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SUMMARY AND DISCUSSION 

The tumor cells in Hodgkin lymphoma (HL) are characterized by constitutive 

activation of several signaling pathways and expression of a distinct set of 

transcription factors. This characteristic phenotype is partly caused by gene 

mutations as determined largely by targeted sequencing approaches on cell 

lines and microdissected Hodgkin and Reed-Sternberg (HRS) cells. The aim of 

this thesis was to identify additional mutations by a more comprehensive 

sequencing approach and to substantiate the functional importance of some of 

these mutations in HL. 

 

Mutational landscape of HL 

In recent years, high-throughput sequencing technology has provided novel 

opportunities for the comprehensive identification of genetic aberrations 

involved in various types of cancer. The first objective of this thesis was to 

identify commonly mutated genes in HL. In chapter 2, we determined the 

mutational landscape of HL cell lines by a whole exome sequencing (WES) 

approach. Overall, we identified 463 recurrently mutated genes in HL 

regardless of subtype and 373 recurrent mutations specifically in classical 

(c)HL. The two most common gene ontologies within the mutated genes are 

cell adhesion and cell development and differentiation. Among 373 genes 

mutated in cHL, 44 showed a significantly different expression pattern 

compared to germinal center B cells. Several of the commonly mutated genes 

have also been found to be mutated in other germinal center B cell derived 

lymphoma subtypes. Part of the consistently mutated genes map to regions 

with copy number gain or loss. Overall, our data together with findings of other 

research groups support the potential relevance of these genes in HL 

pathogenesis and help in the selection of candidate genes for further functional 

study.  

 

Due to the scarcity of the malignant HRS cells in diagnostic biopsies it is 

challenging to isolate purified HRS cells in sufficiently high numbers for 

genome-wide analyses. Recently, Reichel et al.1 successfully performed 

genome-wide analyses on primary HRS cells using fluorescence activated cell 

sorting (FACS) to isolate HRS cells from their microenvironment. They used 

flow-sorted HRS cells from 10 HL patients and identified 99 recurrently mutated 

genes. Comparison of our data to their findings revealed 14 commonly mutated 

genes in both studies. These genes are ABCA13, B2M, CSF2RB, DMD, 

DNAH14, FAT4, FSIP4 GPR98, ITPKB, MLL3, PCLO, TNFAIP3, TRMT2A and 

ZNF217.  

6 



Chapter 6 

114 

Several genes previously reported to be commonly mutated, e.g. members of 

the NF-KB and JAK/STAT pathways, were also found to be mutated in the 

flow-sorted HRS cells and HL cell lines.1,2 The most commonly altered genes 

are TNFAIP3 in 6 of 10 cases and SOCS1 in 4 of 10 cases.1 TNFAIP3 is 

involved in the negative regulation of the NF-κB signalling pathway. TNFAIP3 is 

frequently inactivated by gene deletions/mutations in a variety of B-cell 

malignancies.3 Multiple members of this pathway, such as REL, NIK, 

MAP3K14, NFKBIA, NFKB1E, TRAF3 and CYLD, were found to be commonly 

mutated in HL in previous studies. Overall, these findings show that mutations 

found in HL cell lines were also present in primary tumors. Results from these 

genome-wide analyses will help to find novel genes that are potentially relevant 

for HL pathogenesis. 

 

Mutations in immune system related genes in HL 

HRS cells are rare in the involved lymph nodes and they reside within an 

abundant inflammatory microenvironment, largely consisting of various T cell 

subsets. Chemokines and cytokines produced by HRS cells and by the 

infiltrating cells shape the environment and provide proliferative and survival 

signals to the HRS cells. Despite the critical dependence on the 

microenvironment, HRS cells need to apply mechanisms to evade cytotoxic T 

cell (CTL) and natural killer (NK) cell mediated anti-tumor responses. These 

mechanisms include secretion of immune-suppressive factors like IL10 and 

TGFβ, recruitment of regulatory and helper T cells, expression of PDL1 and 

CD95 and loss of HLA expression. Recent publications show that mutations in 

immune system related genes may represent a mechanism of HRS cells to 

evade detection by immune cells.4 Several reports have shown lack of 

expression of HLA classes I and II by HRS cells.5-7 Expression of HLA classes I 

and II is important for recognition of antigenic peptides by the T cells. In 

chapter 2, we showed B2M mutations affecting the ATG start codon in L428 

(heterozygous) and DEV (homozygous) cells. Consistent with that, we 

observed no or very low membrane B2M and HLA class I expression in L428 

and DEV by flow cytometry. B2M mRNA levels were reduced in both cell lines 

as compared to L1236, whereas HLA-A, HLA-B and HLA-C levels were in the 

same range. WES of flow sorted HRS cells showed that B2M is the most 

commonly altered gene in HRS cells.1 From these findings it appears that 

inactivating mutations in B2M are the major cause of loss of MHC class I 

expression in HL, which provides an immune escape mechanism to HRS cells. 
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In addition, we observed CIITA mutations in 2 of the 7 HL cell lines albeit with 

low read counts. These mutations were confirmed by Sanger sequencing and 

were also found in the Broad data set. CIITA is a master regulator of the HLA 

class II promoter activity which often cause unbalanced expression of HLA-II.8,9 

It was already shown that CIITA gene is inactivated by a chromosomal 

translocation in cHL.8 Interestingly, we also found mutations in CREB binding 

protein (CREBBP) in 2 HL cell lines (L540 and SUPHD1). CREBBP promotes 

CIITA-dependent transcription including HLA class II.10 Recently, CREBBP 

mutations have been associated with decreased antigen presentation and 

reduced MHC class II expression on tumor cells in follicular lymphoma.11 In 

flow sorted HRS cells Reichel et al.1 also found mutations in CIITA and 

CREBBP in 1 out of 10 cases. From our findings and together with previously 

reported data, inactivation of CIITA and mutations of CREBBP might very well 

explain downregulation of the HLA class II expression which is frequently 

observed in primary cHL cases. 

 

In chapter 3, we focused on mutations in CD58 and studied its expression in 

HL cell lines and primary HL tissue samples. CD58 (LFA-3) is an adhesion 

molecule that is involved in immune recognition of tumor cells by binding to the 

CD2 receptor expressed on cytotoxic T cells. WES analysis revealed a stop 

gain mutation of CD58 in DEV, a splice donor site mutation in KMH2 and loss 

of exon 1-3 in SUPHD1. CD58 mutations were confirmed in all three HL cell 

lines by Sanger sequencing at the DNA and RNA level. CD58 mRNA levels 

were low or absent in SUPHD1 and KMH2 cells and normal in DEV. CD58 

protein expression as determined by flow, western blot and IHC was absent in 

all 3 mutated HL cell lines. In four HL cell lines with wild type CD58 we did 

observe CD58 protein expression. These data confirm presence of CD58 gene 

mutations and indicate that these mutations lead to loss of CD58 protein 

expression in 3 out of 7 HL cell lines.  Another group also observed CD58 

mutations in SUPHD1, KMH2 and in a third HL cell line, UHO-1, which we did 

not include in our analysis.12 They identified heterozygous deletions of CD58 by 

FICTION analysis in 3 out of 13 primary cHL cases. Sequencing analysis of the 

CD58 gene on DNA isolated from microdissected HRS cells of 10 cHL cases 

did not reveal any mutations. Reichel et al.1 showed CD58 gene deletions in 

flow-isolated HRS cells in 2 out of 10 cHL cases. Based on these studies and 

on our data, it is obvious that alterations of the CD58 gene are common in HL 

cell lines and are also present in primary HRS cells of patients. 

 

We next set out to define whether loss of CD58 protein expression is common 

in HRS cells of primary HL tumor samples. In contrast to the cell lines, tumor 

cells of 43 primary HL cases with good treatment outcome all showed strong 
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CD58 expression. As HL cell lines are derived from end stage HL patients, we 

next studied CD58 expression in primary and relapsed tissue samples of 

relapsed HL patients. Loss of CD58 staining was observed in HRS cells in 6 

out of 53 patients who experienced a relapse. These findings indicate that loss 

of CD58 on tumor cells might be restricted to HL patients who do experience 

relapse. Loss of CD58 expression may possibly occur as a late event during 

progression and might happen when HRS cells evolve to become independent 

of the T-cell infiltrate for survival. At that point, loss of CD58 might be a 

prerequisite for survival of tumor cells as the tumor cells have accumulated 

mutations that can potentially lead to presentation of highly immunogenic 

peptides that can activate cytotoxic T cell responses. Our results indicate that 

mutations in CD58 and loss of CD58 expression are common in HL derived cell 

lines and that loss of CD58 expression in tumor cells is possibly a late event 

associated with relapse of disease. These data suggest that loss of CD58 is a 

potential immune escape mechanism of HL tumor cells, especially in clinically 

aggressive disease. In diffuse large B cell lymphoma (DLBCL), mutations of the 

CD58 gene are reported to contribute to immune evasion of the tumor cells. 

Challa-Malladi et al.13 reported that loss of CD58 expression is associated with 

loss of HLA class I in DLBCL and this co-loss is crucial to avoid triggering of 

NK cell activation by CD58. In our studies, loss of CD58 expression is not 

restricted to HLA class I negative HL cell lines. Due to the low number of CD58 

negative cases in tissue, we cannot conclude whether loss of CD58 is specific 

for HLA class I negative cases. 

 

In addition to mutations in CD58, we also found mutations in CSF2RB, another 

immune associated gene, in HL cell lines. The CSF2RB gene, encoding the 

common β chain (CD131) shared by the interleukin-3 (IL-3), granulocytic 

macrophage colony-stimulating factor (GM-CSF) and IL-5 receptors, was 

mutated in 4 out of 7 HL cell lines.2 In chapter 4, our preliminary data 

confirmed the two missense mutations (V212I and A715S) in KMH2, a 

missense (V524M) and frameshift mutation (c.2500_2501del) in SUPHD1, a 

frameshift mutation (c.2198del) in L1236 and a stop gain mutation (Q809*) in 

DEV cells by Sanger-sequencing at DNA and mRNA levels. Despite several 

attempts we were unable to amplify the region covering both mutations in 

KMH2 and SUPHD1 at the DNA or RNA level. Thus we were unable to 

determine whether the mutations were present at the same parental allele or 

not. Reichel et al.1 also found CSF2RB mutations in 3 out of 10 cHL cases. 

This indicates that mutations not only occur in HL cell lines, but also in primary 

cases. In the HL cell lines we failed to induce growth by addition of exogenous 

cytokines. As JAK2/STAT5 is the main signalling pathway for CSF2RB to 

promote survival, proliferation and differentiation, the reason might be related 
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to somatic mutations or amplification of SOCS1, PTPN2 or JAK2. We did not 

yet look at the expression of JAK2, STAT5 and pSTAT5, which might help to 

design further studies to unravel the role of CSF2RB and the consequences of 

the mutations in HL. 

 

Mutations in the transcription factor MYB 

The MYB proto-oncogene encodes for the transcriptional activator MYB, which 

is involved in the regulation of proliferation and differentiation of hematopoietic 

cells. In our WES data, we found frame shift mutations in MYB in 2 out of 7 HL 

cell lines. In chapter 5, we confirmed the MYB mutations in 2 HL cell lines at 

the DNA and RNA level by Sanger sequencing. In addition to mutations, 

alternative splicing can also result in truncated MYB protein variants. Analysis 

of alternative splicing in all 7 HL cell lines with primers flanking each known 

alternatively spliced exon indicated that there were no alternatively spliced 

transcripts detectable in the HL cell lines. The frame shift mutation in L428 

causes loss of most of the C-terminal domain and the mutation in SUPHD1 

results in a partial loss of the C-terminal domain. We confirmed presence of the 

truncated protein by Western blot with an N-terminal domain specific antibody 

and confirmed loss of full-length MYB protein by Western blot with a C-

terminus specific antibody. 

 

Staining of MYB in HL cases revealed no staining with both antibodies in the 

vast majority of the cases, indicating complete loss of the MYB protein. As HL 

cell lines are derived from refractory or relapsed HL disease, it might be that 

overexpression of MYB is a late event in HL progression and may occur when 

HRS cells become independent of the reactive infiltrate and need stronger 

endogenous proliferation signals for cell survival. 

 

In chapter 2 we showed that MYB is overexpressed in HL cell lines compared 

to normal germinal center B cells.2 Overexpression of MYB has also been 

shown in several other types of cancers.14-16 Moreover, overexpression of MYB 

has been show to contribute to the pathogenesis of acute myeloid leukemia 

(AML)17 and ovarian cancer18. In these studies, we showed that inhibition of 

MYB using shRNA constructs induced negative effects on cell growth in two 

wild type MYB HL cell lines (L540 & KMH2) and in one truncated MYB cell line 

(SUPHD1) with an increased number of apoptotic cells in MYB shRNA samples 

compared to the control. Thus, our findings indicate an oncogenic role of full-

length and truncated MYB protein in HL. No effect was observed in the second 

HL cell line with a truncating MYB mutation (L428). This might be consistent 

with the lower effectiveness of the shRNAs as shown on the mRNA and protein 
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levels. However, we do not know why the effectiveness of the shRNA 

constructs differs between the cell lines, as endogenous MYB levels are quite 

similar. 

 

Microarray analyses of L540 & KMH2 cells treated with non-targeting and MYB 

shRNA constructs revealed 25 consistently MYB induced and 35 consistently 

MYB repressed genes. Gene ontology analysis indicated that the gene 

functions are related to proliferation, apoptosis, cell adhesion and immune 

response. Among these genes, we found BCL2, STAT1 and KIFAP3 as 

possible downstream MYB targets that may be associated with the reduced 

growth. BCL2, a known downstream MYB target, suppresses apoptosis via its 

interaction with other pro-apoptotic members of the BCL2 family. We showed 

that upon MYB knockdown, BCL2 levels go down. As BCL2 is a well-known 

anti-apoptotic protein, it can be anticipated that the anti-apoptotic properties of 

MYB in HL are mediated at least in part by BCL2. We indeed observed an 

increase in the percentage of apoptotic cells upon MYB knockdown in HL.  

 

Several studies stated that MYC might be a potential target gene of MYB 

based on the presence of MYB binding sites in the promotor region of MYC. In 

HL, we did not see a reduction of MYC protein levels upon MYB knockdown. 

This might be caused by the complex regulation of the MYC gene by many 

regulatory elements.19-21 On the other hand, we observed an opposite 

regulation, in which knockdown of MYC showed reduced MYB protein levels. 

Other studies have suggested that MYC regulates expression of MYB possibly 

by repressing the expression of microRNA-150 (miR-150).22 The effect of MYC 

knockdown on proliferation of HL cells was more pronounced as compared to 

the effect of MYB knockdown, which indicates that MYC has a more dominant 

role in growth of HL cells as compared to MYB. Based on the data that we 

have, MYB seems to be regulated by MYC, whereas MYC levels are 

independent of MYB in HL. Further analyses need to be done to reveal the 

precise interactions between MYC and MYB in HL. 
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FUTURE PERSPECTIVES 

With the discovery of recurrent gene mutations and deregulated signaling 

pathways, a better understanding of HL pathogenesis is evolving. This 

knowledge might contribute to the identification and design of new therapeutic 

targets.  

 

Exploring the role of other recurrent mutations in HL 

In this thesis, we identified 463 recurrently mutated genes in HL regardless of 

subtype and 373 recurrent mutations specifically in cHL. We focused functional 

follow-up studies on CD58, CSF2RB and MYB based on the gene ontology and 

their role in cancer. From the list of recurrently mutated genes, a number of 

other genes might be of interest to study in more detail in HL pathogenesis. 

Especially genes with mutations that are likely to affect the protein structure, 

which have also been found to be mutated in primary HL tissues are 

interesting, for example ABCA13, DMD, DNAH14, FAT4, FSIP4, GPR98, 

ITPKB, MLL3, PCLO, TNFAIP3, TRMT2A and ZNF217.1 Several of the 

identified genes or gene families have not yet been linked to HL pathogenesis. 

From our analysis, cell adhesion was the most common gene ontology among 

the mutated genes and FAT atypical cadherin 4 (FAT4) is one of them. The 

FAT family encoding transmembrane proteins are frequently mutated in 

multiple human cancer types. FAT family members have growth and invasion 

suppressive properties in several cancer cell lines, although the mechanisms 

remain unknown.23 FAT4 expression is repressed in breast cancer and lung 

cancer due to promoter hypermethylation.24 Recent studies also found 

recurrent mutations in FAT4 in mantle cell lymphoma,25 splenic marginal zone 

lymphoma26 and diffuse large B-cell lymphoma27. Thus, mutations in FAT4 

seem to play an important role in cancer, including B cell lymphomas. 

 

Cell development & differentiation is also a common gene ontology among 

mutated genes and one of these genes is piccolo presynaptic cytomatrix 

protein (PCLO). PCLO encodes a protein that functions as part of the 

presynaptic cytoskeletal matrix thought to be involved in regulating 

neurotransmitter release.28 Somatic mutations of PCLO were identified in 17 

(35%) primary DLBCL cases29 and >10% of Richter syndrome patients30. Zinc-

finger protein 217 (ZNF217) has been proposed to act as an oncogenic protein 

in various human cancers such as colorectal cancer31, gastric carcinoma32 and 

ovarian cancer33. ZNF217 is a member of the Kruppel-like family of 

transcription factors and contains 8 predicted C2H2 zinc finger motifs and a 

proline-rich region. ZNF217 interferes with several intracellular signaling 

networks for reprogramming cancer cells such as proliferation, apoptosis and 
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invasion and metastasis. Inositol-Trisphosphate 3-Kinase B (ITPKB) regulates 

inositol phosphate metabolism by phosphorylation of second messenger 

inositol 1,4,5-trisphosphate to Ins(1,3,4,5)P4. Thus this protein is responsible 

for regulating the levels of a large number of inositol polyphosphates that are 

important in cellular signaling. A recent study reported a novel tumor 

suppressor role of ITPKB based on the development of DLBCL in ITPKB 

deficient mice.34 ITPKB mutations were also identified in primary mediastinal B-

cell lymphoma (PMBL).35 The first step to do is to determine the protein 

expression of candidate genes in HRS cells by immunohistochemistry, 

especially for genes harbouring truncating mutations. Then, to study the 

functional role of these genes in HL pathogenesis, it will be important to up- or 

downregulate these genes and study the induced phenotype changes. GFP 

competition and apoptosis assays can be done to understand the oncogenic 

role of these genes in HL. 

 

Previous genome wide association studies showed a strong association of the 

HLA region to cHL.36 It might be interesting to analyze presence of mutations in 

HLA genes as a possible mechanism to escape from anti-tumor immune 

responses for HRS cells. As the HLA genes are highly polymorphic, we need a 

specific pipeline to analyze the WES data. 

 

RNA-seq in HL 

Although large-scale efforts for molecular profiling of cancer samples provide a 

broad range of data, most candidate cancer genes have been identified based 

on somatic mutations and DNA copy number alterations. It is, however, evident 

that aberrant expression of protein coding and noncoding genes might also 

contribute to the pathogenesis of HL. Moreover, gene fusions as the result of 

specific chromosomal aberrations might also contribute to disease 

pathogenesis. Transcriptome sequencing of HL cell lines revealed a novel 

recurrent gene fusion involving the CIITA and PDL1 / PDL2 genes.8 The same 

group also reported 2 additional novel fusion transcripts: KIAA1432-CLDN14 

(L428) and PDCD1LG2-IGHV7-81 (L1236).37 Van Roosbroeck et al.38 identified 

PDL1/2 rearrangements in four out of 200 HL cases. 25% of the HL cases has 

a high level amplification, including four cases with a selective amplification of 

PDL1/2. 

 

The impact of noncoding (nc)RNAs in HL has been described for miRNAs.39 

Deregulated miRNA expression is reported in various human diseases 

including HL, suggesting an important role in their pathogenesis.40 MicroRNAs 

have been shown to regulate gene expression at both the transcriptional and 
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translational level. Some of the predicted target genes of the upregulated 

miRNAs in HL are members of the SOCS (Suppressor of Cytokine signaling) 

family. This suggests that miRNAs may contribute to activation of the 

JAK/STAT signalling in HRS cells due to miRNA-mediated SOCS inactivation. 

Differences in miRNA expression profiles of HRS cells of primary cHL 

patients41 and HL cell line42-44 highlight the disparity between the expression 

profile of the tumorous HRS cell and the nonneoplastic surrounding cells. 

Plasma miRNA levels might be used as disease response biomarkers in cHL.45 

Thus it is important to further study the role of miRNAs in HL pathogenesis by 

small RNA sequencing combined with target gene identification. 

 

Recently, a number of studies have shown that lncRNA expression can be 

deregulated in human cancers and they play critical roles in tumorigenesis and 

tumor progression in various types of cancer.46,47 LncRNAs are a type of 

ncRNA that are at least 200 bp long and lack functional open reading frames. 

The discovery of novel lncRNAs is challenging for a number of reasons, 

including their frequent low expression and determination of their coding 

potential. However, these challenges are being overcome and several groups 

have performed systematic analysis of lncRNAs in normal cells and also in 

primary tumors.48,49 Previous study by Verma et al.50 reported a large number 

of novel lncRNAs in DLBCL. Recently, our group identified 475 differentially 

expressed lncRNAs, with almost 75% of them being down-regulated in cHL cell 

lines.51 Moreover, we showed a dynamic regulation of lncRNA expression 

during the transition of B cells through the GC. These GC specific lncRNAs 

might be involved in the pathogenesis of HL, based on the potential high risk 

oncogenic environment of the GC. These findings show an important role of 

lncRNAs in general and potentially also in the pathogenesis of HL. 

 

Exploring the potential of circulating free-DNA as biomarker and source 

for mutation detection 

Despite significant technological advances made in the past few years, many of 

them are still largely unexplored in primary HL samples, because of the scarcity 

of the malignant HRS cells in diagnostic biopsies. Some studies successfully 

enriched primary HRS cells using laser capture microdissection8,52-55 or 

FACS1. Although this is doable, it is still challenging to obtain sufficient 

amounts of starting material for NGS approaches. Recently, a non-invasive 

prenatal test in a pregnant woman revealed genomic imbalances in the 

circulating cell-free DNA (cfDNA) fraction consistent with copy number 

aberrations observed in HL. Subsequently, she was diagnosed with early-stage 

nodular sclerosis HL during gestation.56 Based on this study, genomic 
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imbalances present in HRS cells can be identified by massive parallel 

sequencing of cfDNA. Increased levels of cfDNA have been reported in HL 

patients.57 Potentially we can also screen for presence of somatic mutations in 

the cfDNA fraction, which might be more straightforward as compared to 

purifying primary HRS cells. From the results presented in this thesis, we 

already have a list of genes with recurrent mutations and we could combine 

this with recurrent mutations found in other studies. It is interesting to check 

whether these mutations are detectable in cfDNA fractions of HL patients. 

 

Functional studies and downstream target genes 

Genomic data alone are normally insufficient to proof that a candidate gene is 

responsible for the observed phenotypes. To further explore the functionality of 

selected candidates (CD58, CSF2RB and MYB), knockdown and 

overexpression of wild type and mutant variants in HL cell lines should be 

done. In chapter 5 of this thesis, we used a shRNA approach to knockdown the 

MYB gene. In one of the cell lines, we saw no phenotype related to cell growth, 

while in the three other cell lines tested we did see a phenotype. Maybe the 

knockdown efficiency was not sufficient in the unresponsive cell line. We could 

change to a CRISPR/Cas9 based knock out approach. Recently, the bacterial 

clustered regularly interspaced short palindromic repeat (CRISPR)/CRISPR-

associated (Cas) system, which is known as the bacterial adaptive immune 

system that confers resistance against bacteriophages, was demonstrated as 

an efficient gene-targeting technology with the potential for multiplexed genome 

editing.58-62 The ease and high efficiency of the CRISPR/Cas9 system makes it 

widely applicable.63 For a more in depth understanding of the role of MYB, we 

should also perform the microarray analysis for the cell lines with truncated 

MYB protein to establish putative differences with the MYB wild type HL cell 

lines. The truncated MYB might have different target genes compared to wild 

type MYB. 

 

Functional studies in HL cell lines may not represent a good model for the 

tumor cells in vivo since in the cell lines, the tumor cells have become 

independent of the reactive infiltrate. Unfortunately there is no good HL animal 

model that can mimic the situation of a minority of tumor cells surrounded by a 

predominant reactive infiltrate. In this thesis, we found that loss of CD58 

expression in tumor cells is possibly a late event associated with relapse of 

disease. It would be interesting to establish an in vivo monitor of tumor relapse 

in HL. Maybe in the future, a PDX model of HL can be established, similar to 

the recently established PDX models of DLBCL.64 
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