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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) 
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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.
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 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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