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Chapter 3 

Abstract 
 
Hodgkin lymphoma (HL) is one of the most frequent lymphoma entities in the 
Western world, characterized by a minority of germinal center B cell-derived tumor 
cells, named Hodgkin Reed Sternberg (HRS) cells in classical HL and lymphocyte 
predominant (LP) cells in nodular lymphocyte predominant HL (NLPHL). HRS cells 
show deregulated activation of several signaling pathways and transcription factors. 
The activation of these pathways and factors is partly mediated through interactions 
of HRS cells with various other types of cells in the microenvironment and also 
through genetic aberrations. To generate an overview of the mutational landscape 
we performed whole exome-sequence (WES) analysis of 7 HL cell lines and 
identified 1,110 mutations in SUPHD1, around 500 in L540, KMH2, L428 and L1236 
and around 350 in DEV and L591. The consistency with WES data from the Broad 
institute ranged from 61% in L540 to 93% in SUPHD1. Genes previously reported to 
be mutated in the HL cell lines were mostly confirmed in our WES data. We 
identified 477 genes that are mutated in ≥ 2 of 7 HL cell lines and 382 genes that 
were mutated in ≥ 2 cHL cell lines. To further establish the potential relevance of 
these genes for HL pathogenesis, we explored the overlap with copy number 
variations (CNVs) and genes differentially expressed in cHL. Read count numbers 
were used to generate CNVs plots with 128 of the 477 mutated genes mapping to 
chromosomal regions with CNVs in at least three of the cell lines. 2,362 genes were 
differentially expressed in cHL as compared to germinal center B cells, including 44 
of the 382 mutated genes. Finally we compared our HL WES to the mutation 
patterns in non-Hodgkin lymphoma. 90 genes were consistently mutated in HL and 
in at least one other lymphoma subtype, with an overlap of 56 genes with diffuse 
large B cell lymphoma, 43 with follicular lymphoma and 5 with Burkitt lymphoma. 
The mutational landscape in HL partly overlaps with the mutation patterns published 
as observed in other lymphoma subtypes. In conclusion, we defined the mutational 
landscape and observed a marked overlap of the mutated genes with genes 
differentially expressed and genes mapping to chromosomal loci that show CNVs 
supporting their potential relevance in HL pathogenesis. The data presented in this 
chapter need to be extended to confirm the functional relevance of selected genes 
in HL pathogenesis. 
 

54



Exome-sequencing in HL 

Introduction 
HL is characterized by a minority of B cell derived tumor cells, named HRS cells in 
cHL and LP cells in NLPHL, which generally comprise less than 1% of the total cell 
population. HRS cells are surrounded by a vast majority of infiltrating cells, including 
mostly T cells, eosinophils, B cells, NK cells and macrophages. As HRS cells have 
crippling mutations in the immunoglobulin genes in part of the cases and lack 
expression of the B cell receptor on most cases, they need to apply mechanisms to 
escape from apoptosis in the germinal centers.  
 
Constitutive activation of the NF-κB pathway (classical and alternative) is one of the 
most crucial characteristics of HRS cells. This activation is caused by diverse 
aberrations in multiple genes involved in this pathway, i.e. amplifications of REL 
(30%), gains of MAP3K14 (25%), mutations of TNFAIP3 (40%), NFKBIA and 
NFKBIE (10-20%), rare mutations of CYLD and TRAF and genomic gains or 
translocations of BCL3 [1-12]. A second pathway frequently altered in HRS cells is 
the JAK/STAT signaling pathway. Activation is achieved via gains (25%) and rare 
translocations of JAK2 and via inactivating mutations of SOCS1 (40%) [13-16].  
In recent years, high-throughput sequencing technology has provided novel 
opportunities for the comprehensive identification of the genetic causes of various 
types of cancer. To better understand the pathogenesis of HL, we performed whole 
exome sequencing (WES) on seven cell lines to identify commonly mutated genes 
in HL.  
 
Materials and Methods 
 
Cell lines and germinal center B cells 
The HL cell lines L428 (nodular sclerosis subtype) [17], L1236 (mixed cellularity) 
[18], KMH2 (mixed cellularity) [19], L591 (nodular sclerosis, EBV+), L540 (nodular 
sclerosis, T cell) [20] and DEV (NLPHL-derived) were cultured in RPMI 1640 (Lonza 
Walkersville, Walkersville, MD) supplemented with 5% (L428), 20% (DEV) and 10% 
(other cell lines) fetal calf serum, 100U/ml penicillin/streptomycin and ultraglutamine 
(Lonza Walkersville) in a 5% CO2 atmosphere at 37°C. SUPHD1 (lymphocyte 
depleted) was cultured in McCoy 5A medium supplemented with 10% fetal calf 
serum. Germinal center (GC) B cells were purified from human tonsils based on 
expression of CD19+IgD-CD38+ as described previously [21]. 
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Exome sequencing 
Genomic DNA was isolated by cell lysis in a buffer containing 10% SDS and 
100μg/ml proteinase K overnight at 55°C. DNA extraction was performed with the 
salt / chloroform method following standard laboratory protocols. DNA integrity was 
evaluated on a 1% agarose gel and the quantity was determined on a NanodropTM 
1000 Spectrophotometer (Thermo Fisher Scientific Inc., Waltham, USA). Whole 
exome sequencing (WES) was carried out using standardized protocols of the 
UMCG genome facility. Briefly, 3μg genomic DNA was randomly fragmented by 
ultrasound Nebulisation (K7025-05, Life Technologies, Paisly, UK). In-house 
designed barcode-adapters were ligated to both ends of the DNA fragments 
according to the standard New England BioLabs protocol using the NEBNext library 
prep master mix set (NEB, Ipswich, USA). Fragments of ~300bp were excised using 
the PerkinElmer labchipXT gel system and DNA was extracted and amplified by 
PCR. The quality of the PCR product was verified on a BioRad Experion system. 
Next, the PCR products of 4 independent samples were mixed in equimolar pools 
and used for exome enrichment using the Agilent SureSelect All exon V4 kit 
according the protocol of the manufacturer. After enrichment and amplification the 
quality of the PCR products were verified on the BioRad Experion system and 
subjected to paired end sequencing on the HiSeq2000 with 100bp reads. Image 
Files were processed using standard Illumina® base calling software and 
de-multiplexed using an in-house script. 
 
Exome-seq data analysis 
All sequence reads were aligned to the human reference genome (build b37 
released by the 1000 Genomes Project) [22] using Burrows-Wheeler Aligner [23]. 
Duplicate reads were marked by Picard http://picard.sourceforge.net/. Using the 
Genome Analysis Toolkit (GATK) [24] reads mapping around insertions and 
deletions of the 1000 Genomes Project were re-aligned [22], followed by a base 
quality score recalibration. During the full process the quality of the data was 
assessed by performing FastQC 
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), Picard, GATK 
Coverage and custom scripts. Single nucleotide variants (SNV) were called with 
GATK Unified Genotyper. Indels were called with GATK and Pindel [25] and those 
that were called with both programs are included in the final list. Variants were 
annotated using GATK and SNPEff [26]. This production pipeline was implemented 
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using the MOLGENIS compute [27] platform for job generation, execution and 
monitoring (http://www.molgenis.org/wiki/ComputeStart). A combination of different 
filtering steps has been applied to further limit the list to functional mutations with 
adequate read depth. We removed all variants that were present in the dbSNP 
release 135, map in non-coding regions and those that are synonymous. For the 
SNVs we next applied the following additional filtering steps to reduce the amount of 
putative false positives mutations from the final list: a coverage of less than 10 
reads; a strand bias greater than or equal to zero; an alternative allele read depth 
below 6; or a ratio of the alternative allele depth by total depth below 0.25. These 
filtering steps were implemented using a custom script.  
 
Comparison to the Broad data set 
To check the overlap between the genomic regions captured by the Agilent WES kit 
and the regions targeted by the capture kit used by the Broad Institute we 
determined that the overlapping captured region was 3,804,686bp (WES a total 
length of 51,189,318bp and for the Broad Institute a total length of 4,337,615bp). 
20,978 genes are captured with the Agilent kit and 1,654 genes by the Broad 
institute, with an overlap of 1,584 genes (Fig. 1A). For the 5 cell lines that were 
analyzed by WES and the Broad institute, we compared the mutations focusing on 
the set of 1,584 genes. The overlap is displayed by Venn diagrams. For 
inconsistencies we verified whether we had a sufficient coverage in our dataset. We 
did not do this yet for mutations detected by us and not reported by the Broad 
institute (http://www.broadinstitute.org/ccle/home). 
 
Detection of copy number variations 
Copy number profiles were generated from the exome-seq sequence data as 
described previously [28, 29]. Briefly, log2 transformed read counts were calculated 
of individual HL samples and for the average read counts of 3 normal samples. Fold 
change data were generated using SAMtools and VarScan 2 using a minimal 
segment size of 200bp and a maximal segment size of 500bp. Alignments with a 
mapping quality greater than 40 were used to calculate the fold changes. The 
segment calling and comparative analysis was done with Nexus version 7 
(Biodiscovery, USA) using a cut-off log2 > -0.35 for losses and log2 < 0.32 for gains. 
Moreover the software was set to regions that contained at least 20 probes. 
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Linking of exome seq data to copy number variations 
Nexus in combination with visual inspection of the CNV profiles, was used to 
identify if the genes mutated in at least two cell lines fall within regions of gain or 
loss in at least 3 of the 7 HL cell lines.  
 
Gene expression microarray and data analysis 
RNA was isolated from five cHL cell lines and GC B cells isolated from three 
independent donors. RNA quantity and quality was checked on the Experion 
system. Labeling and hybridization was performed using one-color Quick Amp 
Labeling Kit, according to the manufacturer’s protocol (Agilent, Santa Clara, USA). 
Briefly, 60-100ng of RNA was used for cDNA synthesis, followed by cRNA 
amplification and Cy-3 labeling. cRNA was purified with RNeasy Kit (Qiagen) and 
quantified on NanoDropTM 1000 Spectrophotometer (Thermo Fisher Scientific 
Inc.). Samples were hybridized at 65°C overnight on a custom designed 8x60K 
sureprint G3 microarray that contained all protein coding gene probes present on 
the human gene expression v1 8x60k microarray  (Agilent). Next, slides were 
washed and scanned with GenePix 4000B (Agilent). Scanned images were used for 
Agilent Feature Extraction software version 10.7.3.1 and converted into Linear and 
Lowess normalized data. Quality control reports were generated for each array. 
Using GeneSpring GX version 11.5.1 (Agilent), quantile normalization of the signals 
was performed. Next, probes not detected in more than three of the samples were 
filtered out, resulting in 22,027 probes. An unpaired t-test in combination with 
Benjamini-Hochberg multiple testing correction was used to compare gene 
expression in cHL cell lines vs. germinal center B cells. Heatmaps were generated 
with Genesis software (v.1.7.6) by performing unsupervised complete linkage 
hierarchical clustering analysis (euclidean distance). 
 
Linking of WES data to differentially expressed genes 
Venn diagrams (http://bioinfogp.cnb.csic.es/tools/venny/) were generated to check 
the overlap between genes mutated in at least 2 out of 5 classical HL cell lines and 
genes differentially expressed between cHL cell lines and GC B cells. Genesis 
(v.1.7.6) was used to perform unsupervised hierarchical cluster analysis based on a 
Euclidean distance analysis and complete linkage.  
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Define gene ontologies of genes mutated in HL using DAVID 
Lists of mutated genes were uploaded and analyzed for gene annotations and gene 
ontology in the Database for Annotation, Visualization and Integrated Discovery 
(DAVID) v6.7 (http://david.abcc.ncifcrf.gov/) using a previously reported protocol 
[30]. For genes with multiple gene ontologies or annotations, we focused on the 
gene ontology groups that were previously reported in DLBCL [31].  
 
Results 
 
Whole exome sequencing data 
We captured a total of 51Mb from the human genome including exons of 20,978 
genes using the Agilent exome capture kit. The total number of reads ranged from 
83 to 175 million reads and the mean coverage of all baits ranged from 50 to 107 
reads (Table 1). The fraction covered with at least 20x ranged from 74% in KM-H2 
to 92% in L540. After applying the filtering steps we observed 1,110 mutations in 
SUPHD1, around 500 in L540, KMH2, L428 and L1236 and around 350 in DEV and 
L591.  
 
Comparison of detected mutations with data reported by the Broad 
Institute 
We checked the consistency of our WES data with mutations reported in the Broad 
data set focusing on the overlapping 1,584 genes for five HL cell lines (Figure 1). In 
the Broad data, mutations were reported in 58-141 genes. Similar to our WES data, 
they also observed the highest mutation frequency in SUPHD1. The number of 
mutations consistently called in both data sets varied from 33-102 (Table 2). Of the 
genes reported by Broad and not detected in our WES data we next checked 
efficiency of the capturing of the corresponding genomic region and the number of 
read counts. This could explain 5-30 of the not consistently mutated genes. Overall, 
the consistency ranged from 93% in SUPHD1 to 61% in L540. Analysis of the 
reversed, i.e. detected by our WES and not by Broad, is still ongoing and may 
further increase the overall consistency. 
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Comparison of WES with mutations previously reported in the 
literature  
We next compared our results to single genes previously reported to be mutated 
(Table S1). For 4 of the cell lines, KMH2, L428, L1236 and SUPHD1, mutations 
have been reported in 1 to 5 different genes. Consistent findings were obtained for 
2 out of 3 reported in KMH2, 4 out of 4 reported for L428, 3 out of 5 reported for 
L1236 and the single mutation reported for SUPHD1. Thus the majority of reported 
mutations were identified by our WES. For two of the mutations that were not 
confirmed in our WES data, we did not have sufficient reads to pass the filtering 
criteria. For SOCS1 we only found one of the two reported deletions and in addition 
also detected the wild type allele, indicating a heterozygous pattern. Overall, we 
confirmed a high percentage of the currently known mutations. In the Broad data set 
a higher number of previously reported mutations were not detected (Table S1). 
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Figure 1. Comparison of genes mutated in our WES data to genes mutated in the Broad data. 
A) Venn diagram showing that 1584 overlap between the Agilent capture kit and the Broad 
Institute. B-F) Venn diagrams to check the consistency of our exome-seq data with the Broad data 
within the 1584 overlapping genes. B) SUPHD1 C) L540 D) KMH2 E) L428 F) L1236.  
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Type of mutations 
After excluding mutations that mapped to non-coding regions, were synonymous or 
did not pass the filtering criteria, we observed on average 82% missense, 7.3% 
frame shift, 4.6% nonsense, 3.4% codon indels and 2.7% splice site mutations in 
the HL cell lines. Nonsense and frame shift mutations were grouped into the 
nonsense mutation group and their frequency ranged from 10.1% to 14.1%. The 
remaining mutations were grouped as not-nonsense mutations and their frequency 
ranged from 85.9%-89.9% (Table S2). It should be noted that splice site mutations 
can also result in frame shifts, but we did not check them individually and grouped 
them with the not-nonsense mutations. The percentage of transitions, transversions 
as well as indels was variable between different cell lines. Transitions accounted for 
around 40-50% of the events in six of the HL cell lines, whereas in SUPHD1 67% of 
the mutations were transitions. The percentage of transversions was 23% in 
SUPHD1, 34% in DEV, around 40% in L591, L428 and KMH2 and 50% in L1236 
and L540. Approximately 10% of the events in all cell lines were indels (Table S2).   
Comparison of the overlap in genes mutated per cell line, revealed 404 genes that 
were mutated in 2 out of 7 HL cell lines, whereas 73 genes were mutated in ≥ 3 cell 
lines (Fig. 2). 18 of the 477 genes with mutations in ≥2 cell lines had nonsense 
mutations in at least two of the HL cell lines. Genes that were most commonly 
mutated were GPRIN1, PCLO and TTN, mutated in five cell lines and KRTAP4-8 
mutated in six cell lines. Remarkably, for GRIPN1 and KRTAP4-8 all cell lines had 
nonsense mutations. Next we determined the gene ontologies of the genes that 
were either mutated in at least three cell lines or in two with both mutations being 
nonsense mutations. Gene ontologies could be assigned to 64 out of the 83 genes 
(Figure 2 and Supplementary Table S3) with cell adhesion (e.g. MUC4, FAT2, 
FAT4, PCDH7), cell development and differentiation (e.g. PCLO, AFF2, PLXND1, 
ALMS1), protein modifications (e.g. EDNRB, DNAJC6, ADAMTS2) and chromatin 
modifications (e.g. IKZF2, ZNF217, MLL2, MYB) being the most commonly 
observed gene ontologies.  
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Figure 2. Mutation patterns and gene ontology of 477 genes mutated in at least 2 out of 7 HL 
cell lines. 73 genes were mutated in at least 3 cell lines and 404 in at least 2. 18 genes have 
nonsense mutation in at least 2 cell lines. Blue boxes indicate the genes with nonsense mutations 
and red boxes indicate genes with other mutations. Genes belonging to different functional 
classifications are indicated by bars with different colors. The number of genes involved in different 
biological processes are also indicated.  
 

Mutations in HLA genes 
As loss of HLA expression is a common feature in HL and the mechanisms 
responsible for the HLA loss are largely unknown we also made an inventory of the 
mutations in HLA associated genes. We identified mutations in the ATG start codon 
of the B2M gene in L428 and DEV, a frame-shift mutation in HLA-A in SUPHD1 and 
an amino acid change, i.e. T135N, in HLA-DRB1 in L540 (Supplementary Table 
S5). It is uncertain if this variant changes the functionality of the proteins as both 
amino acids fall within the same group of polar / uncharged amino acids. In the 
Broad data, CIITA mutations were reported in L428 and L1236, but not in L540. We 
also observed the mutation in L428, but with very low read counts, whereas the 
mutation in L1236 was not present, probably due to very low read counts. We next 
also checked the other cell lines for presence of CIITA mutation that might be 
present, but did not pass the filtering criteria. This revealed hemizygous mutations 
in CIITA in L540 and DEV, albeit with low read counts. In the remaining 3 cell lines, 
the coverage of this gene locus is variable, so we cannot exclude presence of 
mutations.  
 
Identification of the mutated genes that map to chromosomal regions 
that show copy number variations (CNVs) 
We next generated copy number variation plots of all the HL cell lines by using the 
total read counts. This revealed multiple commonly affected regions, including gain 
of 2p, 9p, 12p, 12q and 17q and loss of 8p, 13q, and 17p13. Overall, the HL cell 
lines were characterized by multiple CNVs affecting a large proportion of the entire 
genome (Figure 3 and Supplementary Table S4). Loss in at least three regions was 
observed for 415Mb, whereas gain in three cell lines was observed for 304Mb of the 
human genome. Of the 477 genes mutated in at least 2 cell lines, 78 mapped to 
regions that show copy number loss in at least three of the cell lines and 50 mapped 
to regions with copy number gains in at least three cell lines. 
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Figure 3. Schematic representation of the copy number variations (CNVs) identified based 
on the total read counts of the WES data in all 7 HL cell lines. The most common alterations 
were gains of 2p, 9p, 12p/q and 17q, and loss of 8p, 13q and 17p13. In the upper panel the 
average frequency of the copy number gain and loss are indicated, below the copy number 
aberrations of each cell line is shown separately. 
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Identification of genes that were consistently mutated in cHL and 
differentially expressed between cHL and GC B cells 
Gene expression data available for the 5 classical cHL cell lines was used to 
establish a possible link with mutation status and expression level. In total, 2,362 
genes were significantly differentially expressed in cHL vs GC B cells after multiple 
testing correction, with 1,032 being up and 1,330 being downregulated in cHL. Next 
we determined which expressed genes were mutated in at least 2 of the 5 cHL cell 
lines. This resulted in the identification of 382 genes (Figure S1). Of these, 13 genes 
had a nonsense mutation in ≥ 2 of the cHL cell lines. 44 out of 382 mutated genes 
were significantly differentially expressed (Figure 4), including 20 upregulated and 
24 downregulated genes. Eleven different gene ontologies accounted for the 
majority of the biological functions of these 44 genes, with protein modifications 
(e.g. SBF1, DNAJC6, SACS) and chromatin modifications and transcription (e.g. 
MYB, ZNF415, ZNF677) being the most commonly identified gene ontologies.  
 
Comparison of mutation patterns in HL with non-Hodgkin lymphoma 
(NHL) 
As the number of WES or whole genome sequencing (WGS) studies is still quite 
limited, we explored the potential overlap in the mutation pattern we observed in HL 
with that of other NHL subtypes. There are 5 publications about diffuse large B cell 
lymphoma (DLBCL), 1 about follicular lymphoma (FL) and 1 about Burkitt 
lymphoma (BL). We merged the results of the 5 DLBCL papers into one gene list of 
481 genes that were mutated in at least 2 out of 285 cases. For FL we included 569 
genes that were mutated in 1 out of 8 cases and for BL we included 102 genes that 
were mutated 1 out of 4 cases (Supplementary Table S6). For the HL gene list, we 
used the 477 genes that were mutated in at least 2 of the cell lines. 56 genes were 
consistently mutated in HL and DLBCL, 43 between HL and FL and only 6 between 
HL and BL (Fig. 5). Overall, 90 genes mutated in HL were also mutated in at least 
one of the other lymphoma subtypes.  
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Figure 4. Expression pattern of 44 recurrently mutated genes in cHL compared with GC B 
cells. There are 20 mutated genes with upregulated expression and 24 with downregulated 
expression in cHL vs GC B cells. The functional classifications of gene subgroups are indicated by 
color boxes. Red asterisk indicates genes with nonsense mutations in at least 2 cell lines.  
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Figure 5. Marked overlap of genes mutated in HL as compared to DLBCL, FL and BL. Venn 
diagram shows the overlap between genes mutated in HL and three other NHL subtypes. Overall, 
there are 90 genes mutated in HL and in at least any one of other lymphoma subtype. The 
functional classifications of gene subgroups are indicated by colored boxes. 56 genes were 
mutated both in HL and DLBCL, 43 in HL and FL and 6 in HL and BL.   
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Discussion 
 
Using WES we defined the spectrum of sequence variations that commonly occur in 
HL. Overall, we identified 477 recurrently mutated genes in HL regardless of 
subtype and 382 recurrent mutations specifically in cHL. A large proportion of the 
genes mapped to chromosomal regions that showed copy number aberrations in 
HL. 44 of the 382 cHL specific genes were differentially expressed in cHL vs GCB 
cells. Together these data support a possible role of these genes in HL 
pathogenesis. Several of the identified genes or gene families have not yet been 
linked to HL pathogenesis. To our knowledge this is the first published WES 
analysis of HL. 
 
Comparison of our WES data to data from the Broad institute revealed a good 
consistency varying from 61 to 93% per HL cell line. A number of genes were not 
called in our WES data but were identified as mutations by the Broad Institute and 
vice versa. These differences might be caused by differences in filtering steps, read 
cut-off or the use of different SNP databases for excluding known variants. Also 
these variants might represent true differences that have been introduced during 
prolonged culturing and selective outgrowth of specific sub clones. Nevertheless, 
the high consistency of our data with the literature and the Broad data clearly 
indicate the robustness of our WES approach and data analysis. To further validate 
our WES data we also compared them to the previously reported gene mutations in 
individual HL cell lines. With the exception of the second deletion in SOCS1 in 
L1236, we could confirm all mutations for which we had sufficient reads. In the 
Broad data set, SOCS1 was not included in the capture kit, precluding a further 
comparison.  
 
Among the genes mutated in HL cell lines, we also found the genes previously 
reported to be mutated in HRS cells of primary HL cases, e.g. TNFAIP3 and 
NFKBIE [13]. Constitutive activation of the NF-κB pathway is indeed one of the 
hallmarks of cHL. Two other NF-κB related genes frequently reported to be mutated 
in primary HRS cells, i.e. CYLD and NFKBIA, were found to be mutated in KMH2 
and L428 respectively [7, 32].  
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Four genes, i.e. KRTAP4-8, GPRIN1, PCLO and TTN, are mutated in a high 
proportion of the HL cell lines. KRTAP48 and GPRIN1 are inactivated by nonsense 
mutations in all cell lines, leading to incomplete and usually dysfunctional proteins. 
KRTAP4-8 encodes the keratin-associated protein 4-8. Keratin-associated proteins 
are essential for the formation of a rigid and resistant hair shaft through their 
extensive disulfide bond cross-linking with abundant cysteine residues of hair 
keratins [33].  Mutations of KRTAP4-8 were recently reported in lung cancer, 
neuroblastoma and melanoma (Cosmic, 
http://cancer.sanger.ac.uk/cancergenome/projects/cosmic/). GPRIN1 encodes for a 
G protein-regulated protein and induces neurite ourgrowth [34]. It is mutated in 
melanoma, esophageal adenocarcinoma and prostate cancer by exome-seq 
analysis (Cosmic). Although GPRIN1 was frequently inactivated, we observed 
enhanced expression levels in cHL cell lines compared to GC B cells. This was 
unexpected, as nonsense mutations frequently lead to mRNA de-stabilization and 
thus reduced expression levels. PCLO encodes a protein that functions as part of 
the presynaptic cytoskeletal matrix thought to be involved in regulating 
neurotransmitter release [35]. Somatic nonsynonymous mutations of PCLO were 
identified in 17 (35%) primary DLBCL cases [36]. Titin, the protein encoded by the 
TTN gene, is the largest known polypeptide chain and is associated with nuclear 
functions, including chromosome and spindle formation and the regulation of 
muscle gene expression. Overexpression of the amino terminal fragment of Titin in 
human osteoblasts increased cell proliferation by activating the Wnt/β-catenin 
pathway [37]. Titin purified from the nucleus exhibited strong interaction with 
histones H2A, H3 and H4, indicating its role as a chromosome scaffold [38]. We 
observed decreased TTN expression in cHL vs GC B cells, implicating that the 
mutations may result in dysfunction of the protein. In addition to mutations in TTN, 
we also observed mutations in OBSCN encoding a RhoGEF protein that interacts 
with cytoskeletal calmodulin and Titin. Four of the 5 cell lines with mutations in TTN 
also had a mutation in OBSCN. The identification of mutations in OBSCN and TTN 
in multiple cancer types [39], which now includes HL, suggests that the cellular 
functions of these partner molecules could be related to a common tumor 
progression mechanism. On the other hand, one should be aware that due to the 
large size of the TTN gene, mutations in this gene might be more frequent by 
chance as compared to mutations in other usually much smaller genes.  
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Four gene ontologies were most common among the 83 genes that were either 
mutated in at least three cell lines (n=73) or showed nonsense mutations in two HL 
cell lines (n=10). Cell adhesion was the most common gene ontology, consisting of 
10 genes that have not previously been studied in HL. Especially the FAT and MUC 
gene families are of interest as multiple members were found to be mutated. Genes 
of the FAT family encoding transmembrane proteins are frequently mutated across 
multiple human cancer types. including glioblastoma (FAT1, 20%), colorectal 
(FAT1, 9%; FAT2, 10%; FAT4, 20%), head and neck squamous cell (FAT1, 12%; 
FAT4, 10%), gastric (FAT4, 20%), serous ovarian (FAT1, 7%; FAT4, 3%), 
pancreatic (FAT1, 4%; FAT4, 8%) and lung (FAT2, 10%) cancers (reviewed in [40]). 
Moreover, FAT4 expression is repressed in breast cancer and lung cancer due to 
promoter hypermethylation [41]. FAT family members appear to have growth and 
invasion suppressive properties in several cancer cell lines, but the mechanisms 
remain unknown [42]. Mucin proteins are the major constituents of mucus, which is 
the viscous secretion that covers epithelial surfaces. Multiple mutations in MUC4 
and MUC6 were observed in colorectal cancer and mutational status was correlated 
with tumor aggressiveness and CpG methylation [43, 44]. MUC4 mutations were 
also found in childhood ALL [45]. As cellular interactions are crucial in the survival 
and outgrowth of HRS cells (see chapter 2), it is important to further follow-up on 
these cell adhesion genes and study their role in the pathogenesis of HL. 
 
We used the total read counts to generate copy number variation plots and 
observed gains at 2p, 9p, 12p, 12q, 17q and loss of 8p, 13q and 17p13 consistent 
with the literature. The genomic loci of the 477 genes mutated in at least 3 of the HL 
cell lines mapped to regions with copy number loss for 78 genes and to regions with 
copy number gains for 50 genes. Moreover, 44 of the mutated genes were 
significantly differentially expressed in cHL as compared to GC B cells. Five of the 
44 mutated genes mapped to common copy number gain regions and eight to 
common loss regions (Supplementary Table 3). This overlap of mutated genes with 
presence of copy number aberrations and deregulated expression might help to 
further select genes that are potentially pathogenic in HL. 
 
Three of the genes, i.e. CABP1, MYB and GPRIN1 (discussed above), that were 
differentially expressed, carried nonsense mutations in part of the cHL cell lines. 
Unexpectedly all three genes were upregulated in cHL compared to GC B cells. So 
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far, no mutations have been reported for CABP1 in any type of cancer and it is 
unclear if this gene might be relevant for cancer development in general or for HL. 
MYB plays a role in the G2/M cell cycle transition in hematopoietic cells. The MYB 
gene locus is frequently involved in chromosomal translocations and genomic 
duplications in human T-cell ALL [46, 47]. The role of MYB in HL still needs further 
investigation, but presence of nonsense mutations and the deregulated expression 
supports a potential role.  
 
Since the microenvironment is an essential component that contributes to HL 
pathogenesis, we further zoomed in on the genes that map to the immune response 
gene ontology. We identified nonsense mutations of STXBP2 in 3, CSF2RB in 2 
and FOXP1 in 1 cell line. STXBP2 is required for exocytosis of perforin-containing 
lytic granules [48]. A recent report described presence of bi-allelic mutations in 
STXBP2 in an Epstein-Barr virus positive classical HL case. In our cell lines, the 
mutations were heterozygous with the second allele being wild type. Whether or not 
both alleles are expressed remains unknown. The CSF2RB gene encodes the 
high-affinity beta subunit of IL-5R, CSF2R and IL-3R. Production of IL-5 and 
GM-CSF by HRS cells may account in part for the recruitment and functional 
activation of eosinophils in the microenvironment [49]. Whether mutations can 
cause dysregulation of the recruitment and activation needs to be studied. FOXP1 
is a transcription factor which is rarely expressed in HL [50]. We showed that 
FOXP1 expression levels were decreased in cHL as compared to GC B cells, which 
might indicate that FOXP1 acts as a tumor suppressor gene.  
 
As we have a long standing interest in the regulation of HLA expression in HL, we 
also specifically analyzed the HLA and HLA associated genes. Mutations affecting 
the ATG start codon of the B2M gene were observed in L428 and DEV. β2-m is 
essential for proper transport of HLA class I to the cell membrane. Thus, the 
mutation in B2M can explain the lack of membrane β2-m and HLA-class I 
expression for these two cell lines (own data). In addition, we observed a frame shift 
insertion mutation in the HLA-A gene in SUPHD1 and a missense mutation in 
HLA-DRB1 in L540. Protein expression of HLA-A and HLA-DRB1 has not been 
established as there are no specific antibodies. Data from the Broad institute 
combined with our own WES data indicate presence of CIITA mutations in four of 
the 7 HL cell lines, i.e. L428, L540, L1236 and DEV. In addition, it was already 
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shown that this gene is inactivated via a chromosomal translocation in KMH2 [51]. It 
is still unclear if CIITA is mutated in the other three HL cell lines because of 
insufficient reads for this locus. CIITA encodes for the HLA class II transactivator 
and inactivation of this gene might very well explain downregulation of the HLA 
class II genes.  
 
Comparison of the genes mutated in HL with genes commonly mutated in other GC 
B cell NHL revealed a large overlap with DLBCL and FL, whereas the overlap with 
BL was limited. A potential pitfall of this analysis is the different approaches of the 
different studies, especially for the number of cases studied. For DLBCL there are 
five studies that together analyzed 285 cases, the criterion for genes to be included 
in the analysis was a mutation in at least 2 cases. For FL and BL there is only a 
single paper that analyzed 8 and 4 cases, respectively. In our WES we included 7 
HL cell lines. Nevertheless, we observed an overlap of 90 genes mutated in HL and 
in at least one other type of lymphoma, 13 genes in HL and in two other types of 
lymphoma and 1 gene (CREBBP) in HL and in all three NHL subtypes. In DLBCL, 
mutations impacting B cell receptor and NF-κB signaling are common in the 
activated B-cell (ABC) subtype, whereas those impacting genes with roles in 
histone modification are more common in the GCB-like cases. Mutations in the 
NF-κB signaling pathway are also a common feature of HL. Eleven gene ontologies 
were identified within the list of 90 overlapping genes, with the chromatin 
modification and transcription gene ontology being the most common ontology with 
14 genes, e.g. CREBBP, IKZF2, MLL2, MLL3, BCL6, HIST1H1E, EP300. This 
ontology is also most common within the 44 mutated genes which are mutated and 
differentially expressed in cHL vs GC B cells. Mutations of histone-modifying genes 
was observed frequently in DLBCL and FL. Deregulation of histone modifications is 
likely to result in reduced acetylation and enhanced methylation and acts as a core 
driver event in the development of NHL. The IKZF2 gene encodes IKAROS family 
zinc finger 2 (helios), which is one of the hematopoietic-specific transcription factors 
involved in the regulation of lymphocyte development. Genetic alterations involving 
IKZF2 is a hallmark of low-hypodiploid ALL [52]. We found frame shift mutations of 
IKZF2 in 3 HL cell lines which implicates that IKZF2 may be a cancer-driver gene in 
HL. CREBBP and EP300 are known targets of chromosomal translocations in ALL 
and are known to be  involved in chromatin modifications. The common origin of 
HRS cells and the tumor cells of GCB DLBCL and FL is consistent with the marked 
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overlap in the mutation spectrum. For BL, the overlap is limited, and further WES 
data is awaited to clearly establish the extent of overlap. Besides the significant 
overlap, the majority of the genes mutated in HL remain unique indicating that the 
genetic events occurring during the malignant transformation in HL are distinct from 
those in other NHL. 
 
In conclusion, we determined the genetic landscape of HL by WES in HL cell lines. 
We observed a high number of consistently mutated genes, with part of them 
mapping to regions with copy number gain or loss and part of them showing 
deregulated expression. This supports their potential relevance in HL and will help 
to select candidate genes for further analysis. The mutational landscape in Hodgkin 
lymphoma has several genes in common with other B cell lymphoma subtypes. The 
preliminary data in this chapter need to be confirmed in primary HRS cells and need 
to be studied in more depth to establish their role in HL.  
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Table 1. Overview of whole exome sequencing results.  
 

Cell lines SUPHD1 L540 KMH2 L428 L1236 DEV L591 

Genome size 
(Mb) 3,101Mb 3,101Mb 3,101Mb 3,101Mb 3,101Mb 3,101Mb 3,101Mb 

Target size 
(Mb) 51Mb 51Mb 51Mb 51Mb 51Mb 51Mb 51Mb 

Total reads 
(x106) 87 175 83 115 105 121 112 

Mean 
coveragea 51 107 50 66 79 72 58 

2xb 98.4% 98.6% 98.2% 98.4% 98.9% 98.9% 98.5% 

10xb 90.8% 96.5% 89.6% 94.0% 95.1% 95.6% 93.6% 

20xb 76.1% 92.1% 74.0% 84.2% 86.5% 87.5% 82.4% 

30xb 61.0% 85.8% 58.8% 72.4% 76.1% 76.9% 68.9% 

# mutations 1110 508 490 478 471 369 348 

aof all baits; bfraction of target covered by  

 

Table 2. Summary table of the comparison between WES data and reported data 
from the Broad Institute. 
 

Cell line WES Broad Consistent 
Not consistent genesa 

Consistency 
Total 

number explainedb Truly 
inconsistent  

SUPHD1 1,110 141 102 39 30 9 102/111   
(93.6%) 

L540 508 74 40 35 11 25 45/65     
(61.5%) 

KMH2 490 62 36 26 17 9 36/45     
(80%) 

L428 478 58 33 25 16 9 33/42    
(78.6%) 

L1236 471 59 36 21 5 16 36/52    
(69.2%) 

aGenes reported by the Broad institute but not observed in our WES analysis; bGenes with 

insufficient reads or mapping to regions that are not captured by the Agilent ki
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Supplementary Figure 1. Schematic overview of the genes mutated in at least two of the cHL cell 
lines. In total, 382 genes are mutated in more than 2 cHL cell lines. Of these 56 genes are mutated 
in ≥3 cell lines, 14 genes in ≥4 cell lines, 2 genes in ≥5 cHL cell lines. 13 genes carried nonsense 
mutations in ≥2 cHL cell lines. Blue boxes indicate genes with nonsense mutations and red boxes 
indicate genes with other types of mutations. 
 
Supplementary Table S1. Consistency of our exome seq data with current 
literature and data from the Broad Institute 
 
cell line Gene Reported mutation WES Broad References 

KMH2 CYLD g54506delT, g.54508G>A yes WT [32] 

KMH2 NFKBIA del part exon 3 / intron 3 del 
509-641 yes WT [53] [4] [6] 

KMH2 TNFAIP3 large deletion intron 2 - exon 6 no reads WT [32] [8] 

L1236 FAS splice donor intron 7 yes yes [54] 

L1236 SOCS1 12 nt and 28 nt deletions WT and 28 
nt deletion unknown [16] 

L1236 STAT6 N417Y yes yes [55] 

L1236 TNFAIP3 G491A results W142STOP yes yes [9] 

L1236 TP53 exon 10-11 loss no reads WT [56] 

L428 NFKBIA C-T exon 5 893C>U yes yes [53] [4] [6] 

L428 NFKBIE hemizygous frame shift yes unknown [5] 

L428 SOCS1 11 nt and 15 nt deletions yes WT [16] 

L428 TP53 33bp exon 4 loss yes WT [56] 

SUPHD1 PTPN2 hemizygous missense 
mutation in exon 7 yes WT [57] 

WT, wild type sequence 
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Supplementary Table S2. Overview of different types of mutations detected in HL 
cell lines  
 

Mutation types DEV KMH2 L1236 L428 L540 L591 SUPHD1 mean 

not-nonsense 

In-frame indels 4.9% 3.6% 4.4% 3.2% 3.6% 3.3% 1.0% 3.4% 

missense 78.7% 83.2% 81.9% 82.4% 81.1% 84.7% 82.4% 82.0% 

splice site 2.3% 1.9% 2.8% 2.0% 4.0% 1.9% 3.8% 2.7% 

total 85.9% 88.8% 89.1% 87.5% 88.6% 89.9% 87.2% 88.1% 

nonsense 

out-of-frame 
indels 7.6% 7.6% 6.7% 7.3% 6.3% 6.6% 8.8% 7.3% 

nonsense 6.5% 3.6% 4.2% 5.1% 5.1% 3.6% 4.0% 4.6% 

total 14.1% 11.2% 10.9% 12.5% 11.4% 10.1% 12.8% 11.9% 
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Supplementary Table S3. Overview of mutated genes in HL and cHL with 
functional annotation and the overlap with gain or loss regions and differential 
expression patterns. 
 

Genes HL  
cHL 
specific 

diff. 
Expr. 

gain / 
loss 

functional classification / 
sub-classifications 

GPRIN1 yes yes yes gain cell adhesion; cell projection organization 

TTN yes yes yes gain cell cycle; mitotic cell cycle 

AFF2 yes yes yes   
cell development and differentiation; 
neurological system process 

CABP1 yes yes yes   protein modifications;  

FOXP1 yes yes yes   
immune response; chromatin modifications and 
transcription 

MYB yes yes yes   
chromatin modifications and transcription; 
regulation of transcription; DNA dependent 

ADAMTS2 yes yes yes   protein modifications; proteolysis 

ALMS1 yes yes yes   
cell development and differentiation; eye 
development 

PLEC yes yes yes     

PLXNB3 yes yes   gain cell development and differentiation;  

TAF7L yes yes   gain 
chromatin modifications and transcription; 
regulation of transcription, DNA dependent 

C22orf23 yes yes   gain   

CMYA5 yes yes   gain   

DMD yes yes   loss cell metabolism; cell morphogenesis 

EDNRB yes yes   loss 
protein modifications; regulation of protein 
amino acid phosphorylation 

EYS yes yes   loss 
cell development and differentiation; 
neurological system process 

FAT1 yes yes   loss cell adhesion;  

FREM3 yes yes   loss cell adhesion;  

GPR98 yes yes   loss signal transduction; signal transduction 

OR1J2 yes yes   loss 
signal transduction; cell surface receptor linked 
signal transduction 

RP1 yes yes   loss 
signal transduction; intracellular signaling 
cascade 

TACC2 yes yes   loss 
cell cycle; microtubule cytoskeleton 
organization 

TNFAIP3 yes yes   loss immune response; apoptosis; cell death 

ZFYVE16 yes yes     protein modifications; intracellular cell transport 

ABCA13 yes yes       

ATP8B3 yes yes     
cell metabolism; purine nucleotide metabolic 
process 

BAZ2B yes yes     
chromatin modifications and transcription; 
transcription 

C2orf16 yes yes       

CACNA1E yes yes     membrane transport; ion transport 
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CDK11A yes yes     cell cycle; M phase of mitotic cell cycle 

CHD9 yes yes     
chromatin modifications and transcription; 
chromatin organization 

COL7A1 yes yes     cell adhesion;  

CSF2RB yes yes     
immune response, cell adhesion; respiratory 
gaseous exchange 

DMXL1 yes yes       

DNAH14 yes yes     cell metabolism; DNA metabolic process 

DNAH17 yes yes     Cytoskeleton;  

DNAJC13 yes yes       

DNAJC6 yes yes     
protein modifications; post-Golgi 
vesicle-mediated transport 

DSPP yes yes     
cell adhesion; cell development and 
differentiation; skeletal system development 

EPB41L4A yes yes       

FAT2 yes yes     cell adhesion;  

FAT4 yes yes     cell adhesion;  

FSIP2 yes yes       

GPR179 yes yes     signal transduction;  

HCLS1 yes yes     

protein modifications; signal transduction; 
regulation of protein amino acid 
phosphorylation 

IKZF2 yes yes     
chromatin modifications and transcription; 
regulation of transcription, DNA dependent 

ITPKB yes yes     signal transduction; MAPKKK cascade 

KIAA1614 yes yes       

KRT1 yes yes     immune response;  

KRTAP4-8 yes yes       

MLL2 yes yes     
chromatin modifications and transcription; 
chromatin organization 

MUC16 yes yes     cell adhesion;  

MUC4 yes yes     cell adhesion;  

MYH7B yes yes       

MYO9B yes yes     
cell metabolism; purine nucleotide metabolic 
process 

NDST3 yes yes       

NFKBIE yes yes     
immune response; T cell receptor signaling 
pathway; B cell receptor signaling pathway 

OBSCN yes yes     
protein modifications; protein amino acid 
phosphorylation 

OTOGL yes yes       

PAPPA2 yes yes     
cell development and differentiation; regulation 
of cell growth 

PCDH7 yes yes     cell adhesion;  

PCLO yes yes     
cell development and differentiation; regulation 
of neurotransmitter levels 
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PLXND1 yes yes     
cell development and differentiation; 
angiogenesis 

POLQ yes yes     cell cycle; DNA replication and repair 

PTPRQ yes yes     
protein modifications; protein amino acid 
dephosphorylation 

RPE65 yes     loss cell metabolism; retinoid metabolic process 

S1PR1 yes     loss 
chromatin modifications and transcription; 
regulation of transcription 

SECISBP2L yes     loss   

SMPD1 yes     loss 
cell metabolism; membrane lipid metabolic 
process 

SPOCD1 yes       
chromatin modifications and transcription; 
elongation, transcription 

SPTBN5 yes       Cytoskeleton; cytoskeleton organization 

STARD9 yes       Cytoskeleton; microtubule-based process 

STXBP2 yes       immune response; immune effector process 

TMEM8A yes       cell adhesion; transmembrane protein 

TNK2 yes       
protein modifications; regulation of protein 
amino acid phosphorylation 

TRMT2A yes         

TTLL6 yes       protein modifications; tyrosine ligase 

USH2A yes       
cell development and differentiation; 
neurological system process 

XIRP2 yes       
cell development and differentiation; 
cytoskeleton organization 

ZNF217 yes       
chromatin modifications and transcription; 
regulation of transcription; DNA dependent 

GPR155 yes         

TG yes         

ARID5B yes       chromatin modifications and transcription 
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Supplementary Table S4. Overview of genomic region with loss or gain 
 in at least 3 of the 7 HL cell lines 
Chromsome region gain/loss number of cell lines      
1 p12-13 loss 3      
2 p gain 3-6      
2 q gain 3-4      
3 p26 loss 3      
4 q22-25 gain 3      
4 q31-35 loss 3-4      
5 q  loss 3      
5 q35 gain 3      
6 p11-21 loss 3      
6 p23-25 gain 3      
6 q loss 3      
7 p22 gain 4      
7 q gain 3-5      
7 q31-32 loss 3      
8 p loss 4-6      
8 q11-13 loss 3      
8 q24 gain 3-4      
9 p gain 3-5      
9 q loss 3-4      
10 p loss 3-4      
10 q loss 3-4      
11 q22-23 loss 3-4      
12 p11-13 gain 4-5      
12 q12-13 gain 3-4      
13 q loss 3-5      
14 q loss 3      
14 q gain 3-4      
15 q gain 3-4      
17 p13 loss 3-5      
17 q gain 3      
17 q25 loss 3      
18 q21-23 loss 3      
19 p12-13 gain 3      
22 q13 loss 3-4      
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Supplementary Table S5. Overview of the mutated HLA and HLA associated 
genes 
 
Cell lines Gene Our WES data  Remarks 

DEV b2m start-lost results in HLA class I loss 

L428 b2m start-lost results in HLA class I loss 

SUPHD1 HLA-A frame shift  

L540 HLA-DRB1 missense with low read count hemizygous 

DEV CIITA missense with low read count hemizygous 

L540 CIITA missense  

L428 CIITA missense with insufficient reads  

L1236 CIITA WT with insufficient reads 
missense mutation 
reported in Broad 

KMH2 CIITA  translocation [58] 
 

Supplementary Table S6. Selection of genes mutated in HL and NHL for 
identification of the overlap 
 

NHL subtype Number of samples No of mutated 
genes criterion 

DLBCL [59] 117 cases and 10 cell lines 109 na 

DLBCL [60] 40 cases, 13 cell lines 569 na 

DLBCL [61] 6 cases 23 na 

DLBCL [36] 49 cases 701 na 

DLBCL [31] 94=73 cases, 21 DLBCL cell lines 322 na 

DLBCL Combined 285 cases 481 2/285 

FL [62] 8 cases 569 1/8 

BL [63] 4 cases 102 1/4 

HL 7 cell lines 477 2/7 
 
na, not applicable 
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