell phenotype” was most pronounced in the cHL 
cell lines while the NLPHL cell line DEV showed an intermediate loss of B cell expressed 
genes. Several mechanisms have been proposed to contribute to the downregulation of B 
cell genes, including downregulation of specific B cell transcription factors, methylation 
of the promoter regions of B cell genes, expression of EBV protein LMP2A in EBV+ cHL 
and overexpression of inhibitors of B cell transcription factor E2A33,112,113,117,132. A novel 
mechanism that may contribute to the downregulation of many genes is the overexpres-
sion of miRNAs. It is known that a single miRNA can regulate the expression of up to 
a few hundred genes315. Only a few genes were commonly upregulated in HL or cHL in 
comparison to GC B cells. Interestingly, IRAK1 and FSCN1 that were upregulated in cHL 
compared to GC B cells also showed an increase in DNA copy number. This suggests that 
these two genes may have an important role in the pathogenesis of cHL.

A comparison between gene expression in DC and the HRS cells of cHL was performed 
in chapter 3. Thirteen out of 17 genes, highly expressed in DC were also highly expressed 
in cHL cell lines. Several of these genes were expressed at lower levels in GC B cells, indi-
cating that HRS cells have acquired an overlap in their gene expression program with that 
of DC. CFL1 and GSN are expressed in DC but only CFL1 is expressed at high levels in 
cHL cell lines. Based on the role of CFL1 and GSN in apoptosis it can be speculated that 
the high expression of CFL1 and the absence or low expression of GSN provides HRS cells 
with a novel mechanism to escape apoptosis. This study supports the notion that HRS cells 
have lost their B cell identity and show gene expression programs specific for DC. 

The expression of the previously identified BIC gene and miR-155 which can be processed 
from BIC transcripts was studied in normal and malignant lymphoid tissues in chapter 
5 and 6. High expression of BIC and miR-155 was detected in HL, PMBL and DLBCL 
while several other NHL, including cases of BL, showed low or no expression of BIC and 
miR-155. These findings are particularly interesting since it is known that cHL, PMBL 
and DLBCL have a large overlap in their gene expression program278. The expression of 
BIC and miR-155 in EBV latency type III positive BL cell lines and cases of PTLD sug-

Summary, discussion and future perspectives

112

C
h

a
p

te
r

 9



gest a correlation between EBV latency type III expressed genes and expression of BIC 
and miR-155. Additional evidence for this hypothesis was recently reported by Jiang et 
al. who showed that LCL strongly express BIC and miR-155308. A high expression of BIC 
and miR-155 in several B cell lymphomas was confirmed by other studies and a high ex-
pression of miR-155 was observed in CLL and some solid tumors135,255,258,260. Additional 
evidence for an oncogenic role of miR-155 came from a study by Tam and colleagues, re-
vealing that BIC could collaborate with MYC in lymhomagenesis in a chicken lymphoma 
model290. The published data suggest that microRNA-155 is likely to play an oncogenic 
role in lymphomagenesis246.

Chapter 7 describes a detailed analysis of the molecular and cellular pathway that regulates 
the expression of BIC and miR-155 in B cells. We show that triggering of the BcR with 
anti-IgM induces BIC expression and critically involves PKC and Nf-κB signaling. BL cells, 
which ectopically express BIC or are induced to express BIC, are not able to process this 
pri-miRNA to miR-155 while several other cell types can process BIC to miR-155. The fact 
that BL cells cannot process BIC to miR-155, suggests that levels of miR-155 are not only 
regulated at the level of BIC transcription but also at the level of pri-miRNA processing. 

An overview on the role of miRNA in normal hematopoiesis and leukemogenesis is pre-
sented in chapter 8. A number of miRNA were shown to play important roles during the 
development of various blood cells. The involvement of miRNA in hematopoietic malig-
nancies has been demonstrated. miR-15 and miR-16 were shown to function as tumor sup-
pressor genes whereas miR-155 and the miR-17-92 polycistron act as oncogenes in MYC 
induced lymphomas in animal models. 

In conclusion, we have confirmed a “loss of B cell phenotype” in cHL cell lines and show 
a more intermediate phenotype in the NLPHL cell line DEV. A few genes were identified 
as commonly upregulated in cHL, some in combination with gain of DNA copy number. 
In the second part we thoroughly examined the expression of BIC and miR-155 in normal 
and malignant lymphoid tissues. In addition, we investigated how expression of BIC and 
miR-155 is regulated and demonstrated that BL cell lines have a block in BIC to miR-155 
processing.   

Future perspectives

A drawback from most studies that used gene expression profiling techniques is the use of 
cell lines instead of primary tumor cells. Despite several attempts with laser microdissected 
primary HRS cells, we have not succeeded in successfully applying a modified SAGE pro-
tocol that theoretically would allow the generation of SAGE libraries from as little as 50 
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ng of total RNA338. In collaboration with the group of Ruth Jarrett we are now generating 
SAGE libraries with amplified RNA isolated from flow sorted HRS cells. Other approaches, 
such as microarray in combination with RNA amplification strategies, may also allow the 
generation of comprehensive gene expression profiles of primary HRS or L&H cells. 

Comprehensive mRNA expression profiles alone will most likely not be sufficient to re-
veal the transforming events that underlie HL pathogenesis and therefore need to be com-
bined with genomic and proteomic studies. The first studies reporting on the proteome 
of lymphomas are now emerging339. This is important since the detection of specific gene 
transcripts does not necessarily imply that these are translated into proteins. It has already 
been shown that in HL several genes are expressed at the mRNA level but not at the pro-
tein level98. miRNAs that regulate gene expression at the posttranscriptional level may well 
be responsible for these observations. In this thesis we show a high expression of miR-155 
and currently we are determining the expression of almost 200 different miRNAs. To de-
termine how important miR-155 or other miRNAs are for HL pathogenesis we need to 
modulate their expression and determine the effect on cell growth, apoptosis and in vivo 
tumor formation. 

 Understanding the role of miRNA in HL is closely related to understanding the role of 
miRNA during normal B cell development. Therefore, futher studies are necessary that de-
termine the expression and function of miRNA during the diverse developmental stages of 
a B cell. To dissect the precise function of a miRNA at a specific B cell stage the miRNA 
target genes need to be determined. So far, no tools are available that allow the systemat-
ic, unbiased determination of all target genes. Obviously, the development of such a tech-
nique will be a tremendous step forward in determining the role of miRNA. A strategy 
that may be of potential use is based on expression cloning in combination with a nega-
tive selection marker340. 

Current standard treatment of HL consists of multiagent chemotherapy, often combined 
with radiotherapy. This has resulted in cure rates reaching 90%. A major downside from 
current therapies is the increased risk for late complications in long-term survivors of HL. 
Therefore, new treatment strategies need to be developed. Since miRNAs may be involved in 
oncogenesis, miRNAs may also be a therapeutic target in cancer treatment. A recent study 
revealed that specific miRNAs can be downregulated in vivo using so called antagomiRs229. 
In mice, downregulation of the liver expressed miR-122 resulted in a remarkable drop in 
plasma cholesterol levels demonstrating the potential therapeutic possibilities. However, be-
fore antagomiRs or agents that induce miRNA expression can be applied to defeat cancer 
or other human diseases, much work has to be done. The exact roles of miRNAs need to 
be determined, the potency and stability of miRNA related therapeutic agents need to be 
enhanced and a method to deliver these agents to specific tissues needs to be developed.

Summary, discussion and future perspectives
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Full color figures

Chapter 3, figure 3. HRS cells express CFL1 but not GSN. Immunohistochemical staining for GSN and CFL1 on 
cHL cell lines L428, L1236 and HDLM-2. GSN was not expressed in cHL cell lines L428, L1236, L591 and 
KM-H2 (L591 and KM-H2 not shown), only HDLM-2 was positive. In contrast, CFL1 is expressed in all cHL 
cell lines Original magnifications: x400.

Chapter 6, figure 1. LMP1 and EBNA2 staining on BL cell lines. EBV-negative BL cell line CA-46 (A, D), EBV 
latency type III-positive BL cell line Jijoye (B, E), and EBV latency type I-positive BL cell line BL65 (C, F) were 
stained for EBV proteins LMP1 (A-C) and EBNA2 (D-F). Only EBV latency type III cell lines expressed LMP1 
and EBNA2. Original magnifications: × 400 (A-F).
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Full color figures

Chapter 8, figure 1. BIC and miR-155 RNA ISH in a classical HL case. Note that BIC staining is nuclear while 
miR-155 staining is cytoplasmic. Original magnifications: x 630.
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SaMeNVattING

Joost Kluiver



Hodgkin lymfoom (HL) (ook wel de ziekte van Hodgkin) is een vorm van lymfeklier 
kanker die wordt gekenmerkt door een minderheid aan tumorcellen gelegen in een 

reactief infiltraat. Hodgkin lymfoom kan worden opgedeeld in klassieke variant (cHL) en 
een nodulair lymfocytrijke vorm (NLPHL). Op basis van de aanwezigheid van klonale ge-
muteerde herschikkingen van de immunoglobuline genen werd aangetoond dat de tumor-
cellen van HL, ook wel Hodgkin en Reed-Sternberg (HRS) cellen genoemd, afkomstig 
zijn van kiemcentrum B-cellen. Hoe de maligne transformatie van een kiemcentrum B-cel 
tot een HRS cel precies verloopt, is echter grotendeels onbekend. Om een beter inzicht te 
krijgen in dit proces hebben we het genexpressie profiel van HRS cellen bestudeerd en dat 
vergeleken met normale kiemcentrum B-cellen en met dendritische cellen (DC). Van DC is 
bekend dat zij wat betreft de expressie van verscheidene genen overeenkomsten hebben met 
HRS cellen. In het tweede deel van dit proefschrift hebben we gekeken naar de expressie 
van het BIC gen, een gen dat we eerder hadden geïdentificeerd bij de bestudering van het 
genexpressie profiel van HRS cellen. Het bijzonder van het BIC gen is dat het transcript niet 
codeert voor een eiwit maar zeer waarschijnlijk enkel dient voor het vormen van microRNA 
(miRNA) miR-155. miRNAs zijn korte RNA fragmenten van ongeveer 22 nucleotiden die 
worden gevormd uit langere RNA transcripten die ook wel primaire miRNAs (pri-miR-
NAs) worden genoemd. Het BIC transcript is dus een voorbeeld van een pri-miRNA. De 
functie van miRNAs bestaat uit het inhiberen van de translatie van specifieke target genen. 
Zowel de expressie van BIC (het primaire miRNA transcript, pri-miR-155) als de expressie 
van miR-155 is in detail bestudeerd in normale en maligne lymfoïde weefsels.

In hoofdstuk 2 werden de genexpressie profielen van cHL cellijnen en een NLPHL cellijn 
vergeleken met het genexpressie profiel van normale kiemcentrum B-cellen. Hieruit bleek 
dat slechts 7 genen een hoger expressie niveau hadden in alle HL cellijnen en 14 genen al-
leen in de cHL cellijnen. In tegenstelling, meer dan 100 genen, waaronder veel B-cel en 
HLA genen, kwamen consistent verlaagd of zelfs helemaal niet tot expressie in HL. Dit 
zogenaamde “verlies van B-cel fenotype” was het sterkst aanwezig in cHL cellijnen en in 
mindere mate in de NLPHL cellijn. Vervolgens hebben we aangetoond dat 7-18% van de 
genen met een verhoogd of verlaagd expressie niveau een abnormaal DNA kopie aantal 
heeft. Voor deze genen werd een duidelijke correlatie gevonden tussen enerzijds verhoogde 
expressie en een toename in het aantal DNA kopieën en anderzijds verminderde expressie 
en een verlaagd aantal DNA kopieën. Opmerkelijk, van de weinige genen met een con-
sistent verhoogd expressie niveau in cHL waren er 2, IRAK1 en FSCN1, die ook een ver-
hoogd aantal DNA kopieën hadden. 

Van DC is bekend dat zij een overlap in hun genexpressie programma hebben met dat van 
HRS cellen. Om dit beter te bestuderen werden 17 genen geselecteerd met een hoog ex-
pressie niveau in DC (hoofdstuk 3). Voor 13 van de 17 genen werd aangetoond dat deze 
ook een hoog expressie niveau hadden in HRS cellen. Verscheidene van deze genen kwa-
men lager tot expressie in de veronderstelde HRS voorloper cel, de kiemcentrum B-cel. 
CFL1 en GSN kwamen beide hoog tot expressie in DC terwijl CFL1 alleen een hoog ex-
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pressie niveau liet zien in HRS cellen. Gebaseerd op de mogelijke rol van CFL1 en GSN 
in apoptose kan worden gespeculeerd dat de hoge expressie van CFL1 en de lage expressie 
van GSN HRS cellen een additioneel mechanisme biedt waarmee ze aan apoptose kunnen 
ontsnappen. Deze studie draagt bij aan de algemene gedachte dat HRS cellen hun B-cel 
identiteit hebben verloren en een gen expressie programma hebben verworven dat overlap 
heeft met dat van DC.

In hoofdstuk 5 en 6 wordt de bestudering van de expressie van het eerder geïdentificeerd 
BIC gen in normale en maligne lymfoïde weefsels beschreven. Hoge expressie van BIC en 
miR-155 werd waargenomen in HL, mediastinale B-cel lymfomen (PMBL) en diffuus 
grootcellige B-cel lymfomen (DLBCL) terwijl in vele andere NHL, waaronder Burkitt 
lymfomen (BL), geen of lage expressie van BIC en miR-155 werd aangetoond. Het is reeds 
bekend dat cHL, PMBL en DLBCL een grote overlap hebben in hun expressie profiel van 
eiwit coderende genen.

Hoofdstuk 7 beschrijft in detail de moleculaire route die de expressie van BIC en miR-155 
in B-cellen reguleert. Wij vonden dat de expressie van BIC kan worden geïnduceerd door 
de B-cel receptor (BcR) te stimuleren. Tevens werd aangetoond dat PKC en NF-κB sterk 
betrokken zijn bij het tot expressie komen van BIC. Voor deze studie werd gebruik gemaakt 
van de Ramos BL cellijn, een veel gebruikt model voor BcR studies. Vreemd genoeg leidde 
de inductie van BIC expressie in Ramos cellen niet tot toename van miR-155 moleculen. 
Andere BL cellijnen lieten dezelfde discrepantie zien, terwijl in normale B-cellen, HL cel-
lijnen en de HEK293 cellijn wel toename van miR-155 kon worden waargenomen na in-
ductie van BIC expressie. Dit suggereert zeer sterk dat de expressie van miR-155 niet alleen 
wordt bepaald door het BIC expressie niveau, maar ook door de mate van BIC naar miR-
155 omzetting. Deze omzetting van BIC naar miR-155 lijkt te zijn geblokkeerd in BL. Hoe 
dit proces wordt gereguleerd is vooralsnog onbekend. 

Een overzicht betreffende de rol van miRNAs in normale hematopoiese en hematopoi-
etische maligniteiten wordt gegeven in hoofdstuk 8. Voor verscheidene miRNAs werd aan-
getoond dat ze een belangrijke rol spelen in onder andere B-cel differentiatie, granulopoiese 
en erythropoiese. Voor andere miRNAs heeft men laten zien dat ze kunnen functioneren 
als tumor suppressor genen, zoals miR-15 en miR-16, of oncogenen zoals miR-155 en het 
miR-17-92 cluster. 

Samenvattend, tonen deze studies aan dat HRS cellen veel van hun B-cel identiteit heb-
ben verloren en tegelijkertijd overlap met het gen expressie profiel van dendritische cellen 
hebben verkregen. De miRNA studies hebben aangetoond dat miR-155 expressie sterk ver-
schilt tussen diverse B-cel lymfomen. De expressie van miR-155 kan worden gereguleerd 
via de BcR en wordt niet alleen bepaald op transcriptie niveau maar ook door de mate van 
BIC naar miR-155 omzetting. Welke rol miR-155 heeft in de pathogenese van HL en an-
dere B-cel maligniteiten, zal moeten worden bepaald in toekomstige studies waarin wordt 
gekeken naar de genen die worden gereguleerd door miR-155. 
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