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Hodgkin lymphoma 

Lymphoma is a common hematological malignancy in the Western world with 

about 20 new cases per 100,000 people per year. Although lymphoma 

classification is dynamic and several revisions have been published, two major 

categories have always been recognized: Hodgkin lymphoma (HL, ~15% of all 

cases) and a large group of other lymphomas collectively referred to as non-

Hodgkin lymphoma (NHL). In the latest revision of the World Health 

Organization (WHO) classification of 2016, 61 types of NHL are recognized 

and diffuse large B cell (DLBCL), follicular lymphoma (FL) and small cell 

lymphocytic lymphoma are the most common subtypes. Most NHLs are derived 

from B cells. Figure 1 shows the cell of origin of some of the B cell lymphoma 

subtypes. Most human B cell NHL and HL derive from germinal center (GC) B 

cells. 

 

 

 

Figure 1: Cell of origin of different types of B cell lymphoma. Naïve B cells can 

differentiate into plasma cell and/or memory B cell in the germinal center upon binding 

to an antigen. During this process B cells undergo somatic hyper mutations and class 

switch recombination of the immunoglobulin gene, which presents a high-risk 

environment for the development of B cell lymphoma. (Adapted from Weigert et al. 

20121) 

 

HL, formerly known as Hodgkin's disease, was first described by Thomas 

Hodgkin in 1832.2 HL is one of the most common lymphomas in the Western 

world. The incidence varies internationally: 2.3 and 1.9 per 100,000 males and 

females in more developed regions to 0.8 and 0.5 per 100,000 males and 

females in less developed regions in 2012.3 It has a bimodal incidence curve, 

occurring most frequently in young adulthood (age 15-35) and in individuals 

over 55 years of age.4 The WHO classification defines two clinical, pathological  
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and biological distinct disease entities: classical HL (cHL) accounting for about 

95% of all cases and nodular lymphocyte predominant HL (NLPHL). 

 

Classical Hodgkin lymphoma 

Classical HL is divided into nodular sclerosis (NS), mixed cellularity (MC), 

lymphocyte depleted (LD) and lymphocyte rich (LR) subtypes based on the 

morphology of the tumor cells and the composition of the background.5 NS is 

the most common histological subtype, followed by MC, comprising 

approximately 75% and 15% of cHL cases respectively. The other cHL 

subtypes are rare.6 cHL is characterized by the presence of large mono- or 

multinucleated Hodgkin cells and binucleated Reed-Sternberg (HRS) cells 

which were first described by Dorothy Reed and Carl Sternberg around 1900. 

The HRS cells usually account for only about 1% of the total cell number in the 

tumor mass. The majority of the cells present in the involved lymph nodes are 

non-neoplastic B and T cells, macrophages, eosinophils, neutrophils, plasma 

cells and fibroblasts.7,8 Although HRS cells are derived from GC B cells, they 

have lost their B cell phenotype almost completely. Table 1 shows the genetic 

and phenotypic characteristics of HRS cells in relation to their cellular origin. 

 

HRS cells lack expression of the B cell receptor (BCR) in most cases and rely 

on activation of multiple pathways to escape from apoptosis that is normally 

induced in GC B cells that lack a functional BCR. Two crucial signaling 

pathways are activated in HRS cells, i.e. the NF-ĸB and the JAK/STAT 

pathways. Activation of both the canonical and alternative NF-ĸB pathway is 

induced by CD30, CD40-CD40L and Epstein Barr virus (EBV)-derived latent 

membrane protein 1 (LMP1). The JAK/STAT pathway involves a complex 

network of cytokine signaling events leading to the activation and nuclear 

translocation of STAT transcription factors.10  
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Table 1: Genetic and Phenotype characteristics of HRS cells  

 

(Adapted from Rosenwald & Kuppers 20159) 

 

EBV has been detected in HRS cells in a proportion of the cHL patients.11 In 

the western world, up to 40% of cHL cases are associated with EBV and the 

frequency is highest in the MC subtype. EBV displays a latency type II infection 

pattern limiting expression to LMP1, LMP2A, EBV nuclear antigen 1 (EBNA1) 

and two small RNAs (EBER1 and EBER2).12 In EBV+ cases, the viral genome 

is clonally present in all HRS cells. EBV plays a central role in cHL 

pathogenesis by rescuing BCR deficient, pre-apoptotic GC B cells from 

apoptosis, thus rendering independence of survival signals normally supplied 

by the BCR.13 LMP1 mimics activated CD40 and contribute to the activation of 
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NF-ĸB. LMP2A mimics the BCR and provides anti-apoptotic signals to the 

infected B cells.14 Tumor cell EBV positivity is associated with treatment failure 

in older adult cHL patients.15 

 

 

 

Figure 2: The role of EBV latency type II proteins in malignant transformation and 

survival of HRS cells. LMP1 mimics activated CD40 and contribute to the activation of 

NF-ĸB. LMP2A mimics the BCR and provides anti-apoptotic signals to the infected B 

cells. (Adapted from Massini et al. 200916) 

 

HLA class I expression is observed in HRS cells of 70% of the EBV+ cHL and 

in 14% of the EBV- cHL cases.17 Studies from our group18 and Hjalgrim et al.19 

showed that increased risk of EBV+ cHL was associated with HLA-A*01 and 

decreased risk with HLA-A*02. The effects of HLA-A*01 and HLA-A*02 were 

independent of each other but dependent on allele copy number, such that 

HLA-A*01 homozygotes had an almost 10-fold greater odds of EBV-associated 

HL than HLA-A*02 homozygotes. It is known that HLA-A*01 alleles are less 

efficient in presenting EBV latency type II derived antigenic peptides, whereas 

HLA-A*02 can efficiently present these peptides and induce effective cytotoxic 

T cell responses.20,21 Expression of HLA class II is observed in about 50% of 

cHL cases, irrespective of EBV status. Down regulation of HLA class II by HRS 

cells is an adverse prognostic factor.22 Genome-wide association study 

(GWAS) in cHL patients showed the most significant association with   
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rs6903608. This single nucleotide polymorphism was located within the HLA 

class II region.23 Other susceptibility loci, i.e. at 2p16.1 (REL), 8q24.21 (PVT1), 

10p14 (GATA3) and 19p13.3 (TCF3) were also identified by GWAS.23-25 

 

Common genetic aberrations in Hodgkin lymphoma 

Copy number variations 

Genomic instability is a characteristic feature of HRS cells.26 HRS cells 

frequently harbor recurrent numerical and structural aberrations as detected by 

classical cytogenetic and fluorescence in situ hybridization analysis.27 In 

contrast to NHL that often harbor subtype specific chromosomal translocations, 

recurrent chromosomal translocations in cHL are less common.28 However, 

results from molecular genetic studies using comparative genomic hybridization 

and allelotyping do indicate typical copy number variations.26 Chromosomal 

gains most frequently involve chromosome arms 2p, 9p, 16p, and 17q and 

losses involve 13q, 6q, and 11q.29-31 Steidl et al.32 showed that gains of 

chromosome 16p are associated with treatment failure. The REL locus (2p15-

16) shows genomic gains and amplifications in nearly half of cHL cases and 

these alterations correlate with REL protein levels.29,33 The MAP3K14 (also 

called NIK) gene at 17q21.31, encoding a main factor of the alternative NF-κB 

pathway, shows copy number gains in 31% of the cHL cases.32,34 The 

chromosomal region 9p24, which includes the JAK2 gene locus, shows 

genomic gains in 30% of the cHL.35,36 Comparative genomic hybridization 

(CGH) of microdissected HRS cells from 10 cHL cases showed gains of STAT6 

(12q13), NOTCH1 (9q34) and JUNB (19p13).31 In addition to these common 

gains and losses of specific chromosomal regions, there is one recurrent 

chromosomal translocation, involving the MHC class II transactivator (CIITA) 

gene locus that has been observed in 15% of the cHL cases.28 ABCC1, the 

multidrug resistance gene also shows genomic gains and overexpression in a 

cHL cell line, and the overexpression contributed to the drug resistance 

phenotype.32 Salipante et al.37 observed copy number loss of the candidate 

tumor suppressor TNFRSF14 locus in 8 out of 19 cases using low-coverage 

whole genome sequencing of 500 flow sorted HRS cells per case. PDL1 copy 

number gain was reported to correlate with increased PDL1 expression in HL. 

Ansell et al.38 showed that concurrent gain of the PDL1 and PDL2 loci, 

increased expression of both PD-1 ligands, and evidence of active JAK-STAT 

signaling. 
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Gene mutations 

As constitutive activation of the NF-κB and JAK/STAT pathways have been 

linked to cHL pathogenesis, most of the targeted studies focused on the genes 

involved in these pathways. Initially studies were performed in the available HL 

cell lines. In case gene mutations were found in the cell lines, microdissected 

primary HRS cells were analyzed for confirmation. 

 

NF-κB consists of a family of transcription factors that play critical roles in 

inflammation, immunity, cell proliferation, differentiation, and survival.39 The 

NF-κB transcription factor family consists of five members, RelA (p65), RelB, c-

Rel, NF-κB1 (p50/p105), and NF-κB2 (p52/p100), which can act as homo- 

and/or heterodimers.40 Multiple somatic mutations were found in members of 

this pathway (Figure 2). In addition, somatic mutations were observed in two 

inhibitors of the NF-κB signaling pathway, NFKB1A and NFKB1E, in ∼20% of 

cHL cases. These two factors bind to NF-κB in the cytoplasm and prevent their 

nuclear translocation.41 Other genetic abnormalities affecting the NF-κB 

pathway include mutations in the TNFα-induced protein 3 (TNFAIP3) gene, 

which encodes A20, a negative regulator of NF-κB. These loss-of-function 

mutations are found in 40% of EBV-negative HL and provide HRS cells with an 

alternative mechanism to escape from apoptosis.41 In rare cases, mutations of 

CYLD or TRAF3, which can positively regulate NF-κB activity, are detected in 

HRS cells. 34,42 

 

The JAK/STAT pathway consists of a complex network of cytokine signaling 

transduction molecules, which lead to the activation and nuclear translocation 

of STAT transcription factors.43 A variety of cytokines and growth factors can 

bind to their corresponding receptors on the cell surface of HRS cells and 

activate JAK. Activated JAK induces phosphorylation of the STAT proteins on 

specific tyrosine residues. Previous studies showed that STAT3, STAT5a, 

STAT5b and STAT6 are highly active in HRS cells.44-46 SOCS1, encoding the 

main inhibitor of JAK/STAT signaling, is inactivated by mutations in 

approximately 40% of the cHL cases.47 PTPN1, another negative regulator of 

the JAK/STAT signaling pathway is mutated in 20% of the HL cases.48 
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Figure 3: Common aberrations in NF-κB and JAK/STAT signaling pathway genes 

observed in HRS cells. NF-κB is activated through two signaling cascades: the 

canonical and alternative pathways. Canonical NF-κB pathway of NF-κB activation 

relies on inducible degradation of IκBs, particularly IκBα, leading to nuclear translocation 

of various NF-κB complexes, predominantly the p50/RelA dimer. As for alternative NF-

κB pathway, it activates the RelB/p52 NF-κB complex using a mechanism that relies on 

the inducible processing of p100 instead of degradation of IκBα. HRS cells have 

constitutive activity of both NF-κB pathways. The JAK/STAT pathway is the main 

signaling pathway for cytokines. The frequency of genetic lesions and viral infections 

affecting NF-κB or STAT activity in HRS cells is indicated as percentages. (Adapted 

from Steidl et al.48 & Kuppers et al.10) 

 

Next generation sequencing approaches applied to purified HRS cells 

Most genomic studies of cHL are based on cHL cell lines and nested PCR 

approaches in HRS cells and were focused on genes involved in NF-kB and 

JAK/STAT pathways. A disadvantage of this method is that it does not allow 

identification of new targets. Next generation sequencing (NGS) technologies 

have provided numerous opportunities to comprehensively screen the entire 

genome for aberrations in cancer cell.50,51 Strategies for investigating the 

cancer genome include sequencing the whole genome (WGS) or limiting the  

sequencing to exome (WES), transcriptome (RNA-seq) or targeted sequencing 

of specific exons. Previous genomic studies of cHL have largely been confined  
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to cell lines due to the difficulty of isolating sparse HRS cells from the reactive 

background cells in sufficient numbers. As a consequence, there are only a 

limited number of published studies that use NGS technology in HL. 

 

Steidl et al.28 applied RNA-seq to study 2 HL cell lines as a discovery platform. 

They found a gene fusion involving the transcription factor CIITA located on 

chromosome 16p and PD1-ligand locus on chromosome 9p in one cell line. 

Analysis of additional samples indicated CIITA translocations in 15% of cHL 

cases, with promiscuous translocation partners. The same group52 also 

performed WGS in L428 and RNA-seq in L1236 and DEV. By using genomic 

breakpoint and fusion transcript predicting algorithms, they identified another 2 

novel fusion transcripts within 9p24.1 locus, KIAA1432-CLDN14 (L428) and 

PDCD1LG2-IGHV7-81 (L1236). 

 

Two different approaches to purify HRS cells have been applied so far. One 

approach is to microdissect HRS cells from fresh-frozen tissue biopsies by 

laser dissection microscopy (LDM). Hartmann et al.31 used DNA from 

approximately 100,000 microdissected HRS cells from 12 primary cHL cases 

with at least 70% HRS cells in the microdissected areas for aCGH. They 

showed that genomic regions with recurrent copy number aberrations in HRS 

cells include genes constitutively expressed in cHL. Steidl et al.32 reported copy 

number alterations in more than 20% of cases including gains of 2p, 9p, 16p, 

17q, 19q, 20q, and losses of 6q, 11q, and 13q by genome wide copy number 

analysis from pools of 500 to 1,000 HRS cells per case with whole genome 

amplification (WGA). Using RNA isolated from approximately 1,000 HRS cells 

per case, Steidl et al.53 found significant overlap of the gene expression profiles 

of primary HRS cells and HL cell lines. Tiacci et al.54 showed similar overall 

levels of hallmark cHL gene signatures in pooled of 1,000 to 2,000 

microdissected HRS cells per cases from frozen biopsies and cHL cell lines by 

microarray analysis. Karube et al.55 reported an expression profile of 140 genes 

of chemokines, cytokines and their receptors in microdissected HRS cells from 

14 HL tissue samples. Another way to purify HRS cells is by flow cytometry of 

cHL cell suspensions using a mixture of antibodies (CD15, CD86, CD45, 

CD40, and CD30).56,57 In a recent study, Reichel et al.58 isolated 1,000 to 

100,000 HRS cells using an antibody cocktail consisting of CD64, CD30, CD5, 

CD40, CD20, CD15, CD45 and CD95 for whole exome sequencing and 

independently validated a selection of variants by RNA-seq. In this study they 

reported that B2M was the most frequently mutated gene in flow purified 

primary HRS cells. 
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Scope of the thesis 

The aim of this thesis was to identify additional mutations in HL cell lines by a 

comprehensive sequencing approach and to substantiate the functional 

importance of some of these mutations in HL. In chapter 2, we performed 

WES on 7 HL cell lines to provide a comprehensive overview of the mutational 

landscape in HL. In chapter 3, we focused on mutations in CD58 and studied 

its expression in HL cell lines and primary HL tissue samples. In chapter 4, we 

studied the possible involvement of CSF2RB in the pathogenesis of HL. In 

chapter 5, we determined the role of wild type and mutant MYB in HL cell lines 

by determining effects on tumor cell growth and by defining the set of MYB 

regulated genes. Finally, in chapter 6 we summarize and discuss the findings 

of this thesis and place our findings in perspective for future research.  
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