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Histone methylation-modifiers, such as EZH2 and KMT2D, are recurrently altered in B-cell lymphomas. To 
comprehensively describe the landscape of alterations affecting genes encoding histone methylation-modifiers in 
lymphomagenesis we investigated whole genome and transcriptome data of 186 mature B-cell lymphomas sequenced in 
the ICGC MMML-Seq project. Besides confirming common alterations of KMT2D (47% of cases), EZH2 (17%), SETD1B (5%), 
PRDM9 (4%), KMT2C (4%), and SETD2 (4%), also identified by prior exome or RNA-sequencing studies, we here found 
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Introduction 
The majority of mature B-cell malignancies originates from 
the germinal center (GC) B cell or the post-GC stage.1 His-
torically, Hodgkin lymphoma (HL) and non-Hodgkin lym-
phomas (NHL) are distinguished. The neoplastic 
Hodgkin-/Reed-Sternberg cells in classical HL (cHL) are 
supposed to be derived from pre-apoptotic GC B cell.1 The 
most prevalent types of GC-derived NHL are diffuse large 
B-cell lymphoma (DLBCL) and follicular lymphoma (FL).2 
DLBCL is an aggressive disease, composed of various sub-
types including the gene expression-based GC B-cell like 
(GCB) and activated B-cell like (ABC) types,2,3 or recently 
genomically defined groups.4–10 FL is a more indolent dis-
ease which occasionally transforms into DLBCL.11  
The immanent genomic instability of B cells during the GC 
reaction, which is required for the formation of antibody 
diversity, is assumed to be causative for malignant trans-
formation of GC or post-GC B cells.12 The GC reaction 
requires a tightly controlled balance between proliferation 
and growth arrest, and between full cellular activation or a 
rather resting stage. Epigenetic modifiers are key regulators 
of these “on-off“ stages.12 In line, they are common targets 
of genomic alterations in GC-derived B-cell lymphomas,11 
including the genes encoding the histone methyltrans-
ferases KMT2D, KDMT2C and EZH2, the histone acetyl-
transferases CREBBP and EP300,6,13–15 and the chromatin 
remodelers including members of the SWI/SNF complex.16  
A series of recent studies investigated genomic alteration 
frequencies in oncogenic drivers including epigenetic mod-
ifiers in huge series of patients with DLBCL, but also FL. 
These studies, investigating in total more than 1,800 DLBCL 
(Chapuy et al., n=304;5 Schmitz et al., n=574;6 Reddy et al., 
n= 1,00114), found aberrations in KMT2D (24-31%), CREBBP 
(11-17%), and EP300 (6-8%).5,6,14 Consequently, alterations in 
these histone modifiers contribute to the definition of gen-
etic subgroups of DLBCL, such as cluster 3 in Chapuy et 
al.,5 or the EZB group in Schmitz et al.6 and Wright et al.,4 
the BCL2 group in Lacy et al.8 and the EZH2 group in 
Hübschmann et al.7 Most of these studies characterized 
the genomic alteration landscape predominantly by exome 
or otherwise targeted sequencing, in part combined with 
transcriptome sequencing.10 Methodically, however, al-
though this approach detects single nucleotide variants 

(SNV), small insertions and deletions (indels) and gross im-
balances, it has an inherent weakness in the detection of 
some structural variants such as intragenic deletions, chro-
mosomal translocations, and inversions.17  
To overcome this shortcoming, we here mined data from 
whole genome sequencing (WGS) of 186 GC-derived B-cell 
lymphomas and 183 corresponding germline DNA samples 
generated by us in the framework of the International 
Cancer Genome Consortium (ICGC) Molecular Mechanisms 
in Malignant Lymphoma by Sequencing (MMML-Seq) project 
(https://dcc.icgc.org).7,18–20 Given the increasing pathogenic, 
diagnostic and therapeutic importance of altered histone 
methylation in B-cell lymphomas,11,13,21 we focused here on 
79 genes encoding histone methylation modifiers.  

Methods 
Whole genome and transcriptome sequencing data 
We mined WGS data and available RNA-sequencing data of 
186 GC-derived B-cell lymphomas from the ICGC MMML-Seq 
network7 (Online Supplementary Methods). The ICGC MMML-
Seq study has been approved by the Institutional Review 
Board of the Medical Faculties of the University of Kiel 
(A150/10) and Ulm (349/11), and of the recruiting centers. 
Methods and procedures used in the ICGC MMML-Seq pro-
ject have been detailed in various publications7,18,20,22,23 of the 
network. Sequencing data are available from the European 
Genome-phenome Archive (EGA) (accession number 
EGAS00001002199). The genomic status of 79 genes en-
coding histone methylation modifiers (selected based      on 
http://crdd.osdd.net/raghava/dbem/index.php, accessed 
01/03/2018; Online Supplementary Table S1) was investigated. 

Cell lines and cell line data 
Nineteen B- and T-cell NHL and four cHL-derived cell lines 
were used in the study (Online Supplementary Table S2). 
The identity of the cell lines used was confirmed by short 
tandem repeat analysis using the StemElite ID System 
(Promega). Copy number data24 and/or exome data25 from 
previously published studies on the four cHL cell lines 
herein analyzed and two additional cHL cell lines were in-
cluded as well as previously reported WGS data from the 
cHL cell line L1236.26 

recurrent alterations to KDM4C in chromosome 9p24, encoding a histone demethylase. Focal structural variation was the 
main mechanism of KDM4C alterations, and was independent from 9p24 amplification. We also identified KDM4C 
alterations in lymphoma cell lines including a focal homozygous deletion in a classical Hodgkin lymphoma cell line. By 
integrating RNA-sequencing and genome sequencing data we predict that KDM4C structural variants result in loss-of-
function. By functional reconstitution studies in cell lines, we provide evidence that KDM4C can act as a tumor 
suppressor. Thus, we show that identification of structural variants in whole genome sequencing data adds to the 
comprehensive description of the mutational landscape of lymphomas and, moreover, establish KDM4C as a putative 
tumor suppressive gene recurrently altered in subsets of B-cell derived lymphomas. 
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Bioinformatics analyses 
The computational approaches for the analysis of WGS and 
transcriptome data were recently described20 (Online Sup-
plementary Materials and Methods). Briefly, WGS data were 
analyzed using the DKFZ core variant calling workflows of 
the ICGC Pan-Cancer Analysis of Whole Genomes (PCAWG) 
project. Allele-specific copy-number alterations were ana-
lyzed using ACE-seq and structural variants were called 
using the SOPHIA algorithm20 and DELLY v0.5.9.27,28 To de-
termine the incidence of structural variants in the PCWAG, 
filtered structural variant calls were generated by SOPHIA 
for the PCAWG cohorts processed with the same tools and 
settings as with the lymphoma cohort used in this study.  
Transcriptome data were mapped with segemehl 0.2.0.29 

Gene expression values were counted by the RNAcounter 
1.5.2, using the “--nh” option and counting only exonic reads 
(-t exon).  
Mechismo (http://mechismo.russelllab.org/) was used to 
predict the potential effect of structural variants and SNV 
detected by WGS.  

Verification of KDM4C alterations by polymerase chain 
reaction-based Sanger sequencing and fluorescence in 
situ hybridization 
Verification analyses on a DNA level included polymerase 
chain reaction (PCR) amplification with subsequent Sanger 
sequencing and fluorescent in situ hybridization (FISH) (On-
line Supplementary Materials and Methods). Alternative 
KDM4C fusion transcripts were validated using specific 
primers to amplify breakpoint fusion sequences from 
tumor RNA-derived cDNA (Online Supplementary Materials 
and Methods) and Sanger sequencing. Verifications using 
FISH were done using two home-made FISH-probes, i.e., 
using locus-specific and break-apart KDM4C probes (Online 
Supplementary Material and Methods). Digital image ac-
quisition, processing, and evaluation of FISH assays were 
performed using ISIS digital image analysis version 5.0 
(MetaSystems, Altussheim, Germany). The same FISH ap-
proaches were used to evaluate the genomic status of 
KDM4C in lymphoma cell lines. 

Functional analyses 
For functional analyses, the respective cells were trans-
fected with doxycycline-inducible KDM4C expression con-
structs or transduced with KDM4C-encoding lentiviruses 
(Online Supplementary Materials and Methods). For gener-
ation of KDM4C-inducible cells, cells were electroporated 
in OPTI-MEM I using Gene-Pulser II (Bio-Rad). Twenty-four 
hours after transfection, hygromycin B (Sigma-Aldrich, 
Taufkirchen, Germany) was added. After 21–28 days of cul-
ture in the presence of hygromycin B, cells were suitable 
for functional assays. Where indicated, green fluorescent 
protein-positive (GFP+) cells were enriched 72 h after doxy-
cycline-induction using a FACS Aria. Production of lentivi-

ruses and lentiviral transduction of cells was performed as 
described previously31 (Online Supplementary Materials and 
Methods). KDM4C protein expression was assessed by 
western blot, and immunohistochemistry using a rabbit 
polyclonal anti-KDM4C antibody raised against amino acids 
1007-1056.  

Results 

Aberrations in genes encoding histone methylation 
modifiers in the ICGC MMML-Seq cohort determined by 
whole genome sequencing 
We analyzed WGS data of 186 GC-derived B-cell lympho-
mas7 for somatic aberrations potentially perturbing gene 
function, including SNV, indels, structural variants and 
focal copy number aberrations affecting at least two cases 
in 79 genes encoding histone methylation modifiers. The 
genes most commonly affected were KMT2D (47% of 
cases), EZH2 (17%), SETD1B (5%), KDM4C (4%), PRDM9 (4%), 
KMT2C (4%), and SETD2 (4%) (Figure 1A). 
The genes identified and their frequency of alteration in 
our cohort are grossly in line with previous analyses of 
DLBCL cohorts.5,6,14 However, alterations of KDM4C have 
not been emphasized as a recurrent finding in previous 
whole exome studies of GC B-cell lymphomas. KDM4C 
(also called JMJD2C) encodes a member of the Jumonji 
family of demethylases, which activate genes by removing 
methyl groups from histones H3K9 and H3K36.32,33 

Genomic alterations affecting the KDM4C gene locus 
We detected aberrations of KDM4C in 7/186 (3.7%) of all 
cases, and in 4/75 (5.3%) of bona fide DLBCL. In detail, we 
detected a total of seven focal aberrations in KDM4C, in-
cluding four heterozygous deletions, one duplication, one 
translocation and one non-synonymous SNV each, affect-
ing seven patients (Figure 1B; Online Supplementary Table 
S2). The minimum read number supporting KDM4C alter-
ations was four reads. The cancer cell fraction or the pro-
portion of cancer cells with a KDM4C alteration among all 
cancer cells suggests that these alterations are clonal in 
GC B-cell lymphomas (Online Supplementary Table S2). We 
verified all KDM4C aberrations by FISH using homemade 
FISH assays and/or PCR and Sanger sequencing (Online 
Supplementary Table S2). 

Pathological and genetic features of the lymphomas 
with KDM4C gene alterations  
The cases displaying KDM4C alterations included four of 75 
DLBCL (5.3%), one of 17 FL-DLBCL (5.9%), one of four (25%) 
large B-cell lymphomas with IRF4-rearrangement, and the 
one primary mediastinal B-cell lymphoma (Table 1). We ex-
plored whether cases with KDM4C aberrations diagnosed 
as DLBCL (n=4) cluster in a specific genomic subgroup ac-
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cording to the non-negative matrix factorization (NMF) 
clustering described previously by our group,7 which re-
sembles features of genetic DLBCL subgroups previously 
also described by others4,5 (Table 1). Using the described 
four-cluster classifier limited to DLBCL cases, we identified 
two MYD88-like and two TP53-like cases. Using the nine-
subcluster classifier established for the whole ICGC MMML-
Seq FL and DLBCL cohort, we assigned two cases to the 
PIM1-like cluster, two cases to the PAX5-like cluster and 
one case to the MYD88-like cluster (2 cases other than 
DLBCL or FL not included in the previous NMF analyses, i.e. 
1 primary mediastinal B-cell lymphoma and 1 IRF4 re-
arrangement-positive large B-cell lymphoma). Furthermore, 
we explored the distribution of KDM4C-altered cases diag-
nosed as DLBCL (n=4) among transcriptional subgroups 
based on the cell-of-origin signature. Two cases were clas-
sified as GCB-like and two cases as ABC-like lymphomas. 
Thereafter, we extended the analysis to the whole cohort 
and we observed that four of seven cases with KDM4C 
aberrations displayed a GCB signature and two of seven 
cases an ABC signature (1 case assigned to Type III/unclas-
sified). Overall, KDM4C aberrations were not significantly 
enriched in any specific genetic or transcriptional subtype 
of the analyzed lymphomas.  
In addition, we explored whether KDM4C aberrations were 
associated with the 9p24.1 amplification, as described pre-
viously.34 In five out of seven cases with KDM4C focal aber-
rations, we did not detect 9p24.1 gain (Online 
Supplementary Figures S1 and S2). This indicates that the 
vast majority of focal KDM4C aberrations occurred inde-
pendently of 9p24 amplifications. We also explored aneu-
ploidy of chromosome 9 and the general genomic ploidy 
of the KDM4C-altered cases. We did not observe a signifi-
cant increase of chromosome 9 gains (Online Supplemen-
tary Figure S2) or polyploid genome contents (Online 
Supplementary Figure S3) in cases with KDM4C aberra-
tions as compared to cases without such aberrations. Fur-
thermore, we investigated whether the KDM4C aberrations 
occurred preferentially in lymphomas with highly re-
arranged genomes that were predisposed to carry these 
events by chance. We identified a mean of 73.85 structural 
variants per case (range, 34-144) in lymphomas with 
KDM4C aberration compared to a mean of 83.24 structural 
variants per case (range, 5-1696) in lymphomas lacking 
KDM4C aberrations. The mean number of structural vari-
ants was not significantly different between the two 
groups of patients (Wilcoxon test, P=0.125) (Online Sup-
plementary Figure S4). 

KDM4C alterations as potential tumor drivers 
KDM4C is located in a early replicating genomic region in B 
cells (at the border of a late replicating region) based on 
the ENCODE Repli-seq data from different lymphoblastoid 
cell lines35 (Online Supplementary Figure S5). This fact sug-

gests that mutation of the gene is not a passenger effect 
caused by late replication. Furthermore, we examined 

Table 1. Characteristics and biological features of the cohort. 
Overview of the age, sex, and lymphoma subtype distribution 
of the cohort and of KDM4C-affected cases.

Cell of origin based on gene expression classification. N: number; 
DLBCL: diffuse large B-cell lymphoma; FL: follicular lymphoma; 
LBCL: large B-cell lymphoma; B-NOS: B-cell lymphoma not 
otherwise specified; PMBL: primary mediastinal B-cell lymphoma; 
GCB: germinal center B-cell like; ABC: activated B-cell like; NMF: non-
negative matrix factorization.

Whole  
cohort  
(N=186)

KDM4C focal  
aberrations  

(N=7)
Median age at diagnosis,  
years (range)

62.5 (16-89) 57 (16-75)

Male, N (%) 84 (45) 3 (42.9)

Diagnostics, N (%)

DLBCL 75 (40.3) 4 (57)

FL 86 (46.2) 0

FL-DLBCL 17 (9.1) 1 (14.3)

LBCL-with IRF4 breaks 4 (2.2) 1 (14.3)

B-NOS 1 (0.55) 0

DH-BL 2 (1.1) 0

PMBL 1 (0.55) 1 (14.3)

Cell of origin, N (%)

GCB 124/182 (68.1) 4 (57.1)

ABC 29/182 (15.9) 2 (28.6)

Type III 29/182 (15.9) 1 (14.3)

Hallmark events, N (%)

MYC breaks 18/185 (9.7) 0

BCL2 breaks 106/185 (57.3) 2 (28.6)

BCL6 breaks 51 (27.4) 2 (28.6)

NMF subclusters (4  
categories, only DLBCL)7, N (%)

BCL2-like 10/72 (13.9) 0/4 (0)

BCL6-like 17/72 (23.6) 0/4 (0)

MYD88-like 26/72 (36.1) 2/4 (50)

TP53-like 19/72 (26.4) 2/4 (50)
NMF subclusters  
(9 categories)7, N (%)

B2M like 13/179 (7.3) 0/5 (0)

BCL2-like 35/179 (19.5) 0/5 (0)

BCL6-like 23/179 (12.8) 0/5 (0)

MYD88-like 17/179 (9.5) 1/5 (20)

PAX5-like 19/179 (10.6) 2/5 (40)

PIM1-like 18/179 (10) 2/5 (40)

TP53-like 19/179 (10.6) 0/5 (0)

CSMD1-like 20/179 (11.2) 0/5 (0)

SOCS1-like 15/179 (8.4) 0/5 (0)
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whether the breakpoints were located in the RGYW/WRCY 
motif typically associated with the activation-induced cyti-
dine deaminase (AID) enzyme36 that is active in GC B cells. 
However, none of the breakpoints directly hits these motifs. 
These facts suggest that mutation of the KDM4C gene in 
lymphoma is not a bystander effect caused by late replica-
tion or aberrant somatic hypermutation. 
Next we analyzed the incidence of structural variants af-
fecting the KDM4C locus in the 45 tumor datasets with 
WGS available included in the PCWAG.19 We identified 14 
cohorts with an incidence of KDM4C alterations equal to 
or higher than that reported herein (Online Supplemen-
tary Figure S6). Importantly, the cohort with the highest 
incidence of structural variant breakpoints affecting 
KDM4C was the DLBCL-US cohort, corroborating our find-
ings and highlighting the relevance of KDM4C alterations 
in this subgroup of B-cell lymphomas. Other types of 
cancers harboring structural variants in KDM4C were 
renal, head and neck, ovarian, hepatocarcinoma, esopha-
geal, bladder, prostate, osteosarcoma, and gastric 
cancer, suggesting that KDM4C alterations might not be 
restricted to lymphomas. A role of KDM4C in these tu-
mors has been discussed previously.37–44 

Molecular consequence of KDM4C aberrations 
The KDM4C protein consists of an N-terminal catalytic 
domain (JmjN and JmjC) followed by three zinc-fingers 
(PHD or C2H2) and two C-terminal Tudor domains.45 By 

integrating RNA-sequencing and WGS data in the six 
cases with focal structural variants and available tran-
scriptome data (4 focal heterozygous deletions, 1 trans-
location, and 1 duplication), we detected alternative 
KDM4C transcripts in five of them, which were verified by 
reverse transcriptase PCR and sequencing (Online Sup-
plementary Table S2). In silico analyses using Mechismo 
(http://mechismo.russelllab.org/) predicted that these al-
ternative transcripts would result in altered proteins lack-
ing the catalytic or recognition (epigenetic readers) 
domains (Figure 2A). In silico modeling of the non-syn-
onymous somatic SNV (c.G80A, p.R27Q) detected in case 
4177842, which lies in the JmJN domain, suggests a poss-
ible functional consequence on protein function (Online 
Supplementary Figure S1).  

Lack of epigenetic alterations at the KDM4C locus due 
to KDM4C mutation 
As to the recently proposed role of a circular RNA 
(circRNA) derived from the KDM4C locus (circKDM4C) in 
repression of proliferation and metastasis in breast 
cancer,46 we also explored expression of circKDM4C in the 
RNA-sequencing data of our cohort. We identified 
circKDM4C expression in three cases (3/180, 1.7%), but 
none of them showed an alteration of the KDM4C locus 
(data not shown). In addition, we investigated the epigen-
etic architecture at the KDM4C locus by mining previously 
published whole genome bisulfite sequencing and array-

Continued on following page.
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based DNA methylation, as well as chromatin state data.22 
The promoter and transcription start site region showed 
strong hypomethylation in all subtypes of lymphomas and 
B-cell controls (Online Supplementary Figure S7). We did 
not observe any differential DNA methylation with regard 
to expression or alteration of the KDM4C locus with the 
notable exception of CpG cg13880654 associated with an 
intronic enhancer site which was hypermethylated in the 
majority of lymphoma cell lines other than Burkitt lym-
phoma cell lines. Together, the pattern of alterations 
strongly suggests KDM4C protein loss-of-function as a 
common effect of the KDM4C gene aberrations (Figure 2A,  
Online Supplementary Figure S1), indicative of a tumor 
suppressor function of KDM4C protein.  

Transcriptional analyses 
Using the RNA-sequencing data, we investigated KDM4C 
transcript expression in the seven cases with KDM4C al-
terations compared to 173 GC B-cell lymphomas without 
KDM4C aberrations. To reduce confounders, we performed 
these analyses for each lymphoma subtype separately. No 
statistically significant difference in KDM4C transcript ex-
pression was observed between samples with altered as 
compared to wildtype KDM4C in FL-DLBCL (P=0.4706), in 
DLBCL (P=0.2095), or in large B-cell lymphomas with IRF4 
breaks (P=1), although this analysis was clearly limited by 
the low number of KDM4C-altered cases per group (Online 
Supplementary Figure S8).  
Next, we performed differential expression analyses of 
RNA-sequencing data comparing cases with and without 

KDM4C alterations. There were only two morphological 
subgroups for which sufficient numbers of cases with and 
without KDM4C alterations with RNA-sequencing data 
were available, namely DLBCL and FL-DLBCL. We per-
formed the differential expression analyses in both of 
these groups separately. None of the previously described 
target genes of KDM4C (Online Supplementary Table S3) 
was among the 107 differentially expressed genes between 
KDM4C mutated and wildtype cases in the DLBCL group 
or the 19 differentially expressed genes in the FL-DLBCL 
group (Online Supplementary Table S4). Notably, there ap-
pears to be a small but significant difference in gene ex-
pression between the KDM4C-mutated and 
KDM4C-wildtype cases in the DLBCL group. In contrast, 
the results in the FL-DLBCL group are in line with com-
mon fluctuations that may or may not be due to KDM4C 
status, as this is only one against all other comparisons, 
and comparing a random FL-DLBCL case against all others 
often shows even bigger differences. We analyzed the 
genes differentially expressed between mutated and un-
mutated KDM4C in DLBCL using string-db.47 While there 
are more interactions than randomly expected between 
the 64 proteins known to string-db (14 vs. 7; P<0001), the 
only enrichment found was in signal peptide domain from 
UniProt keywords (25 of 64, false discovery rate=0.0135). 
Next, we intersected the differentially expressed genes 
based on KDM4C mutation status in the DLBCL group with 
genes differentially expressed between subtypes of DLBCL 
(ABC, GCB and Type III). However, no significant enrich-
ment in the number of overlapping genes was detected. 

Figure 2. Potential tumor suppressive role of the KDM4C protein. (A) Predicted KDM4C protein alterations associated with 
genomic and transcriptomic changes. Top panel: structure of the KDM4C protein (Uniprot: Q9H3R0) with highlighted positions 
of the two N-terminal JmjN and JmjC catalytic domains, the PHD zinc finger domains, and the two C-terminal Tudor recognition 
domains. Boxes highlight the predicted residual protein structure (if translated) in lymphoma cases and cell lines with somatic 
KDM4C variants. In case 4177842, the single nucleotide variant (SNV) affects the JmjN domain. In cases 4191799 and 4110120 the 
regulatory/recognition region is affected, in cases 41074893, 4128852 and 4115001 the catalytic domains are affected. The 
predicted protein in KARPAS-422 affects the regulatory region; in L1236 the predicted protein abrogates the catalytic domain 
JmjC, and the regulatory/recognition region, and consequently generates a non-functional protein; in SUP-HD1 the 
regulatory/recognition domains are predicted to be lost by the truncating SNV. See the extended legend to Figure 2SA in the 
Online Supplementary Material for more detail. (B) Immunoblotting of KDM4C protein. Left column, upper three panels, KDM4C 
protein expression in whole cell extracts of various human leukemia/lymphoma-derived cell lines, as indicated. b-actin or a-
tubulin are shown as controls. Note that L1236 cells completely lack KDM4C protein expression, and KDM4C expression in SU-
DHL-1, My-La and Se-Ax cells is strongly reduced. Upper right panel, KDM4C immunoblotting of L1236 cells before and after 
transfection with a doxycycline (Dox)-inducible KDM4C-expression vector or respective control (Mock) construct, before (left) 
and after (right) enrichment of Dox-induced GFP+ cells. b-actin is shown as a control. Right column, center and bottom, 
immunoblotting of KDM4C of KARPAS-422 and NAMALWA after transfection with Dox-inducible KDM4C or control (Mock) 
construct, without and after addition of Dox. b-actin is shown as a control. Left column bottom, immunoblotting of KDM4C of 
SU-DHL-1 cells after lentiviral transduction with KDM4C expression or respective control (Mock) construct. Note, that L428, 
L1236, REH and NAMALWA extracts were included as positive and negative controls. (C, D) Reconstitution of KDM4C results in 
loss of cells re-expressing KDM4C in L1236 and SU-DHL-1 in which endogenous expression of the protein is absent and reduced, 
respectively, but not in those with robust endogenous KDM4C expression (KARPAS-422, NAMALWA). (C) Left, L1236 cells were 
transfected with Dox-inducible KDM4C-expression or respective control (Mock) construct. GFP expression is driven in parallel 
to KDM4C by a bidirectional promoter. GFP+ cells were enriched by flow cytometry 48 h after addition of Dox and, thereafter, 
the percentage of GFP+ cells was monitored over time by flow cytometry. The percentages of KDM4C- or Mock-transfected GFP+ 
cells normalized to the percentage of GFP+ cells at day 2 after Dox-induction and enrichment of GFP+ cells is shown. Right, SU-
DHL-1 cells were lentivirally transduced with KDM4C, and the percentage of KDM4C, EBFP+ cells over time was determined as 
described for L1236 cells. (D) KARPAS-422 (left) and NAMALWA (right) cells were treated and monitored as described in (C) for 
L1236, with the difference that due to high transfection rates for both cell lines no enrichment of GFP+ cells was required. 
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Finally, we examined the expression levels of H3 in the 
cases harboring KDM4C aberrations as compared to the 
cases lacking KDM4C alterations, but no significantly dif-
ferential expression on H3 was detected (P>0.1). 

Functional analysis of KDM4C 
We explored public data and screened a total of 23 lym-
phoma cell lines for the presence of inactivating KDM4C 
alterations using the same approach employed to validate 
the structural variants described above and combined this 
with published genomic data from two additional cHL cell 
lines (Online Supplementary Table S2). We detected KDM4C 
deletions in the mycosis fungoides-derived cell line My-
La, and the cHL-derived cell line L1236 (Online Supplemen-
tary Table S2). More specifically, in WGS data of L123626 we 
identified a KDM4C deletion of approximately 60 kb (chr9: 
6,775,810-6,836,328 bp [hg19], comprising exons 2, 3 and 
4) at one allele, with an approximately 32 kb internal dele-
tion of the second allele (chr9: 6,795,791-6,828,233 bp 
[hg19], affecting exons 3 and 4), resulting in homozygous 
loss of exons 3 and 4 of KDM4C (Figure 1B). Whereas the 
larger heterozygous deletion ablates the canonical trans-
lation initiation codon, the 32 kb deletion is predicted to 
encode an (if translated) non-functional protein in L1236 
lacking the N-terminus with the catalytic JmjN domain 
(Figure 2A). The KDM4C heterozygous deletion in My-La 
cells is in agreement with the conventional cytogenetic 
analysis describing a del(9)(p21).48 In addition, SUP-HD1 and 
KARPAS-422 cell lines carry the SNV c.G1713A, p.W571*, and 
c.C2498T, p.P833L, respectively (Figure 2A, Online Supple-
mentary Table S2) reported in the COSMIC cell lines data-
base (cancer.sanger.ac.uk/cell_lines), which we validated by 
PCR and Sanger sequencing and which are predicted as 
pathogenic variants by FATHMM. Evolutionary and protein 
structure predictions also suggest that p.P833L is a loss-
of-function variant (Online Supplementary Figure S1). Thus, 
remarkably, with L1236 and SUP-HD1 two out of six bona 
fide cHL cell lines show potential inactivating changes in 
the KDM4C gene suggesting a tumor suppressive role in 
both GC B-cell lymphomas and cHL.  
In agreement with the genomic data, KDM4C immunoblot-
ting of the various cell lines revealed a complete loss of 
KDM4C protein expression in L1236 cells, and a strong re-
duction in My-La, but also in the cell lines Se-Ax and SU-
DHL-1 using a homemade rabbit polyclonal anti-KDM4C 
antibody (against amino acids 1007-1056) (Figure 2B). To ad-
dress the functional consequences of KDM4C deletions, we 
constructed an episomally replicating vector for doxycyc-
line-inducible KDM4C re-expression in L1236 cells as well 
as KDM4C lentiviruses for re-expression in SU-DHL-1 cells 
(Figure 2C). In both cell lines, KDM4C re-expression resulted 
in a loss of KDM4C-expressing cells over time, in agreement 
with a tumor suppressor function in these cells. Such an 
effect was not observed in either KARPAS-422 (p.P833L) or 

in NAMALWA (no KDM4C aberration) (Figure 2D).  
In addition, we aimed to investigate the expression of 
KDM4C by immunohistochemistry in primary tissues as 
well as cell lines using the anti-KDM4C antibody used for 
the immunoblotting technique. We were able to prove the 
lack of expression of KDM4C protein in L1236 and to spe-
cifically detect ectopically expressed KDM4C in formalin-
fixed and paraffin-embedded transfected HEK293 cells 
(data not shown). However, this as well as several com-
mercially available anti-KDM4C antibodies failed in our 
hands to reliably quantify KDM4C protein expression in 
primary tissues (data not shown). 

Discussion 
Here, we analyzed WGS data of 186 GC B-cell lymphomas 
to investigate somatic aberrations, including SNV, indels, 
structural variants, and focal copy number aberrations in 
79 genes encoding histone methylation regulators, to 
identity epigenetic modifiers potentially involved in GC B-
cell lymphomagenesis.6,11–16 We identified KDM4C, encoding 
a histone demethylase, as being recurrently altered in B-
cell lymphomas (7/186, 4%).  
Integrating RNA-sequencing and WGS data in the six 
cases with focal structural variants, we detected alter-
native KDM4C transcripts in five of them. In silico analyses 
using Mechismo predicted that these alternative tran-
scripts result in altered proteins lacking the catalytic or 
recognition (epigenetic readers) domains, suggesting a 
loss of function. In contrast, KDM4C has been previously 
described as an oncogene in lymphomas, which is acti-
vated by large chromosome 9p gains. These gains mostly 
derive from co-amplification with JAK2, CD274, and 
PDCD1LG2, recurrently found in cHL and primary medi-
astinal B-cell lymphoma.34 Nonetheless, recent studies in 
these lymphoma subtypes refined the minimally gained 
region and point to CD274 and PDCD1LG2 as main targets, 
whereas KDM4C is not consistently gained (Online Sup-
plementary Figure S9). We here detected KDM4C to be al-
tered due to focal structural variants (6/7) rather than 
gross imbalances. Moreover, we observed that the vast 
majority of focal KDM4C aberrations occurred indepen-
dently of 9p24 amplifications. In brief, KDM4C might be-
long to the increasing list of genes with oncogenic and 
tumor suppressive function depending on the cellular 
context and the type of aberration. Examples from hema-
tologic neoplasms include EZH2 and the CEBP gene 
family.49-51  
In addition to genomic mutations, we explored different 
other layers that could contribute to dysregulated KDM4C 
in GC B-cell lymphomas. We used previously published 
data derived from whole genome bisulfite sequencing, 
array-based DNA methylation, and chromatin state data22 
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to investigate epigenetic alterations at the KDM4C locus. 
However, we did not find evidence for epigenetic inactiv-
ation of the KDM4C locus. Furthermore, we investigated 
the role of expression of circKDM4C, a circRNA from the 
KDM4C locus recently described to be of pathogenic rel-
evance in solid tumors.46,52 Although we detected 
circKDM4C expression in 1.7% of the cases, none of them 
showed an alteration of the KDM4C locus. Taken together, 
these results suggest that genomic alterations are the 
main mechanism involved in KDM4C gene dysregulation 
in GC B-cell lymphomas. The fact that these genomic al-
terations are mostly focal structural variants and that 
SNV of KDM4C (1/7) seem to be rare in GC B-cell lympho-
mas likely explains why alterations of this gene have 
been underestimated in previous whole exome ana-
lyses.5,6  
KDM4C alterations are not exclusive to GC B-cell NHL. Ex-
ploring a set of cell lines we observed that L123626 and 
SUP-HD1, and thus two out of six (33.3%) bona fide cHL 
cell lines, show potentially inactivating changes in the 
KDM4C gene, suggesting a tumor suppressive role in both 
GC B-cell NHL and cHL. We could not detect changes in 
KDM4C transcript expression between cases with altered 
and wildtype KDM4C using RNA-sequencing data of the 
GC B-cell derived lymphomas in the ICGC cohort. In 
contrast, using KDM4C immunoblotting in the cell lines 
we observed a complete loss of KDM4C protein ex-
pression in L1236 cells, and a strong reduction in My-La, 
which is in line with the genomic analysis. Subsequent 
functional analyses using KDM4C re-expression in cell 
lines with reduced or lack of KDM4C expression support 
the hypothesis of a tumor suppressor function of KDM4C 
at least in a subset of lymphomas.  
In conclusion, our work not only adds KDM4C to the list 
of histone methylation modifiers recurrently altered in B-
cell lymphomas, but it also supports a function of KDM4C 
as a tumor suppressor at least in a subset of lymphoma 
types. Moreover, our data demonstrate that focal struc-
tural variants contribute to the mutational burden of dis-
tinct genes, which might be missed by pure exome and/or 
RNA-sequencing approaches. This has to be considered 
if mutational landscapes are defined for classification 
schemes, such as those proposed for lymphomas. 
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