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Frequent ZNF217mutations lead to transcriptional deregulation
of interferon signal transduction via altered chromatin
accessibility in B cell lymphoma
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Recent exome-wide studies discovered frequent somatic mutations in the epigenetic modifier ZNF217 in primary mediastinal B cell
lymphoma (PMBCL) and related disorders. As functional consequences of ZNF217 alterations remain unknown, we comprehensively
evaluated their impact in PMBCL. Targeted sequencing identified genetic lesions affecting ZNF217 in 33% of 157 PMBCL patients.
Subsequent gene expression profiling (n= 120) revealed changes in cytokine and interferon signal transduction in ZNF217-aberrant
PMBCL cases. In vitro, knockout of ZNF217 led to changes in chromatin accessibility interfering with binding motifs for crucial
lymphoma-associated transcription factors. This led to disturbed expression of interferon-responsive and inflammation-associated
genes, altered cell behavior, and aberrant differentiation. Mass spectrometry demonstrates that ZNF217 acts within a histone
modifier complex containing LSD1, CoREST and HDAC and interferes with H3K4 methylation and H3K27 acetylation. Concluding,
our data suggest non-catalytic activity of ZNF217, which directs histone modifier complex function and controls B cell
differentiation-associated patterns of chromatin structure.
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INTRODUCTION
Lymphoid malignancies are frequently affected by somatic
mutations in epigenetic modifiers regulating histone methylation,
histone acetylation, and DNA methylation [1–3]. In various B cell
lymphomas, such as diffuse large B cell lymphoma (DLBCL) or

follicular lymphoma (FL), somatic mutations in KMT2D (MLL2),
EZH2, CREBBP, and TET2 are frequent events, affecting germinal
center (GC) formation and affinity maturation [1, 4–6]. Our
increasing knowledge on their function in regulation of differ-
entiation and antigen expression [7–11], led to a better
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understanding of lymphomagenesis and new treatment options
such as EZH2 inhibitors [12].
A large proportion of B cell lymphomas arise from GC B cells and

often share dependence on the same transcriptional regulators (for
example, BCL6). Transcriptional repression of gene promoters and
enhancers involved in terminal differentiation, chemotaxis, and
proliferation checkpoints is a central mechanism of transcriptional
regulation. In addition to histone-modifying enzymes (KM2D,
CREBBP, EP300), histone demethylases, especially KDM1A (LSD1),
are required for GC formation and play a critical role in BCL6-driven
lymphomagenesis [13]. LSD1 acts together with histone deacety-
lases (HDACs) and CoREST in transcriptional corepressor complexes.
HDACs are involved in the development of various hematopoietic
lineages and conditional knockout of HDAC3 in early progenitor B
cells resulted in impaired B cell maturation and a defect in VDJ
recombination in mouse models [14].
We and others recently reported recurrent mutations in the

CoREST-binding protein ZNF217 in tumor samples from patients
with primary mediastinal B cell lymphoma (PMBCL), gray zone
lymphoma and Hodgkin lymphoma (HL) with the highest
prevalence in PMBCL (~30%) [7, 15–20]. ZNF217, located on
chromosome 20q13.2, has also been found among the 20 most
frequently amplified genes in metastatic cancer [21].
To better understand ZNF217 involvement in lymphomagenesis,

we performed a comprehensive genetic analysis in a large patient
cohort of 157 primary PMBCL specimens coupled with functional
analysis in two GC-derived lymphoma cell lines to unravel its function
in the transcriptional deregulation of B cell lymphoma.

MATERIAL AND METHODS
Patient samples
This study included 157 previously untreated PMBCL patients from
collaborating centers in 5 countries. Additional 83 samples with available
RNA and known ZNF217 mutation status were studied [20, 22] (Supple-
mentary Table 1).
In general, we included patients above the age of 18, if their clinical

presentation (dominated by a mediastinal mass) and a reviewed histology
report including estimation of tumor content (G.O., I.A., or T.V.) were
consistent with the diagnosis of PMBCL according to the WHO [23]. Tumor
purity was calculated using the ALL-FIT algorithm [24]. For FFPE tumor
tissue, DNA was extracted using the Maxwell DNA-FFPE Kit (Promega,
Madison, WI, USA). For fresh frozen tumor tissue (FF), genomic DNA was
extracted using the Maxwell 16 Tissue DNA Purification Kit. RNA was
isolated using the Maxwell® RSC RNA FFPE Kit.
The study was conducted in accordance with the Declaration of Helsinki.

The protocol was approved by the ethics review committee of the Charité -
Universitätsmedizin Berlin, and of every participating center. All patients
gave written informed consent.

Gene panel design for targeted sequencing
Based on published data and our ongoing genome/exome-wide sequencing
studies (manuscript in preparation [20]), a designated panel of 106 genes
targeting all coding regions was selected to generate a custom cRNA bait
library (SureSelect, Agilent Technologies), which was used for targeted gene
capture (Supplementary Table S2). In addition, a set of baits targeting
common SNPs was designed to allow for copy-number calling. To improve
the performance of the panel we added custom baits targeting regions that
were poorly covered by conventional design and to genomic regions of high
interest. Further information is supplied in Supplementary Table S2.

Targeted sequencing
Library preparation for targeted sequencing was performed with the
SureSelect custom capture bait kit (Agilent Technologies, Santa Clara,
California, USA). To ensure high quality, only samples that had a coverage
of 100x in ≥80% of the exonic regions were included. Variant calling was
performed using Genomon2 pipelines (https://genomon.readthedocs.io/ja/
latest/), as previously reported [25]. Specifics of the bioinformatic pipeline
and detailed filtering criteria for detection of FFPE-derived artifacts and
exclusion of germline variants are outlined in the Supplemental methods

part. To overcome the limitations associated with the lack of germline
DNA, we developed rigorous filtering criteria by comparison of tumor-only
targeted sequencing data with paired tumor-germline whole-exome
sequencing data in 57 PMBCL cases that were investigated with both
techniques. Cross-validation rates WES/TS for SNVs and SCNAs were: 97%
and 93% [20]. This trained algorithm was thereafter applied to all tumor-
only cases presented in the present study. Two samples did not have any
mutation in the 106 genes included in the sequencing panel. For more
details refer to supplementary material and methods.

Analysis of copy-number aberrations
SCNAs were evaluated on the basis of sequencing data using CNACS
(https://github.com/papaemmelab/toil_cnacs), which also allowed for
detection of copy-number neutral loss of heterozygosity likely caused by
uniparental disomy (UPD). In case of multiple copy-number changes, the
dominating SCNA was called for a given arm. All identified SCNAs were
curated by visual inspection.

Expression profiling with nCounter technology
The NanoString nCounter Flex system was used to run a customized
version of the PanCancer Pathways Panel and 30 additional transcripts of
interest (Supplementary Table S3). Genes were tested for differential
expression in response to each selected covariate. For each gene, a single
linear regression was fitted using all selected covariates to predict
expression and false discovery rate (FDR) was estimated according to
the Benjamini-Hochberg procedure. For further specifications refer to the
supplementary material and methods section.

Cell culture and treatments
The aggressive B-NHL cell lines Karpas1106P (RRID:CVCL_1821), Farage
(RRID:CVCL_3302), U2940 (RRID:CVCL_1897), MedB-1 (RRID:CVCL_A649),
RC-K8 (RRID:CVCL_1883) and the HL cell line L-428 (RRID: CVCL_1361) were
purchased from Leibniz-Institute DSMZ-German Collection of Microorgan-
isms and Cell Cultures, Braunschweig, Germany. Cells were cultured in
IMDM+ L-glutamine +phenol red (Thermo Fisher Scientific, Waltham, MA,
USA), and 10–20% FBS (Sigma–Aldrich, St. Louis, MO, USA) and 1%
penicillin/streptomycin. Cells were handled according to guidelines for the
use of cell lines in biomedical research.
The components of the R-CHO(E)P treatments (doxorubicin, vincristine,

cyclophosphamide, etoposide, prednisone, rituximab) were obtained pre-
dissolved in saline from the Charité dispensary and mixed at a clinical ratio
(Table S4). Proteasome inhibition was carried out by use of bortezomib
(Velcade, Charité dispensary).

Genetic modification of cell lines
The single guide RNAs (sgRNA) were designed using the CRISPRscan
Platform (https://www.crisprscan.org/; accessed on 18.05.2018) and 3
different sgRNAs (Supplementary Table S5) with the best CRISPRscan
scores were utilized [26]. PCR for sgRNA template amplification was
performed with KAPA HiFi HotStart ReadyMix PCR Kit (KAPA Biosystems,
Hoffmann-La Roche, Basel, Switzerland) and cleaned up with DNA Clean &
Concentrator kit (Zymo Research Europe GmbH, Freiburg, Germany). In
vitro transcription was performed with NEB HiScribe™ T7 High Yield RNA
Synthesis Kit according to the manufacturer’s recommendations. The
concentration of the resulting sgRNA products was adjusted to 1 μg/μL
with RNase-free water. SgRNA was pre-complexed with resuspended Cas9
(1 μg/μL) with different ratios (1:3, 1:5, and 1:7). Cell lines were transfected
with the Neon Transfection system (Thermo Fisher Scientific, Waltham, MA,
USA; Supplementary methods) and clonal selection was performed by
single cell dilution starting 24 h after transfection [27].

WST-1 proliferation assay
5 × 103 viable cells per clone were synchronized by serum starvation over 6 h,
and 5 × 103 were seeded in 5 replicates. For untreated proliferation assay,
media was supplemented with additional 1% FBS every other day. For all
treatment assays no additional FBS was added. For CD40 ligation, Ultra-
LEAF™ Purified anti-human CD40 Antibody and Ultra-LEAF™ Purified Mouse
IgG1, κ Isotype Control Antibody (Biolegend, San Diego, USA) were used at
1 µg/ml. 10 ng/ml of human recombinant IL-4 and IL-21 (R&D Systems, Inc.,
Minneapolis, USA) were added to the medium. For cell viability estimation
after chemotherapy, 1.5 × 104 viable cells were analyzed after 48 h of
treatment with a serial dilution of a 100x R-CHOEP. Viable cell count was
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measured with WST-1 reagent (Sigma–Aldrich, St. Louis, MO, USA) as
previously published in a spectrophotometer (Infinite 200 Pro M Plex, Tecan,
Männedorf, Switzerland) [28]. Data was analyzed with Prism v9.1.0 (Graphpad
Software, Inc., San Diego, CA, USA).

Migration assay
1 × 105 living cells were seeded into 5 µm pored Corning Transwell cell
culture inserts with a chemotactic FBS gradient. After 24 h, cell suspensions
in the lower chambers were analyzed on a Guava EasyCyte HT device (EMD
Millipore Corporation, Hayward; CA, USA) according to the Manufacturer’s
instructions.

Clonal expansion assay
Cell lines were transfected with Cas9-RNP and cell bulk was cultured over
an observation period of 5 to 11 weeks. PCR was performed to amplify a
531 bp regions of interest (ROI) within the ZNF217 gene with the following
M13-tagged primers:
fwd: 5′ tgtaaaacgacggccagtTCGCTTTTGATGTTGAGATCC 3′ and
rev: 5′ caggaaacagctatgaccTTTCTCCAAGCTCCTTCTCG 3′.
Indels were determined by Sanger sequencing and longitudinal analysis

was carried out with the ICE online analysis tool [29].

Determination of viability, cytotoxicity and apoptosis
Cells were cultured seeded in 1 µg/ml anti-human CD40 and 10 ng/ml IL-4
and IL-21 for 48 h. Medium was removed and 1.5 × 105 cells were seeded
into 96-well plates in replicates with anti-CD40 and IL-4/IL-21 or controls.
ApoTox-Glo Triplex Assay (Promega, Walldorf, Germany) was applied for
analysis according to the manufacturer’s recommendation.

Flow cytometry
To determine cell viability, cell pellets were resolved in PBS containing 1%
BSA and 5 µM diamidino-2-phenylindole (DAPI; BioLegend, San Diego, Ca,
USA). Cells were analyzed by flow cytometry (BD FACSCanto II, BD
Biosciences, Franklin Lakes, NJ, USA).
For apoptosis determination assay, 3 × 105 cells were diluted in ice-cold 1x

Annexin-V binding buffer and stained with anti-Annexin V-FITC (1:30; BD
Pharmingen, BD Biosciences, Franklin Lakes, NJ, USA) and 5 µM DAPI. For
determination of MHC class II presentation, 2 × 105 cells were stained in PBS/
1% BSA with the following antibodies (1:50): FITC Mouse Anti-Human HLA-
DR, DP, DQ (RRID:AB_393926) and FITC Mouse IgG2a, κ Isotype Control,
(RRID:AB_479604, both BD Biosciences, Franklin Lakes, NJ, USA) for 15min.,
washed, and counterstained with DAPI. Cells were analyzed on FACSCanto II.
For cell cycle and mitotic index flow cytometry 3 × 105 cells were

analyzed as previously published [28].

Fluorescence in-situ-hybridization (FISH)
FISH was performed with the CytoCell ZNF217 Amplification FISH Probe
from Oxford Gene Technology (Begbroke, UK) according to the
manufacturer’s recommendation with minor modifications in sample
preparation and pre-denaturation.

Western blot
Western blot was carried out using a standard wet blot protocol (for details
refer to supplementary methods). The following antibodies were used for
immunodetection: anti-GAPDH (RRID:AB_11174761), anti-beta-Actin (RRI-
D:AB_2714189), anti-ZNF217 (RRID:AB_11127311), anti-CoREST (RRI-
D:AB_2798514). Secondary antibodies were obtained from Dako (Agilent,
Santa Clara, USA).

Cloning and mutagenesis
ZNF217 cDNA was generated by in vitro transcription and extension PCR
and inserted into a pUC19 cloning vector for amplification. Restriction sites
for further subcloning were added by PCR and fragment was transferred
into a pcDNA3-EGFP mammalian expression vector after excision of eGFP.
N-terminal flag, linker and stop site were induced by site-directed
mutagenesis by use of Q5 Site-Directed Mutagenesis Kit (NEB, Germany).
For detailed information refer to supplementary methods.

RNA-sequencing
RNA-sequencing was carried out as previously published on a NextSeq500
platform (Illumina) in PE76 mode [27]. Differentially expressed genes were

identified using the DESeq2 R package. Detailed information of RNA-seq and
downstream analysis can be found in the supplementary methods section.

ATAC-sequencing
1 × 105 cells with >90% overall viability were used for lysis and transposase
reaction. ATAC-sequencing was carried out by use of a previously
published Omni-ATAC protocol [30] with minor modifications. PCR was
performed with 5 cycles of pre-amplification using a common Ad1 primer
and specific Ad2 primers for single-indexing based on Illumina Nextera i7
adapter barcodes (Supplementary Table S6). Number of additional cycles
(n= 3) was determined by real-time qPCR. The final PCR product was
cleaned up with AMPure XP magnetic beads (Beckman Colter, Brea, CA,
USA). Sequencing was carried out on NextSeq500 High Output NGS
platform (Illumina) in PE76 mode (see Supplementary Methods).

Co-immunoprecipitation
Cells were harvested and lysed. Lysates were incubated under continuous
rotation with prewashed Anti-FLAG® M2 Magnetic Beads (Sigma–Aldrich)
at 4 °C overnight. To immobilize protein-bound beads, tubes were placed
into a magnetic separation rack. Beads were washed twice with freshly
prepared 1ml TBS+ 0.1% NP40 and twice with 1 ml TBS. Further details in
supplementary methods.

Mass spectrometry and interactome analyses
For global and phospho-proteome analysis, cell pellets were lysed in SDC
lysis buffer and treated with Benzonase®. Protein digestion, TMT labeling,
measurements and data analyses as described [31]. Phosphopeptide
enrichment was performed using Fe(III)-IMAC cartridges and the AssayMAP
Bravo Platform (Agilent Technologies). For the ZNF217 interactome
pulldown samples were processed and analyzed as described [32] (see
Supplementary Methods).

Chromatin-immunoprecipitation followed by quantitative PCR
(CHIP-qPCR)
CHIP was carried out by use of the iDeal ChIP-seq kit for Histones (Diagenode,
Liège, Belgium) followed by standard qPCR. Please refer to the supplemen-
tary methods section and Supplementary Table S7 for further details.

Statistical analyses
Mutation associations in primary material were analyzed with SPSS Statistics
v26.0.0.0 and Prism 9.1.0. In vitro data was analyzed using Prism 9. The exact
sample size (n) for each experimental group/condition is given in the figure
legend. In general, parametric tests were chosen for datasets with
assumption of normality. Normality was assumed after Shapiro–Wilk and
Kolmogorov–Smirnov test. All differences were considered to be significant
with alpha=0.05. Sample numbers were kept comparable to decrease
heterogeneity of variances. If variances could not be assumed equal, Welch’s
ANOVA or Geisser–Greenhouse correction was applied. Multiple testing
correction was applied if applicable. Two-tailed tests were applied. All tests
and applied correction are indicated in the figure legends. Growth curves
were fitted with an exponential (Malthusian) growth model using least
squares regression without further weighting. Extra sum-of-squares F test
was used to compare non-linear regression data of cell proliferation.

RESULTS
ZNF217 is frequently altered in PMBCL and perturbation is
associated with deregulation of genes involved in cytokine
and interferon signaling
Targeted sequencing of 157 PMCL samples was performed with
median and mean coverages of 592x and 684x, respectively
(219x− 2573x, Supplementary Tables S1 and S2). A total of 57
ZNF217 variants in 31 patients with an average VAF of 23.7% (range
3.3–75.3%) were identified. Among these 57 variants, 41 were non-
synonymous missense, 14 were frameshift/stopgain and two were
splice sites mutations (Fig. 1). With mean PolyPhen-2 HVAR and HDIV
scores of 0.70 and 0.78, and a mean SIFT score of 0.10, 61%, 71%, and
54% of ZNF217 missense mutations were predicted as damaging,
respectively. Missense mutations predominantly and spatially clus-
tered in hot-spot regions located in the C2H2 domains. Putative
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inactivating alterations (e.g., frameshift, splice site, or nonsense
mutations) were spread over the entire coding region, showing a
mutation pattern highly reminiscent of a tumor suppressor gene
(Fig. 1a). Comparison of the overall prevalence of ZNF217 mutations
found in this and two other PMBCL studies with data reported in HL
and DLBCL, indicate an enrichment of ZNF217 mutations in PMBCL
(Fig. 1d). In addition to recurrent mutations, copy-number alterations
(CNAs) were detected in 28/157 (18%) of the patients (Fig. 1,
Supplementary Fig. S1). Of those 13 (8.3%) were deletions, 10 (6.4%)
were amplifications and 5 were identified as uniparental disomy
(UPD; 3.2%), leading to an overall frequency of ZNF217 alterations
(mutation and/or CNA) of 52/157 (33%, Fig. S1a). To identify
interactions of ZNF217 genetic aberrations with other mutations, we
performed co-occurrence and exclusivity analysis using Fisher exact
tests (Fig. 2a). A remarkable number of positive correlations with other
genomic aberrations was observed, most notably mutations in
GNA13, XPO1, BTG1 and amplifications in PDCD1LG2 (PD-L2).
Next, we compared the gene expression pattern of 120

PMBCL samples using the nCounter targeted transcriptional
profiling platform from NanoString. Patients with ZNF217
alterations (n= 53; mutation and/or CNA) showed a significantly
higher mRNA expression of the hemopoietic cytokine thymic
stromal lymphopoietin (TSLP), prolactin (PRL), and the actin-
binding filamin c (FLNC). IGLL5, which has been described as
frequently mutated in other lymphomas [7, 15], was identified as
significantly downregulated in ZNF217 altered specimens
(Fig. 2b, Supplementary Table S2). Mono- or bi-allelic loss of

ZNF217 was rare and did not affect gene expression significantly.
Alterations in ZNF217 resulted in increased gene expression
activity affecting the majority of pathways covered by the
NanoString panel. Especially genes associated with interleukin
and interferon signal transduction were identified as upregu-
lated showing a distinct gene expression pattern as compared
with other altered chromatin remodelers (Fig. 2c, Supplemen-
tary Fig. S1b). In addition, a CD40 activation-like signature was
identified and validated in in vitro experiments (Supplementary
Fig. S1c)

Disruption of ZNF217 in vitro reveals ZNF217 as a global
transcriptional regulator of interferon-responsive signaling
associated with B cell activation
In non-hematologic cancers, DNA binding of ZNF217 to specific
cis-regulatory regions correlates negatively with gene expression,
suggesting its function as a transcriptional repressor through
interaction with epigenetic regulators such as CoREST, CtBP, LSD1,
and EZH2 [33]. In order to gain functional information about
ZNF217 in lymphoma, we analyzed the ZNF217 status in cell lines
of GC origin. All available PMBCL cell lines harbored at least one
altered ZNF217 allele, ranging from a heterozygous S513P
mutation with predicted damaging consequence in Farage cells,
a copy-number deletion in Karpas1106P to (bi-)allelic loss in
MedB-1 and U2940 by frameshift alterations (Supplementary
Fig. S2). To analyze the role of ZNF217 in GC-derived aggressive
lymphoma, we therefore selected two lymphoma cells lines

Fig. 1 ZNF217 aberrations in PMBCL patients. a Mutation diagram (lolliplot) for ZNF217. 31/157 PMBCL samples (19.7%) harbored ZNF217
SNVs or indels. Hot-spot mutations, truncating mutations (blue) and splice mutations (red) were labeled with specification of the alteration,
SNVs are visualized in yellow. Domain data was obtained from Nunez et al. [55] and https://www.uniprot.org/. b Distribution of mutation types
and c CNA of n= 157 PMBCL patients. In case of >1 alteration, the most deleterious type was attributed to the patient. d Comparison of
ZNF217 mutation prevalence in PMBCL, HL and DLBCL. Patient-level data of ZNF217 was extracted from our data set and previous studies in
PMBCL [7, 15], HL [17–19], and DLBCL [56–58]. Merged data were compared by two-sided fisher’s exact test. 95% CI of OR was calculated by
Baptista-Pike method. Individual prevalence of the mutated gene in the present study is indicated by the dashed line.
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without ZNF217 deletions/mutations, L-428 and RC-K8 [34, 35]. We
generated a large number of different ZNF217 knockout single cell
clones by use of a CRISPR/Cas9-based genome editing protocol
(Supplementary Fig. S2).

RNA-seq of ZNF217KO versus ZNF217WT RC-K8 lymphoma cells
discovered large changes of the transcriptome with 593
upregulated and 429 downregulated genes. Results were vali-
dated in L-428 cells (Supplementary Table S8, Supplementary

Fig. 2 Gene expression in ZNF217 altered PMBCL. a Volcano plot showing systematic evaluation of pairwise associations between mutated
ZNF217 and mutations or copy-number alterations in other genes of the targeted panel. 2 × 2 contingency tables were generated for each pair
followed by Fisher’s exact tests and adjustment for multiple testing using Benjamini-Hochberg correction. y-axis displays the q-value of each
pair as -log10(q) (dotted line indicates q < 0.05). x-axis represents the strength of the correlation expressed as log odds where blue dots
indicate mutually exclusive and orange dots co-mutated genomic lesions. b RNA was isolated from n= 120 PMBCL patients and analyzed with
the human nCounter PanCancer Pathways panel probe set (Nanostring). Volcano plot shows differentially higher (orange) and lower (blue)
expressed transcripts with their log2-fold change on the x-axis. Y-axis shows -log10(p) (dotted line indicates p < 0.05; dashed line indicates
FDR < 0.05). c Differential expression at gene set level. Global directed gene expression heatmap on gene set level, bearing either ≥1 copy-
number changes and/or ≥1 SNV in either ARID5B, ARID1A, ZFHX4, EZH2, BCL7A, or ZNF217 versus respective wild types demonstrated
substantial differences in the global perturbation patterns induced by ZNF217 alterations. Gene expression was analyzed by use of an
extended nCounter PanCancer probe panel (Nanostring technologies). Directed global significance score was calculated using the Nanostring
nSolver 4.0.70 software as the square root of the mean signed squared t-statistic for the genes in a gene set, with t-statistics coming from the
linear regression underlying the differential expression analysis. Pathways with the highest and smallest differences in pathway scores
between ZNF217 and ARID1A were highlighted.
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Fig. S2e). Global proteome analysis of RC-K8 corresponded with
the RNA-seq findings (Supplementary Table S8, Fig. 3). Pre-ranked
gene set enrichment analysis (GSEA) of RNA-seq data verified a
significant enrichment of gene sets that have been generated
upon perturbation of REST, HDAC3, and LSD1/KDM1A (Fig. 3c).
Most notably, the gene expression changes upon ZNF217

knockout demonstrated altered gene expression of type I and II

interferon-downstream signals (Fig. 3d), generating expression
signatures reminiscent of activated B cells, such as a CD40-
signature with upregulation of CD80, CD86, OX-40L, and MHC
class II genes (Figs. 3 and 4, Supplementary Table S8, Supple-
mentary Fig. S3). These changes were evident on RNA and protein
levels and validated for surface presentation of functional MHC II
receptors in vitro (Fig. 4b), confirming the CD40-signature
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detected by Nanostring expression profiling of primary ZNF217-
altered PMBCL samples (Supplementary Fig. S1c). Notably, a lower
sensitivity to chemotherapeutic drugs (CHOEP) with ~3-fold
higher relative IC50 was observed in ZNF217KO cells, suggestive
for a resistance mechanism caused by CD40 stimulation, which
has been described in lymphoma cells before [36] (Fig. 4d).
In accordance, phospho-proteome analysis demonstrated an

increased phosphorylation in proteins involved with cell adhesion,

cytoskeleton organization, and GTPase activity suggesting an
increased cellular turnover associated with cellular trafficking/
antigen presentation and cell-cell interaction. It further identified a
negative enrichment of phosphoproteins associated with chro-
mosomal reorganization and condensation after ZNF217 knockout
(Supplementary Table S8).
Despite the observed CD40 activation-like signature, knockout

of ZNF217 did not trigger increased proliferation or anti-apoptosis.

Fig. 3 Gene expression after knockout of ZNF217 in aggressive lymphoma cell lines. a RC-K8 cells (ZNF217KO: n= 7; ZNF217WT: n= 4) were
bulk sequenced by RNA-Sequencing for transcriptome analysis. Genetic modification of ZNF217 resulted in large changes in gene expression
triggering the significantly altered expression of 1022 genes (log2-fold change <-0.5/ > 0.5; q < 0.05). Genes chosen for further evaluation by CHIP-
qPCR are marked. b Additional analysis of the global proteome of ZNF217KO (n= 5) versus ZNF217WT cells (n= 4) verified the data obtained from
transcriptomic analysis with high consistency. Proteins subjected to further analyses are marked. c Pre-ranked gene set enrichment analysis
(GSEA) was performed including the following gene sets collections from https://www.gsea-msigdb.org: MSigDB: (H) Hallmark, (C5) GO, (C3) TFT,
(C2) CP: REACTOME, custom DB (defined Supplementary Table S8). Genes having at least one occurrence of transcription factor binding motifs of
STAT1, IRF8, C/EBP-epsilon, IRF1 or IRF2, respectively, were significantly enriched [59]. Enrichment data for each enriched gene set can be found in
Supplementary Table S8. Graphs show normalized enrichment scores (NES) and false discovery rate (FDR) q-values of GSEA analysis. d Enrichment
plots for two of the top-ranked gene sets Hallmark Interferon-alpha response and ISRE_01 are shown in detail. ISRE corresponds to STAT1/2
transcription factor binding and indicates interferon I downstream signaling. Abbreviations: WT ZNF217 wild type, KO ZNF217 knockout.

Fig. 4 B cell activation signature after knockout of ZNF217. a Pre-ranked gene set enrichment analysis (GSEA) was performed based on a gene
signature derived from CD40 activation [60]. Graph shows normalized enrichment scores (NES) and false discovery rate (FDR) q-values of GSEA
analysis b Flow cytometry analysis of MHC class II presentation of ZNF217KO (n= 15) and ZNF217WT (n= 13; data obtained from n= 3 independent
experiments). Left side: representative histogram of fluorescence shift comparing one anti-HLA-DR/DP/DQ-FITC-stained WT with one randomly
assigned KO sample. Dashed lines: isotype controls. Right side: quantification of positive cells over threshold (top) and mean fluorescence intensity
(bottom). Mann–Whitney test; *<0.05. c Significantly differentially abundant (phospho-)proteins (FDR < 0.05) associated with B cell activation
visualized by Euclidean clustering of z-scores (Supplementary Table S8.4 and S8.5). d Treatment of cell clones with R-CHOEP resulted in a lower IC50 in
ZNF217WT versus ZNF217KO cells of 3.2 to 3.4 -fold. Figure shows merged data from n= 11 different ZNF217KO or ZNF217WT clones obtained from
n= 3 independent WST-1 assay experiments after 48 h of increasing dilutions of R-CHOEP treatment (mean with 95% CI; Mixed effect model with
Geisser–Greenhouse correction). 1x R-CHOEP is defined in Supplementary Table S4. q indicated by *<0.05; **<0.01, ***<0.001, ****<0.0001.
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It rather decreased the overall proliferation rate with a~1.5-fold
extended doubling time in ZNF217KO compared to ZNF217WT cells
(Fig. 5). Co-culture of different ZNF217 variants over a period of
several weeks revealed a significant proliferative disadvantage of

clones harboring ZNF217 frameshift mutations. Furthermore,
ZNF217KO cells presented a decrease in migratory potential and
an increased fraction of apoptotic cells during passaging without
differences in cell cycle behavior. This indicates that the slower
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increase in viable cell count was determined by a stronger
commitment to apoptosis rather than by a shorter generation
time. Stimulating ZNF217KO and ZNF217WT cells with an agoniztic
CD40 antibody and IL-4/IL-21, induced a similar effect (decreased
viability and proliferation, increased apoptosis and cytotoxicity) in
ZNF217WT cells leveling the phenotypic differences between wild
type and mutant cells over time (Fig. 5f–i). Growth-inhibitory
effects of CD40 stimulation have been previously observed in
several lymphoma and carcinoma cell lines in vitro [37]. The
CD40 signature in primary material and in cell lines as well as the
phenocopying of the effect by agonist antibody-based
CD40 stimulation emphasizes a role of ZNF217 in late germinal
center differentiation.

ZNF217 interferes with CoREST- and LSD1-containing protein
complexes and loss of ZNF217 increases chromatin
accessibility
As shown by ATAC-seq, knockout of ZNF217 increased the
accessibility of genomic areas in 86% of the differentially
accessible loci and affected predominantly intronic (42%),
intergenic (39%) and promoter regions (15%). Among 194 genes
concomitantly upregulated in RNA-seq and differentially acces-
sible in ATAC-seq, 54% and 21% were affected at intronic and
intergenic regions, respectively, and 19% at promoter regions
(Fig. 6a–d, Supplementary Table S8). This suggests a role of
ZNF217 in functional regulation of gene expression at promoters
and distal cis-regulatory regions predominantly resulting in a de-
repression of target gene expression upon knockdown. Unbiased
de novo motif analysis identified a number of enriched motifs in
open chromatin areas, which were consensus for major transcrip-
tion factors, such as NF-κB, BATF family, and interferon-sensitive
response elements, such as IRFs (Fig. 6c, Supplementary Table S8).
Importantly, an increased chromatin accessibility to consensus
binding sequences for CTCF, a major regulator of chromatin
architecture, was discovered.
Mass spectrometry, RNA-seq, and Western blot results suggest

that ZNF217 perturbation interferes with the activity of a CoREST-
containing silencing complex by showing (i) decreased expres-
sion of CoREST in ZNF217KO cells (Fig. 3b, e), (ii) gene signatures
that resemble REST [38], HDAC, and LSD1 perturbation (Figs. 3c,
6f), and (iii) a significant co-enrichment of CoREST3 and LSD1
(KDM1A) upon ectopic expression of a ZNF217-Flag fusion
protein, pulldown and binding partner analysis (Fig. 7a,b,
Supplementary Fig. S4). Notably, other CoREST complex partners
(HDAC2 and CtBP1) were detected as well, albeit, with non-
significant enrichment (Supplementary Table S8, Supplementary
Fig. S4b).

We found decreased RCOR1 protein levels without altered
mRNA or chromatin accessibility, indicating that ZNF217 might be
involved in the stabilization of CoREST family proteins and/or their
complexes. In fact, an ectopically expressed ZNF217H393* variant
did not show a differential binding of identified CoREST complex
partners, but an enrichment of an E3 ubiquitin-protein ligase
(UBE3D) in the H393* pulldown (Supplementary Fig. S4). Enrich-
ment of ZNF217 in proteasome inhibitor-treated ZNF217KO cells,
demonstrated proteasomal degradation of translated ZNF217
variants (Supplementary Fig. S4d). Large changes in the abun-
dance of (phospho-) proteins of the ubiquitin proteasome system
upon knockout of ZNF217 underlined these findings (Supplemen-
tary Fig. S4e). Since ubiquitination regulates proteasomal degra-
dation, loss of ZNF217 might influence the stability of CoREST/
ZNF217-containing chromatin modifier complexes and exhibit
non-catalytic activity in CoREST complex guidance.
Finally, we analyzed the histone modification pattern in

representative differentially accessible regions of target genes
(promoter-/intron 1-regions of CASP1 and TNFRSF18, and 3’UTR/
TSS region of PARP14) in ZNF217KO and ZNF217WT cells. To analyze
major known target histone marks of ZNF217 [39], LSD1, and
HDAC2, we determined H3K4 methylation and H3K27 acetylation
[33], as well as a putative negative histone mark, H3K27me3,
which is primarily affected by non-interacting EZH2/PRC2. CHIP-
qPCR analysis demonstrated that ZNF217KO significantly altered
H3K4me2, H3K4me3, and H3K27Ac in accordance with differential
expression, while it did not affect H3K27me3 in any of these three
genes (Fig. 7c). This gives further evidence that ZNF217 is
interacting in a CoREST/LSD1/HDAC-containing complex. Disrup-
tion of ZNF217 induces gene expression changes associated with B
cell differentiation and activation by altering their epigenetic state
(Fig. 7).

DISCUSSION
Little is known about the function of ZNF217 in cancer today. In
metastatic cancer, ZNF217 amplification ranks among the most
frequent genetic alterations and its overexpression was reported
to be associated with poor outcome, suggesting an oncogenic
function [21, 40, 41]. In contrast, we show that ZNF217 aberrations
in PMBCL often display as deletions and/or truncating frameshift
alterations spread all over the coding region suggestive of tumor
suppressor properties. This opposing pattern of genetic aberra-
tions between solid and lymphoid malignancies also suggests
tissue-specific functions of ZNF217.
We identified several upregulated genes in ZNF217-deficient

primary material, which support the hypothesis of ZNF217 being

Fig. 5 Expression of aberrant ZNF217 induced large phenotypic changes in B cell lymphoma cell lines and interfered with oncogenic
signaling pathways. ZNF217KO and ZNF217WT single cell clones were analyzed in cell-based functional assays. a Baseline growth
characteristics of RC-K8 (KO: n= 28 and WT: n= 19) and L-428 (KO n= 11 and WT n= 9) were determined by longitudinal WST-1 viability
assays after 6 h of serum starvation. Raw data of growth curves shows median and interquartile range of merged replicates of n ≥ 3
independent experiments. Growth curves were fitted with an exponential (Mathusian) growth model and extra sum-of-squares F test was
used to compare proliferation/viability. b Bulk cells were transfected with guide RNA and Cas9 and longitudinally analyzed in n= 3
independent experiments for their relative proportion of genotypes by Sanger sequencing. Time points indicate weeks after transfection.
Friedman-Test and Dunn’s post test were used, bars show mean (SD). c ZNF217KO and ZNF217WT cells were analyzed for their migratory
potential in a Boyden Chamber assay after 24 h. Median and 95% CI of means of biological replicates (total n: RC-K8: WT: n= 46, KO: n= 67, L-
428: WT: n= 18, KO: n= 22) of n ≥ 3 independent experiments are shown. Statistical significance was determined by Mann–Whitney-Test. d, e
Determination of apoptotic/dead cell content in passaging of ZNF217KO (n= 14) versus ZNF217WT (n= 8) clones using Annexin-V- and DAPI-
based flow cytometry, and cell cycle analysis (WT: n= 14, KO: n= 28). Upper panel shows representative flow cytometry density plots of
ZNF217WT and ZNF217KO examples of RC-K8. Means of n ≥ 3 independent experiments were merged and error bars show SD. f Proliferation of
ZNF217KO (n= 6) and ZNF217WT (n= 4) clones upon stimulation in duplicates with an agonist anti-CD40 antibody, IL-4, and IL-21. One
representative experiment of three independent ones (total n: KO: n= 14) and WT: n= 16. Bars show median and interquartile range (Welch’s
ANOVA test with Dunett’s T3 multiple comparisons test). g–i ZNF217KO (n= 9) and ZNF217WT (n= 10) clones were treated in triplicates with
anti-CD40 antibody, IL-4, and IL-21. Control cells were moved to control media after 48 h and viability, apoptosis, and cytotoxicity were
measured at the indicated time points after removal. Merged data of three independent experiments, bars show median and interquartile
range (Kruskal–Wallis test, Dunn’s multiple comparisons test). q indicated by *<0.05; **<0.01, ***<0.001, ****<0.0001.
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involved in aberrant B cell differentiation and impaired immune
surveillance. TSLP, which is expressed in thymic stromal cells,
regulates the development of B cells. It was strongly upregulated
in the ZNF217-deficient primary PMBCL samples. Due to the lack of
stromal cells in the cell culture, no analogous effect could be
detected in vitro. However, local expression of TSLP directly
stimulates pre–B cell proliferation and systemic expression of TSLP
in mice has been shown to interfere with B lineage-committed
hematopoiesis [42].
Using lymphoma cell lines, we demonstrate that ZNF217

interacts with chromatin modifying proteins, most notably LSD1
and CoREST. Disruption of the interaction led to changes in
histone marks that have been assigned to repressive chromatin
states [33, 43]. Some of these chromatin modifiers have also been
shown to play fundamental roles in B cell development [13, 14].
By increasing pro-apoptotic priming, antigen presentation and

altering NF-κB- and interferon-downstream signaling, in vitro
ZNF217 knockout interfered with B cell differentiation processes
and enriched phenotypes that are usually associated with B cell
activation and maturation [44]. The functional pattern of ZNF217

loss in PMBCL in vitro resembles a phenotypic switch between
naïve B cell properties and light zone properties of GC B cells
[44, 45]. This reflects the data of primary material, where interferon
and cytokine signaling was altered in patients with ZNF217
aberrations showing expression patterns, remarkably distinct from
expression changes induced by other frequently altered chroma-
tin remodelers. However, it should be considered that a bi-allelic
ZNF217 knockout model was used to understand the general
function of ZNF217 in high grade lymphomas, but might not fully
mirror the effect of heterozygous point mutations, which did not
lead to decreased ZNF217 transcript levels in our primary cohort.
The upregulation of CASP1 and PARP14 and the downregulation

of TNFRSF18, on which we followed up for technical validation of
the complex function, underlined the functional connection of
ZNF217 with B cell activation. PARP14 has been described to
function as a transcriptional switch upon IL-4 stimulation, which is
vital for fine tuning CD40 ligand-induced B cell proliferation, cell
survival, and division-linked isotype switching together with IFN-γ
[46]. In addition, Caspase 1 activates IL-1, which, after secretion,
triggers expression of CD40L on T cells and release of IL-4 from T

Fig. 6 Loss of ZNF217 led to epigenetic changes by interfering with the CoREST histone modifier complex. a ATAC-sequencing detected
an increased chromatin accessibility in ZNF217KO cells (n= 5) compared to ZNF217WT cells (n= 4). Nucleosome mapping revealed
differentially accessible chromatin areas in intronic and around promoter regions of 194 genes, which were found differentially expressed in
transcriptome analysis, including genes of the TNF and interleukin signaling (representative maps are shown for CASP1 and TNFRSF18, bar
graph indicates relative expression on transcript level, log scale). Red squares denote promoter regions. b Functional annotation of all loci
with differential ATAC peaks and of all 192 loci with different chromatin accessibility and gene upregulation determined by RNA-seq. Promoter
regions were defined as ± 2500 bp to nearest TSS. c De novo motif enrichment analysis (log p-value, % of targets sequences with known motif
out of number of target sequences with motif is shown versus % of background sequences with known motif out of number of background
sequences with motif is shown; four top hits ranked by p-values are depicted; Supplementary Table S8). d A number of 64 genes were
differentially upregulated in all three multi-omics layers (Supplementary Table S8). e Western blot analysis of ZNF217WT (RC-K8: n= 8; L-428:
n= 9) and ZNF217KO (RC-K8: n= 15; L-418: n= 12). Representative blots of one out of three independent experiments and densitometric
quantification of all replicates are shown. f Enrichment plot of gene expression data from RNA-sequencing demonstrating a significant
enrichment of a gene signature resulting from a perturbation of RE1 Silencing Transcription Factor (REST). Visualization was performed using
the tmod R package, (light) blue indicates (significant) downregulation, (light) red indicates (significant) upregulation.

F. Briest et al.

10

Leukemia



follicular helper cells [47]. It thereby regulates the germinal center-
associated cellular crosstalk. GC B cells have shown lower GITR
expression levels in murine B cell cultures stimulated with anti-
CD40 antibodies, IL-4, IFNγ, or IFNα [48].
Most notably, the activation of interleukin- and interferon-α and

-γ signaling as common mechanisms identified in both, primary
ZNF217-deficient samples and after knockout in vitro strongly
supports an immunomodulatory effect of ZNF217 loss. B cells
treated with IFN-α and -β have been shown to present an
increased survival and resistance to Fas-mediated apoptosis [49].
In addition, IFN-γ is able to boost immune escape by induction of
PD-L1, PD-L2, and IDO1 expression [50, 51]. We found IDO1/
Kynurenine strongly upregulated on RNA and protein level.
The CD40 signature identified in vitro and in primary material

provides evidence for a possible pathomechanism, since sustained
CD40 activation can trigger lymphomagenesis and immune
evasion [52]. Especially in thymic B cells, which are most probably
the cells of origin of PMBCL, CD40 stimulation licenses

upregulation of CD80, CD86 and MHC class II receptors. This
process shows striking resemblance to the GC reaction and
ultimately drives self-tolerance of neoantigens in thymocytes by
both clonal deletion and Treg differentiation [53, 54].
On a molecular level, truncation of ZNF217 did not lead to

altered binding of complex partners, but to changes in the
modification patterns of target histone marks of HDACs and LSD1,
affecting the accessibility for transcription factors. Motif analysis
identified particularly binding motifs of the NF-κB, BATF/AP1, and
IRF family of proteins, which are transcription factors crucial for B
cell maturation and lymphomagenesis. ZNF217 loss also altered
the accessibility for consensus motifs of CTCF, a major regulator of
global 3D chromatin architecture. In this regard, lessons may be
learned from the recent findings about histone H1 loss, which acts
as a bona fide tumor suppressor and drives malignant transforma-
tion primarily through three-dimensional genome reorganization
[11]. Since our data suggests that ZNF217 influences the stability
of CoREST/ZNF217-containing chromatin modifier complexes, it

Fig. 7 Interaction partner of ZNF217 in lymphoma cells. a Western blot of anti-flag immunoprecipitated protein complexes after ectopic
expression of n-Flag-ZNF217 (n= 3) or the n-Flag-ZNF217H393* (n= 3) variant in ZNF217KO cells (Supplementary Fig. S4). The samples with the
truncated protein variant did not show any western blot signal (top), since the antibody recognizes a c-terminal epitope. However, peptides of
amino acids 1-393 were detected in the mass spectrometry analysis (bottom). b Co-immunoprecipitated proteins after anti-flag pulldown of
n= 3 biological replicates in two repeated experiments, data of one experiment is shown; neg R1-R2: no-Flag ZNF217WT controls, R1-R3: n-
Flag-ZNF217WT and R1-R3: n-Flag-ZNF217H393* were analyzed by mass spectrometry-based proteomics and included 2777 proteins for
quantitation (filter: min 3 valid values in at least one group). LFQ intensities were used for analyses, with imputation. All variants were
compared to no-Flag-tag control. Enriched proteins (FDR 20%, or log2fold change >2, -log10 p > 1.3 (0.05)) were defined as ZNF217 binders. A
total of 9 binders were identified for wild type and truncated ZNF217, of which 3 known members of the CoREST complex clustered together
(Euclidean distance): ZNF217, CoREST 3 and LSD1/KDM1A. Heatmap shows z score-transformed LFQ intensities. c Chromatin-
Immunoprecipitation- (CHIP-) qPCR analysis of major target histone marks affecting differentially expressed genes. Target areas for PCR
primers were determined from ATAC-sequencing data, qPCR was quantified using the percent input method. Graph shows mean (SD),
*q < 0.05; multiple paired t-tests corrected for multiple testing (FDR) of n= 4 ZNF217WT and n= 4 ZNF217KO clones from n ≥ 3 independent
experiments. MS/MS: tandem mass spectrometry. FDR indicated by *<0.05; **<0.01. d Summary: Proposed role of ZNF217 in PMBCL: Depiction
of the protein complex, including LSD1, CoREST, ZNF217 and most likely HDAC2 and CtBP1, which is perturbed by mutation of ZNF217 and
thereby affects H3K4 methylation and H3K27 acetylation leading to altered expression of genes involved in B cell differentiation activation.
Upregulation of crucial antigens involved in T cell-interaction suggests a tolerance-induction process. Illustration was created with
BioRender.com.
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likely exhibits non-catalytic activity in complex guidance where it
interferes with B cell differentiation-associated patterns of
chromatin structure.
However, there are limitations of the study to consider. Despite

the high prevalence of ZNF217 mutations, a clear tumor
suppressive function of ZNF217 could not be demonstrated.
Contradictive findings include the lack of downregulated ZNF217
transcript levels in patient samples and lack of cell-cycle
regulatory, pro-apoptotic or anti-proliferative effects in vitro. This
indicates complex functions of ZNF217 in the context of additional
aberrations and immune interactions, which require more
sophisticated model systems, for example an in vivo model, to
be fully deciphered.
Concluding, our study provides evidence that disruptive muta-

tions of ZNF217 frequently found in aggressive lymphomas interfere
with histone modifications at genes that control major hallmarks of
lymphomagenesis such as cytokine signaling, B cell differentiation
and interactions within the immune cell compartment.

DATA AVAILABILITY
The mass spectrometry proteomics data have been deposited to the ProteomeX-
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the Sequence Read Archive (SRA) and are accessible via BioProject PRJNA851197.

REFERENCES
1. Pasqualucci L, Trifonov V, Fabbri G, Ma J, Rossi D, Chiarenza A, et al. Analysis of

the coding genome of diffuse large B-cell lymphoma. Nat Genet. 2011;43:830–7.
2. Quivoron C, Couronné L, Della Valle V, Lopez CK, Plo I, Wagner-Ballon O, et al.

TET2 inactivation results in pleiotropic hematopoietic abnormalities in mouse
and is a recurrent event during human lymphomagenesis. Cancer Cell.
2011;20:25–38.

3. Palomero T, Couronné L, Khiabanian H, Kim M-Y, Ambesi-Impiombato A, Perez-
Garcia A, et al. Recurrent mutations in epigenetic regulators, RHOA and FYN
kinase in peripheral T cell lymphomas. Nat Genet. 2014;46:166–70.

4. Béguelin W, Popovic R, Teater M, Jiang Y, Bunting KL, Rosen M, et al. EZH2 is
required for germinal center formation and somatic EZH2 mutations promote
lymphoid transformation. Cancer Cell. 2013;23:677–92.

5. Meyer SN, Scuoppo C, Vlasevska S, Bal E, Holmes AB, Holloman M, et al. Unique
and shared epigenetic programs of the CREBBP and EP300 acetyltransferases in
germinal center B cells reveal targetable dependencies in lymphoma. Immunity.
2019;51:535–47.e9.

6. Okosun J, Bödör C, Wang J, Araf S, Yang C-Y, Pan C, et al. Integrated genomic
analysis identifies recurrent mutations and evolution patterns driving the initia-
tion and progression of follicular lymphoma. Nat Genet. 2014;46:176–81.

7. Chapuy B, Stewart C, Dunford AJ, Kim J, Wienand K, Kamburov A, et al. Genomic
analyses of PMBL reveal new drivers and mechanisms of sensitivity to PD-1
blockade. Blood. 2019;134:2369–82.

8. Zhang J, Dominguez-Sola D, Hussein S, Lee J-E, Holmes AB, Bansal M, et al.
Disruption of KMT2D perturbs germinal center B cell development and promotes
lymphomagenesis. Nat Med. 2015;21:1190–8.

9. Ennishi D, Takata K, Béguelin W, Duns G, Mottok A, Farinha P, et al. Molecular and
genetic characterization of MHC deficiency identifies EZH2 as therapeutic target
for enhancing immune recognition. Cancer Discov. 2019;9:546–63.

10. Huang Y-H, Cai K, Xu P-P, Wang L, Huang C-X, Fang Y, et al. CREBBP/EP300
mutations promoted tumor progression in diffuse large B-cell lymphoma through
altering tumor-associated macrophage polarization via FBXW7-NOTCH-CCL2/
CSF1 axis. Signal Transduct Target Ther. 2021;6:10.

11. Yusufova N, Kloetgen A, Teater M, Osunsade A, Camarillo JM, Chin CR, et al.
Histone H1 loss drives lymphoma by disrupting 3D chromatin architecture.
Nature. 2021;589:299–305.

12. Morschhauser F, Tilly H, Chaidos A, McKay P, Phillips T, Assouline S, et al. Taze-
metostat for patients with relapsed or refractory follicular lymphoma: an open-
label, single-arm, multicentre, phase 2 trial. Lancet Oncol. 2020;21:1433–42.

13. Hatzi K, Geng H, Doane AS, Meydan C, LaRiviere R, Cardenas M, et al. Histone
demethylase LSD1 is required for germinal center formation and BCL6-driven
lymphomagenesis. Nat Immunol. 2019;20:86–96.

14. Stengel KR, Barnett KR, Wang J, Liu Q, Hodges E, Hiebert SW, et al. Deacetylase
activity of histone deacetylase 3 is required for productive VDJ recombination
and B-cell development. Proc Natl Acad Sci USA. 2017;114:8608–13.

15. Mottok A, Hung SS, Chavez EA, Woolcock B, Telenius A, Chong LC, et al. Inte-
grative genomic analysis identifies key pathogenic mechanisms in primary
mediastinal large B-cell lymphoma. Blood. 2019;134:802–13.

16. Sarkozy C, Hung SS, Chavez EA, Duns G, Takata K, Chong LC, et al. Mutational
landscape of gray zone lymphoma. Blood. 2021;137:1765–76.

17. Tiacci E, Ladewig E, Schiavoni G, Penson A, Fortini E, Pettirossi V, et al. Pervasive
mutations of JAK-STAT pathway genes in classical Hodgkin lymphoma. Blood.
2018;131:2454–65.

18. Wienand K, Chapuy B, Stewart C, Dunford AJ, Wu D, Kim J, et al. Genomic
analyses of flow-sorted Hodgkin Reed-Sternberg cells reveal complementary
mechanisms of immune evasion. Blood Adv. 2019;3:4065–80.

19. Reichel J, Chadburn A, Rubinstein PG, Giulino-Roth L, Tam W, Liu Y, et al. Flow
sorting and exome sequencing reveal the oncogenome of primary Hodgkin and
Reed-Sternberg cells. Blood. 2015;125:1061–72.

20. Noerenberg D, Briest F, Hennch C, Yoshida K, Nimo J, Hablesreiter R, et al. S101:
genetic and epigenetic factors driving primary mediastinal B-Cell lymphoma
pathogenesis and outcome. HemaSphere. 2022;6:2.

21. Priestley P, Baber J, Lolkema MP, Steeghs N, de Bruijn E, Shale C, et al. Pan-cancer
whole-genome analyses of metastatic solid tumours. Nature. 2019;575:210–6.

22. Mansouri L, Noerenberg D, Young E, Mylonas E, Abdulla M, Frick M, et al. Fre-
quent NFKBIE deletions are associated with poor outcome in primary mediastinal
B-cell lymphoma. Blood. 2016;128:2666–70.

23. Swerdlow SH, Campo E, Pileri SA, Harris NL, Stein H, Siebert R, et al. The 2016
revision of the World Health Organization classification of lymphoid neoplasms.
Blood 2016;127:2375–90.

24. Loh JW, Guccione C, Di Clemente F, Riedlinger G, Ganesan S, Khiabanian H. All-
FIT: allele-frequency-based imputation of tumor purity from high-depth
sequencing data. Bioinformatics. 2020;36:2173–80.

25. Yokoyama A, Kakiuchi N, Yoshizato T, Nannya Y, Suzuki H, Takeuchi Y, et al. Age-
related remodelling of oesophageal epithelia by mutated cancer drivers. Nature.
2019;565:312–7.

26. Moreno-Mateos MA, Vejnar CE, Beaudoin J-D, Fernandez JP, Mis EK, Khokha MK,
et al. CRISPRscan: designing highly efficient sgRNAs for CRISPR-Cas9 targeting
in vivo. Nat Methods. 2015;12:982–8.

27. Christen F, Hablesreiter R, Hoyer K, Hennch C, Maluck-Böttcher A, Segler A, et al.
Modeling clonal hematopoiesis in umbilical cord blood cells by CRISPR/Cas9.
Leukemia. 2021;36:1102–10.

28. Briest F, Koziolek EJ, Albrecht J, Schmidt F, Bernsen MR, Haeck J, et al. Does the
proteasome inhibitor bortezomib sensitize to DNA-damaging therapy in gas-
troenteropancreatic neuroendocrine neoplasms? - A preclinical assessment
in vitro and in vivo. Neoplasia. 2021;23:80–98.

29. Conant D, Hsiau T, Rossi N, Oki J, Maures T, Waite K, et al. Inference of CRISPR
edits from Sanger trace data. CRISPR J. 2022;5:123–30.

30. Corces MR, Trevino AE, Hamilton EG, Greenside PG, Sinnott-Armstrong NA,
Vesuna S, et al. An improved ATAC-seq protocol reduces background and
enables interrogation of frozen tissues. Nat Methods. 2017;14:959–62.

31. Friedrich C, Schallenberg S, Kirchner M, Ziehm M, Niquet S, Haji M, et al. Com-
prehensive micro-scaled proteome and phosphoproteome characterization of
archived retrospective cancer repositories. Nat Commun. 2021;12:3576.

32. van Heesch S, Witte F, Schneider-Lunitz V, Schulz JF, Adami E, Faber AB, et al. The
translational landscape of the human heart. Cell. 2019;178:242–260.e29.

33. Banck MS, Li S, Nishio H, Wang C, Beutler AS, Walsh MJ. The ZNF217 oncogene is
a candidate organizer of repressive histone modifiers. Epigenetics. 2009;4:100–6.

34. Kalaitzidis D, Davis RE, Rosenwald A, Staudt LM, Gilmore TD. The human B-cell
lymphoma cell line RC-K8 has multiple genetic alterations that dysregulate the
Rel/NF-kappaB signal transduction pathway. Oncogene. 2002;21:8759–68.

35. Schaadt M, Diehl V, Stein H, Fonatsch C, Kirchner HH. Two neoplastic cell lines with
unique features derived from Hodgkin’s disease. Int J Cancer. 1980;26:723–31.

36. Voorzanger-Rousselot N, Favrot M-C, Blay J-Y. Resistance to cytotoxic che-
motherapy induced by CD40 ligand in lymphoma cells. Blood. 1998;92:3381–7.

37. Dallman C, Johnson PWM, Packham G. Differential regulation of cell survival by
CD40. Apoptosis. 2003;8:45–53.

38. Wagoner MP, Gunsalus KTW, Schoenike B, Richardson AL, Friedl A, Roopra A. The
transcription factor REST is lost in aggressive breast cancer. PLoS Genet.
2010;6:e1000979.

39. Cao R, Wang L, Wang H, Xia L, Erdjument-Bromage H, Tempst P, et al. Role of
histone H3 lysine 27 methylation in Polycomb-group silencing. Science.
2002;298:1039–43.

40. Krig SR, Miller JK, Frietze S, Beckett LA, Neve RM, Farnham PJ, et al. ZNF217, a
candidate breast cancer oncogene amplified at 20q13, regulates expression of
the ErbB3 receptor tyrosine kinase in breast cancer cells. Oncogene.
2010;29:5500–10.

41. Littlepage LE, Adler AS, Kouros-Mehr H, Huang G, Chou J, Krig SR, et al. The
transcription factor ZNF217 is a prognostic biomarker and therapeutic target
during breast cancer progression. Cancer Discov. 2012;2:638–51.

F. Briest et al.

12

Leukemia



42. Astrakhan A, Omori M, Nguyen T, Becker-Herman S, Iseki M, Aye T, et al. Local
increase in thymic stromal lymphopoietin induces systemic alterations in B cell
development. Nat Immunol. 2007;8:522–31.

43. Frietze S, O’Geen H, Littlepage LE, Simion C, Sweeney CA, Farnham PJ, et al.
Global analysis of ZNF217 chromatin occupancy in the breast cancer cell genome
reveals an association with ERalpha. BMC Genom. 2014;15:520.

44. Klein U, Dalla-Favera R. Germinal centres: role in B-cell physiology and malig-
nancy. Nat Rev Immunol. 2008;8:22–33.

45. Martinez MR, Corradin A, Klein U, Alvarez MJ, Toffolo GM, di Camillo B, et al.
Quantitative modeling of the terminal differentiation of B cells and mechanisms
of lymphomagenesis. Proc Natl Acad Sci. 2012;109:2672–7.

46. Hasbold J, Hong JS-Y, Kehry MR, Hodgkin PD. Integrating signals from IFN-γ and
IL-4 by B cells: positive and negative effects on CD40 ligand-induced prolifera-
tion, survival, and division-linked isotype switching to IgG1, IgE, and IgG2a. J
Immunol. 1999;163:4175–81.

47. Ritvo P-G, Klatzmann D. Interleukin-1 in the response of follicular helper and
follicular regulatory T cells. Front Immunol. 2019;10:250.

48. Teodorovic LS, Riccardi C, Torres RM, Pelanda R. Murine B cell development and
antibody responses to model antigens are not impaired in the absence of the
TNF receptor GITR. PLoS ONE. 2012;7:e31632.

49. Braun D, Caramalho I, Demengeot J. IFN-alpha/beta enhances BCR-dependent B
cell responses. Int Immunol. 2002;14:411–9.

50. Abiko K, Matsumura N, Hamanishi J, Horikawa N, Murakami R, Yamaguchi K, et al.
IFN-γ from lymphocytes induces PD-L1 expression and promotes progression of
ovarian cancer. Br J Cancer. 2015;112:1501–9.

51. Gocher AM, Workman CJ, Vignali DAA. Interferon-γ: teammate or opponent in the
tumour microenvironment? Nat Rev Immunol. 2022;22:158–72.

52. Hömig-Hölzel C, Hojer C, Rastelli J, Casola S, Strobl LJ, Müller W, et al. Constitutive
CD40 signaling in B cells selectively activates the noncanonical NF-kappaB
pathway and promotes lymphomagenesis. J Exp Med. 2008;205:1317–29.

53. Yamano T, Nedjic J, Hinterberger M, Steinert M, Koser S, Pinto S, et al. Thymic B
cells are licensed to present self antigens for central T cell tolerance induction.
Immunity. 2015;42:1048–61.

54. Breed ER, Lee ST, Hogquist KA. Directing T cell fate: how thymic antigen pre-
senting cells coordinate thymocyte selection. Semin Cell Dev Biol. 2018;84:2–10.

55. Nunez N, Clifton MMK, Funnell APW, Artuz C, Hallal S, Quinlan KGR, et al. The
multi-zinc finger protein ZNF217 contacts DNA through a two-finger domain. J
Biol Chem. 2011;286:38190–201.

56. Reddy A, Zhang J, Davis NS, Moffitt AB, Love CL, Waldrop A, et al. Genetic and
functional drivers of diffuse large B. Cell Lymphoma Cell. 2017;171:481–94.e15.

57. Chapuy B, Stewart C, Dunford AJ, Kim J, Kamburov A, Redd RA, et al. Molecular
subtypes of diffuse large B cell lymphoma are associated with distinct pathogenic
mechanisms and outcomes. Nat Med. 2018;24:679–90.

58. Schmitz R, Wright GW, Huang DW, Johnson CA, Phelan JD, Wang JQ, et al.
Genetics and pathogenesis of diffuse large B-cell lymphoma. N. Engl J Med.
2018;378:1396–407.

59. Xie X, Lu J, Kulbokas EJ, Golub TR, Mootha V, Lindblad-Toh K, et al. Systematic
discovery of regulatory motifs in human promoters and 3′ UTRs by comparison of
several mammals. Nature. 2005;434:338–45.

60. Basso K, Klein U, Niu H, Stolovitzky GA, Tu Y, Califano A, et al. Tracking
CD40 signaling during germinal center development. Blood. 2004;104:4088–96.

ACKNOWLEDGEMENTS
We thank all participating patients and their families, the German Lymphoma alliance
and all participating centers. We thank Antje Maluck-Böttcher, Elke Fischer, Dr.
Alexandra Stege, Hedwig Lammert, Seval Türkmen, Joseph Farag, Dr. Tatiana
Borodina and Jeannine Wilde for technical assistance and acknowledge the
assistance of the Central Biobank Charité (ZeBanC) and the Core Unit Genomics.

AUTHOR CONTRIBUTIONS
FB, DN, and FD conceived and designed the study. FB, DN, CH, KY, JN, LM, MK, and
LW performed wet-laboratory experiments. FB, DN, CH, KY, DS, MK, YI, AMS, BC, PK,
JW, AL-G, AW, TS, AN, WK, MH, GK, IA, LB, RR, PM, TPV, GO, SO, and FD were involved

in sample and/or data preparation and data analysis. FB, DN, CH, and FD interpreted
the results and wrote the manuscript.

FUNDING
This study was supported by grants from the Brigitte and Dr. Konstanze Wegener-
Stiftung (#55), Deutsche Krebshilfe (#70113148, #70113643), Deutsche José Carreras
Leukämie-Stiftung (#03 R/2020), and the DKTK all awarded to FD. FB was supported
by the DKTK School of Oncology program. DN received support by the BIH clinician
scientist program, Lady Tata Memorial Trust and Deutsche Forschungsgesellschaft
(#NO1454/1-1). CH was supported within the Berlin School of Integrative Oncology’s
graduate program. This work was partially funded by the Hungarian National
Research, Development and Innovation Office (NKFIH, K21-137948) and the EU’s
Horizon 2020 research and innovation program (No. 739593). This work was partially
supported by grants from the Swedish Cancer Society, the Swedish Research Council,
the Knut and Alice Wallenberg Foundation, Karolinska Institutet, Karolinska University
Hospital, and Radiumhemmets Forskningsfonder, Stockholm, all awarded to RR. This
work was partially sponsored by MEXT/JSPS KAKENHI (JP26221308, JP26253060),
Scientific Research on Innovative Areas (15H05909, 15H05912), JSPS Core-to-Core
Program, MEXT as “Priority Issue on Post-K computer”, Grants-in-Aid from the Japan
Agency for Medical Research and Development, AMED (JP15cm0106056,
JP19cm0106501, JP16ck0106073, JP19ck0106250) all awarded to SO. Open Access
funding enabled and organized by Projekt DEAL.

COMPETING INTERESTS
FB received honoraria from Ipsen Pharma and funding from Novartis, both unrelated
to the project. DN received honoraria from Incyte Biosciences and Gilead. RR received
honoraria from AbbVie, AstraZeneca, Janssen, Illumina and Roche. LB has received
honoraria from AbbVie, Amgen, Astellas, BristolMyers Squibb, Celgene, Daiichi
Sankyo, Gilead, Hexal, Janssen, Jazz Pharmaceuticals, Menarini, Novartis, Pfizer,
Roche, Sanofi, and Seattle Genetics, and has received research support from Bayer
and Jazz Pharmaceuticals. FD reports personal fees from AbbVie, AstraZeneca, Gilead,
Incyte, Novartis, and Roche outside the submitted work. The other authors declare
that they have no competing financial interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41375-023-02013-9.

Correspondence and requests for materials should be addressed to Frederik Damm.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

F. Briest et al.

13

Leukemia

https://doi.org/10.1038/s41375-023-02013-9
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Frequent ZNF217 mutations lead to transcriptional deregulation of interferon signal transduction via altered chromatin accessibility in B cell lymphoma
	Introduction
	Material and methods
	Patient samples
	Gene panel design for targeted sequencing
	Targeted sequencing
	Analysis of copy-number aberrations
	Expression profiling with nCounter technology
	Cell culture and treatments
	Genetic modification of cell lines
	WST-1 proliferation assay
	Migration assay
	Clonal expansion assay
	Determination of viability, cytotoxicity and apoptosis
	Flow cytometry
	Fluorescence in-situ-hybridization (FISH)
	Western blot
	Cloning and mutagenesis
	RNA-sequencing
	ATAC-sequencing
	Co-immunoprecipitation
	Mass spectrometry and interactome analyses
	Chromatin-immunoprecipitation followed by quantitative PCR (CHIP-qPCR)
	Statistical analyses

	Results
	ZNF217 is frequently altered in PMBCL and perturbation is associated with deregulation of genes involved in cytokine and interferon signaling
	Disruption of ZNF217 in�vitro reveals ZNF217 as a global transcriptional regulator of interferon-responsive signaling associated with B cell activation
	ZNF217 interferes with CoREST- and LSD1-containing protein complexes and loss of ZNF217 increases chromatin accessibility

	Discussion
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




