
Genome-wide analysis uncovers novel recurrent alterations in 
primary central nervous system lymphomas

Esteban Braggio1, Scott Van Wier1, Juhi Ojha1, Ellen McPhail2, Yan W. Asmann3, Jan 
Egan1, Jackline Ayres da Silva4, David Schiff5, M Beatriz Lopes5, Paul A Decker2, Riccardo 
Valdez1, Raoul Tibes1, Bruce Eckloff2, Thomas E. Witzig2, A Keith Stewart1, Rafael 
Fonseca1, and Brian Patrick O’Neill2

1Mayo Clinic, Scottsdale, AZ

2Mayo Clinic, Rochester, MN

3Mayo Clinic, Jacksonville, FL

4National Institute of Cancer, Brazil

5University of Virginia, Charlottesville, VA

Abstract

Purpose—Primary central nervous system lymphoma (PCNSL) is an aggressive non-Hodgkin 

lymphoma confined to the CNS. Whether there is a PCNSL-specific genomic signature and, if so, 

how it differs from systemic diffuse large B-cell lymphoma (DLBCL) is uncertain.

Experimental design—We performed a comprehensive genomic study of tumor samples from 

19 immunocompetent PCNSL patients. Testing comprised array-comparative genomic 

hybridization and whole exome sequencing.

Results—Biallelic inactivation of TOX and PRKCD were recurrently found in PCNSL but not in 

systemic DLBCL, suggesting a specific role in PCNSL pathogenesis. Additionally, we found a 

high prevalence of MYD88 mutations (79%) and CDKN2A biallelic loss (60%). Several genes 

recurrently affected in PCNSL were common with systemic DLBCL, including loss of TNFAIP3, 

PRDM1, GNA13, TMEM30A, TBL1XR1, B2M, CD58, activating mutations of CD79B, CARD11 

and translocations IgH-BCL6. Overall, BCR/TLR/NF-κB pathways were altered in >90% of 

PNCSL, highlighting its value for targeted therapeutic approaches. Furthermore, integrated 

analysis showed enrichment of pathways associated with immune response, proliferation, 

apoptosis, and lymphocyte differentiation.
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Conclusions—In summary, genome-wide analysis uncovered novel recurrent alterations, 

including TOX and PRKCD, helping to differentiate PCNSL from systemic DLBCL and related 

lymphomas.
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Introduction

Primary central nervous system lymphoma (PCNSL) is an aggressive variant of non-

Hodgkin lymphoma confined to the central nervous system. Most PCNSL (90%) are part of 

the immune-privileged site-associated diffuse large B-cell lymphomas (IPDLBCLs). 

IPDLBCL consist of late–germinal center or post–germinal center lymphoid cells that show 

very distinct characteristics that separate them from nodal DLBCLs. IPDLBCL are now 

recognized as a distinct entity in the World Health Organization lymphoma classification(1).

Unlike nodal DLBCL, only a limited number of genetic studies have been performed in 

PCNSL, partly due to the lack of available tissue specimens since most cases are diagnosed 

by stereotactic biopsy. In addition to the low amount of available tissue for genomic 

analysis, the source of biological samples is often limited to formalin-fixed and paraffin-

embedded (FFPE) specimens. In recent years, an improved understanding of PCNSL 

biology has emerged, largely from the use of modern high-throughput molecular techniques 

in FFPE specimens(2–5).

Several recurrent chromosomal abnormalities and mutations have been identified, such as 

mutations in PRDM1(6) and CARD11(7), translocations of IgH-BCL6(8), deletions of 6p21, 

6q, 8q12, 9p21 and gains of 7q, 11q and chromosome 12(3, 4, 9, 10). Recently, the first 

whole exome sequencing (WES) study was reported on 4 PCNSL patients, showing 

recurrent mutations in MYD88, PIM1 and TBL1XR1(5). Gene expression profiling studies 

suggested the existence of three gene “signatures” associated with PCNSL that resemble the 

classification proposed in systemic DLBCL(11). However, unique molecular features have 

been found in PCNSL suggesting implication of the brain microenvironment in neoplastic 

proliferation and CNS tropism for tumoral B cells(12, 13).

Nevertheless, because of the paucity of genomic data little is known of how PCNSL differs 

from systemic DLBCL with respect to its molecular features and pathogenesis. To determine 

if there is a specific CNS signature we report a comprehensive genomic study in tumor 

samples from 19 PCNSL patients that combined array-based comparative genomic 

hybridization (aCGH), whole exome sequencing, mate-pair whole genome sequencing, 

targeted sequencing and fluorescence in situ hybridization (FISH). Using this combinatorial 

approach we found a complex karyotype and uncovering novel recurrent alterations, 

including loss/deletion of TOX and PRKCD, helping to differentiate PCNSL from systemic 

DLBCL and related lymphomas.
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Patients and Methods

Tumor samples

Samples from 19 immunocompetent (HIV- and EBV-) PCNSL were retrieved from the 

Mayo Clinic Tumor Registry (IRB approval 08-001933) and the University of Virginia (IRB 

approval 14225). A review of clinical histories confirmed that each case was newly 

diagnosed, was confined to the CNS, had no occult disease by standard staging(14), and that 

each patient had no apparent immunodeficiency. Clinical annotations including pathology, 

treatment, follow-up and survival data of the cohort is shown in Supplementary Table S1.

Five-micron sections were cut from each FFPE block and placed on clean glass slides. 

Slides were stained with hematoxylin and eosin to confirm the presence of sufficient tumor 

rich tissue (>75%) without significant hemorrhage, necrosis or artifact. Confirmatory 

immunohistochemistry using antibodies directed against CD20 and CD3 was performed on 

the second and third slide of each patient set. All confirmed cases were then screened for 

Epstein-Barr virus utilizing in situ hybridization probes that recognize EBV-encoded RNA.

Molecular tests

DNA was obtained either from frozen tissue or from FFPE tissues. In a subset of 3 samples 

with frozen tissue available, the amount of DNA recovered was not enough for performing 

molecular techniques, so a whole genome amplification step was added (see below). In 9 out 

of 19 samples, we identified biopsies that included tumor-free tissue. These tissues were 

used to extract normal DNA for validation sequencing. The source of DNA and the 

molecular techniques performed in each sample are described in Supplementary Table S2.

DNA isolation

DNA was obtained from frozen tissue in 7 cases using Gentra Puregene Core A kit (Qiagen) 

according to manufacturer’s recommendations. In the remaining 12 cases, FFPE samples 

were deparaffinized using 3 xylene washes for 5 minutes each. Xylene was washed out with 

decreasing series of ethanol (100%, 95%, 70%, 50%, 30%, 0%) and finally washed 3 times 

in 1mM EDTA (pH 8.0) for 5 minutes each. The tissue was pelleted and washed 2 times 

with PBS (pH=7.5). Samples were incubated overnight with 180 ml buffer ATL and 20 ml 

proteinase K. DNA was obtained using the MicroDNA extraction kit according to the 

manufacturer’s recommendations (MicroDNA kit, Qiagen).

In three samples with insufficient DNA available, amplification of the whole genome was 

performed using the illustra GenomiPhi V2 DNA Amplification Kit (GE Healthcare) 

following the manufacturer’s recommendations. DNA concentration was measured by 

flourometric method (Qubit).

aCGH

aCGH was performed in 18 cases (Supplementary Table S2) using the Human Genome 

244A and the Sureprint G3 microarrays (Agilent Technologies). The digestion, labeling and 

hybridization steps were done as previously described(4, 15, 16). Briefly, 1.2 ug of tumor 

and reference DNA were independently fragmented with Bovine DNaseI (Ambion) for 12 
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minutes at room temperature. DNA samples from a pool of 9 female, lymphoblastoid cell 

lines from the Coriell repository were used as the normal reference in the hybridization 

experiments. Tumor and reference samples were labeled with Alexa 5 and Alexa 3 dyes, 

respectively. Labeled reactions were cleaned up and hybridized at 65°C for 40 hours. 

Microarrays were scanned in a DNA Microarray Scanner and features were extracted with 

Feature Extraction software (Agilent).

Extracted data was analyzed using Nexus software (Biodiscovery). Copy-number 

abnormalities (CNA) were calculated using RANK segmentation algorithm, a modified 

version of the circular binary segmentation algorithm. For CNA detection, a significant 

threshold was set at 2.4E-5 with a minimum number of probes per segment set at 2 (244K 

array format), 3 (Sureprint G3 in fresh tumor samples) or 10 (Sureprint G3 in FFPE 

samples). To identify and eliminate the germ line copy number variations (CNV) from the 

study, we created a CNV database including the copy-number (using platform SNP6.0) and 

sequencing studies available in The Centre for Applied Genomics data portal (TCAG) as 

well as our findings in 10 HapMap samples run by Sureprint G3 arrays(16). Microarray data 

is deposited in GEO dataset under accession GSE28952.

Whole exome end-paired sequencing

Exome capture was done utilizing the solution-phase hybrid Sure Select 50 MB Capture kit 

(Agilent Technologies). Next, 100 bp paired-end DNA libraries were prepared and 4 

samples were run per lane on the HiSeq2000 sequencer. An automated workflow for exome-

seq data analysis was developed, which includes read quality control, read alignment, and 

mutation detection. Paired-end reads were aligned to hg19 using Novoalign (Novocraft 

Technologies). Quality of sequencing chemistry was evaluated using FastQC. After 

alignment, PCR duplication rates and percent reads mapped on target were used to assess the 

quality of the sample preparations. Realignment and recalibration steps were done based on 

the Best Practice Variant Detection v3 recommendations implemented in The Genome 

Analysis Toolkit (GATK)(17). Duplicate marking was used to flag those reads in the 

alignment file –without removing them – and afterwards the SNV callers do not consider 

reads with the duplicate flag for the analysis. Germline variant calling (both single 

nucleotide and small insertions and deletions) was also called through GATK. Somatic 

single nucleotide variations (SNVs) were genotyped using SomaticSniper(18), whereas 

insertions and deletions were called by GATK Somatic Indel Detector. Each variant in 

coding regions was functionally annotated by snpEFF and PolyPhen-2(19) to predict 

biological effects. The variants were annotated using our TREAT workflow(20) whether or 

not the gene is associated with disease or phenotypes, and any associated pathways. We 

removed variants found in the 1000 genomes project, the HapMap sequencing project and 

the BGI – Danish Sequencing Project. In addition, we removed variants present in the 

dbSNP dataset unless these mutations were also present in the COSMIC database. Variants 

of significant interest were visually inspected using IGV(21).

Validation Sequencing

Targeted Sequencing—All the coding regions of MYD88 were sequenced using 

semiconductor technology (IonTorrent PGM, Life Technologies) following manufacturer’s 
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recommendations(22). All the coding regions were amplified in 150 bp amplicons using 

customized oligos (Ion Ampliseq designer, Life Technologies) and multiplex PCR with 

10ng of input DNA per reaction. DNA libraries preparation and enrichment were done using 

the IonOneTouch and IonOneTouch ES automated systems, respectively. Samples were 

sequenced using the 316™ chip, with an average of 2,005× depth of coverage per 

nucleotide. Data was analyzed using IonReporter software (Life Technologies).

Sanger sequencing—All mutations identified by WES in CARD11, CD79B, PRKCD, 

TNFAIP3 were validated using PCR amplification followed by Sanger sequencing. In each 

case, tumor and normal counterpart samples were sequenced in order to confirm the somatic 

origin of the mutations. List of primers used for PCR and sequencing are listed in 

Supplementary Table S3.

Interphase FISH

Interphase FISH was performed on sections of FFPE (N=9) or frozen tumor samples (N=2) 

as described previously(23). The 11 cases were screened for IGH-BCL6 translocations. For 

IGH-BCL6 we used a two-color break-apart probe for BCL6 (BAP; Abbott Molecular) and a 

homebrew two-color dual fusion IGH-BCL6 probe composed of a SpectrumGreen labeled 

probe for 14q32 and a SpectrumOrange-labeled probe for 3q27.3 (BACS RP11-88P6, 

RP11-211G3, and CTD2522K3). For PRKCD and TOX, homebrew probes were used; 

PRKCD: G248P87977G3/WI2-1696N05; TOX: G248P80762C4/WI2-1217E08 (Genome 

Reference Consortium). Control probes were used in both cases: CEP3 (SpectrumOrange) 

with PRKCD (SpectrumGreen) and LSI C-MYC (SpectrumOrange) with TOX 

(SpectrumGreen). Three patients were screened for each, PRKCD and TOX. In each sample, 

at least 50 tumor cells were scored. Samples were scored as positive when at least 20 cells 

with a recognized abnormal signal pattern were present(24). The list of cases analyzed and 

the respective results for each region are shown in Supplementary Table S4.

Gene expression analysis

Gene expression levels of PRKCD and TOX were analyzed using publicly available datasets. 

Expression level across different tumor cell lines was obtained from the Broad-Novartis 

Cancer Cell Line Encyclopedia.

Functional gene set enrichment

Enrichment of functional gene classes within frequently abnormal genes was performed 

using the DAVID Functional Annotation tool.

Statistical Analysis

Overall survival (OS) was estimated using Kaplan Meier method. Differences between 

survival curves were estimated by the log-rank test. Results were considered significant 

when P < 0.05.
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Results

Analysis of chromosomal abnormalities shows a complex karyotype in PCNSL

In order to identify genetic abnormalities in PCNSL we screened 18 patient samples by 

aCGH (Figure 1). PCNSL cases showed a complex genome with a median of 21 CNA per 

patient (range 10–47). Overall, 16 chromosomal abnormalities were found in >25% of cases 

(10 deletions and 6 gains). The most common abnormality was the deletion of 9p21.3 

(CDKN2A and CDKN2B), which was found in 83% of cases. Multiple abnormalities were 

commonly found in chromosome 6. Deletion of 6p21 (HLA genes) was identified in 9 of 18 

cases (50%), losses of 6q21 (PRDM1) and 6q23 (TNFAIP3) in 10 cases each (55%), and 

deletion of 6q14.1 (TMEM30A) in 8 cases (44%). Of the remaining lesions found in >25% 

of cases, 6 encompassed single or few genes, including losses of 3p21 (PRKCD), 3q26.32 

(TBL1XR1), 8q12 (TOX), 12q24.31 (BCL7A, SETD1 and 9 other genes) and gains of 3p14 

(FOXP1) and 3q27 (BCL6)(Figure 1). BCL6 and FOXP1 were characterized by breakpoints 

inside the gene or near 5′ of the gene, suggesting their involvement in unbalanced 

chromosomal translocations. Other recurrent abnormalities were gains of 7q21–q31 (39%), 

11q (28%), 12q (50%) and 19q13 (33%) and loss of 10p15.3-p14 (33%). Gain of 12q was 

mutually exclusive with deletion 10p15.3-p14 and gains of 3p14 (FOXP1) and 11q, which 

were found alone or in combination in all 9 cases without gain of 12q (P = 0.0004) 

(Supplementary Figure S1). Furthermore, losses of 3p21.31 (PRKCD) and 6q23 (TNFAIP3) 

were rare events in cases with 12q. The complete list of CNA is listed in Supplementary 

Table S5.

Next, we focused on the analysis of homozygous deletions (HD) and high-copy gain, which 

are likely to harbor tumor suppressor genes and oncogenes, respectively. Overall, 13 HD 

and 4 high copy level gain were found; 55% of cases analyzed show HD of CDKN2A 

whereas another 21% showed monoallelic deletion of the gene. Recurrent HD were also 

found in HLA genes in 22% (4/18), PRDM1, TMEM30A, TOX and CD58 (in 2 cases each; 

11%). Another 34 genes, including B2M, ETV6, TNFAIP3 and TNFRSF10A, were found 

deleted in individual cases (Table 1). Conversely, high-level amplifications were rare in 

PCNSL. Overall, only four regions were identified having 2 or more extra copies: 1p31.1-

p22.2 (BCL10 and other 32 genes), 7p22.3-p22.2 (CARD11 and other 36 genes), 12q14.1-

q21.33 and 18q21.2 (TCF4), in one sample each.

Finally, BCL6 translocations were identified in 2 of 11 PCNSL cases analyzed. Both cases 

showed IGH-BCL6 fusion (Supplementary Figure S2A and Supplementary Table S4).

Amplified genomic DNA and DNA extracted from FFPE blocks were suitable for WES

We analyzed 10 PCNSL by WES with an average of 65.6 million mapped reads in capture 

regions. After duplication marking and removal, we obtained a median of 80% of the exome 

covered by 30× depth or more. In 3 cases, DNA was extracted from FFPE tissue. In the 

remaining 7 cases, DNA was obtained from frozen tissue. In 3 out of these 7 cases there was 

not enough input genomic DNA and a whole genome amplification step was added before 

proceeding (Supplementary Table S2). Sequencing data generated from amplified DNA and 

from FFPE samples showed a lower coverage than the data generated from high molecular 
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weight genomic DNA, but still showed satisfactory quality control measurements and 

average fold coverage for the analysis (Supplementary Table S6). After data filtering, we 

found a mean non-synonymous mutation rate of 3.3 mutations per Mb (range 0.8 to 6.1 

mutations per Mb). The complete list of mutated gene is shown in Supplementary Table S7.

Integrated mutation and copy-number data identified PCNSL-specific abnormalities

By analyzing mutation data (Figure 2) and integrating mutation and copy number data 

(Figure 3) we identified a group of genes recurrently activated and/or biallelically mutated in 

PNCSL that has not been previously identified in nodal DLBCL, including PRKCD and 

TOX. Protein kinase C delta (PRKCD) emerged as a potentially relevant gene in PCNSL. 

We identified mutations affecting splice donor sites in 2 out of 10 cases analyzed by WES. 

One of these cases had an additional missense mutation (p.W608S). Sanger sequencing 

confirmed all mutations. Next, the somatic origin of the mutations was confirmed by the 

lack of them in normal tissue sequenced from both cases. Furthermore, both cases also 

showed monoallelic deletion of PRKCD, thus confirming the biallelic loss of the gene 

(Figure 4). Additionally, we identified focal monoallelic deletions (<1Mb) involving 

PRKCD in another 3 out of 18 cases analyzed by aCGH (Figure 1B and Supplementary 

Figure S2B). DNA was not available for sequencing these 3 cases. Mutations in PRKCD 

have not been found in nodal DLBCL. Furthermore, COSMIC dataset (Sanger Institute) 

only shows PRKCD mutations in one sample (p.A163T; acute lymphoblastic leukemia) out 

of 1058 hematological malignancies analyzed (0.01%), thus suggesting that PRKCD 

impairment is specific to PCNSL. Using public datasets, we analyzed the expression level of 

PRKCD across cell lines established from different types of cancer. Using the Broad-

Novartis dataset we found that DLBCL shows the highest expression of PRKCD across all 

entities.

Another interesting finding was the recurrent abnormalities affecting thymocyte selection-

associated high mobility group box (TOX) gene seen only in PCNSL. Thus, 11% of PCNSL 

showed homozygous deletion of TOX and another 17% of cases showed focal monoallelic 

deletions in the gene (Figure 5 and Supplementary Figure S2C). In comparison, no 

homozygous deletions affecting TOX were identified across 754 cell lines analyzed, 

including 127 lines originated from hematopoietic and lymphoid tissues (Source: Cancer 

Genome Project dataset, Sanger Institute).

On the other hand, we found recurrent mutations in several genes that are linked to DLBCL 

pathogenesis, principally the high prevalence of MYD88 activating mutations, found 

mutated in 70% of cases by WES (Figure 2). We additionally screened another 4 PCNSL 

cases for MYD88 mutations by targeted sequencing. Overall, mutations were found in 11 of 

14 cases analyzed (79%). The mutations were found in the residue L265P, with the 

exception of two mutations, affecting the residue 217 (V217F) and the residue 232 

(M232T), respectively. The prevalence of MYD88 mutations found is nearly 2-fold higher 

than what has been reported in nodal ABC DLBCL.

Other affected genes shared with nodal DLBCL were mutations on CD79B, PIM1 (40%), 

BTG2, CARD11 (30% each), GNA13, TNFAIP3 (20% each) and BRAF (10%). Three of 4 

cases with CD79B mutations also have mutations affecting MYD88 (Figure 2). All mutations 
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found in CD79B, CARD11 and TNFAIP3 as well as its somatic origin were confirmed using 

Sanger sequencing.

Genomic data integration highlighted the high frequency of genetic lesions affecting a 

variety of signaling pathways that share their ability to induce the NF-κB transcription 

complex, including the B-cell receptor, CD40 and Toll-like receptor pathways. Overall, we 

found components of these pathways to be altered in 93% of PCNSL. Furthermore, our data 

showed the recurrent impairment of networks associated with proliferation, immune 

response, regulation of apoptosis, and lymphocyte differentiation and activation.

Abnormalities in 6q21 are associated with worse outcome

In order to determine if there was an association between the identified recurrent 

abnormalities and survival we compared the OS in patients with and without abnormalities 

found in >20% of cases. Deletion of 6q21 (PRDM1) was associated with shorter OS in 

univariate analysis (P = 0.001; Supplementary Figure S3). However, this observation needs 

to be considered with cautious, especially considering the small size and heterogeneous 

treatment received by the cohort under analysis.

Discussion

Unlike systemic DLBCLs, only a small number of genetic studies have been performed in 

PCNSL(2–5, 7, 10, 11, 13), mainly because of the limited amount and source of material for 

study. Most PCNSL biopsies are obtained by stereotactic surgery and then placed in FFPE 

blocks. Therefore, the use of samples in systematic genomic studies has been challenging 

because the yield of DNA obtained from this source is low and the quality poor. We have 

previously shown that DNA samples obtained from FFPE tissues can be used for array-

based genomic analysis in PCNSL(4). FFPE specimens are valuable material for PCNSL 

research, especially in retrospective studies with long follow-up data. Thus, the data 

provided in our study encouraged the future interrogation of large archival PCNSL tissues 

by WES.

PCNSL are recognized as a distinct entity by the WHO classification, showing 

characteristics that separate them from nodal DLBCLs(1). However, only a few studies have 

been focused on better understanding the genomic landscape of PCNSL and the comparison 

with the better-defined nodal DLBCL. For example, recent studies have shown that PCNSL 

shares several abnormalities with DLBCL, including translocations of IgH-BCL6, deletions 

of 9p21 and mutations in MYD88 and CARD11(3–5, 7, 25–27). Montesinos-Rongen et al. 

performed a comparative gene expression analysis and proposed that PCNSL are a post-

germinal center disease associated with the activated B cell (ABC)-DLBCL type in 

origin(11). Other gene expression studies have found similarities between entities but also 

showed pathways unique to PCNSL(2, 9, 10, 13). In this study we aimed to perform a 

comprehensive genomic study in PCNSL to better elucidate the genomic landscape of the 

disease.

By integrating copy number and sequencing data we found a highly complex karyotype with 

a subset of PCSNL-specific alterations, thus reinforcing the idea that IP-DLBCLs are a 
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pathogenetically distinct group. One of the novel and interesting findings is the recurrent 

abnormalities identified in PRKCD; no other hematological malignancy shows recurrent 

abnormalities in this gene. PRKCD, a pro-apoptotic protein kinase, has been implicated in a 

wide variety of cellular processes, such as growth, differentiation, secretion, apoptosis and 

tumor development(28–31). In addition, numerous studies in humans and mice have shown 

that loss of PRKCD is associated with defective B-cell apoptosis, B-cell hyperproliferation 

and autoimmune disorders(32–35). Furthermore, the decreased expression of PRKCD via 

the negative regulation of MiR-181a confers resistance of cervical cancer to radiation 

therapy inhibiting irradiation-induced apoptosis and decreasing G2/M block(36). The study 

by Ke et al. study shows that MiR-181a contributes to radio-resistance by targeting PRKCD, 

leading to inhibition of radiation-induced apoptosis(36). Radio-insensitive cervical cancer 

specimens had higher expression of MiR-181a, compared with radio-sensitive cases. 

MiR-181a negatively regulates the expression of PRKCD via targeting its 3′-untranslated 

region. These results suggest that lack of PRKCD expression might be a biomarker for 

insensitivity of radiation treatment in cervical cancer but perhaps these results can be 

extrapolated to other cancers.

Another relevant finding was the identification of recurrent biallelic alterations of TOX. This 

gene plays a key role in T cell development(37, 38). The absence of TOX prevents CD4 

lineage T cell development, including natural killer T (NKT) and T regulatory (T reg) CD4 

T cell sub-lineages, but has only modest effects on CD8 T cell development(39). 

Furthermore, TOX deficient mice (TKO) lacked lymph nodes and had a significant decrease 

in the frequency and size of Peyer’s patches(40). A recent study provides data that support 

an important role of TOX expression in B-cell biology(41). TOX was identified as one of the 

top differentially expressed genes between memory B cells (IgG+ CD27+) and marginal 

zone B-cells (IgD+ CD27+). More specifically, it was shown that TOX is >10X under-

expressed in MZB compared with memory B-cells. As yet there is no known role of TOX in 

PCNSL, the recurrent alterations of this gene lead to speculate that TOX may contribute to 

its pathogenesis. Interestingly, our analysis suggested that loss of TOX is associated with 

shorter OS. Further studies, in larger cohorts of PCNSL with robust age, performance status, 

co-morbidity and treatment data, will be required to confirm this finding.

Moreover, we identified that almost all PCNSL cases (~90%) harbor mutations leading to 

activation of the NF-κB signaling pathway such as activating mutations of MYD88, 

CARD11, CD79, and deletions of TNFAIP3 and TBL1XR1. These data suggest that the 

activation of NF-κB signaling pathway is a key driver of lymphomagenesis in PCNSL, an 

immune-privileged site. Inside the pathway, the high prevalence of MYD88 activating 

mutations is remarkable. MYD88 has become a central gene of B-cell pathogenesis, with 

mutations found in ABC-DLBCL, being ubiquitous in Waldenström’s Macroglobulinemia 

and to a lesser extent in marginal zone lymphoma and chronic lymphocytic leukemia (42–

48). Furthermore, three recent studies have been performed in PCNSL showing numbers 

ranging from 38 to 75% of cases mutated(5, 25, 49).

In summary, we identified a related genomic landscape between PCNSL and ABC-DLBCL 

and confirmed the existence of a specific molecular signature in PCNSL characterized by 

recurrent alterations in PRKCD and TOX. Furthermore, this comprehensive genomic study 
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identified targetable pathways in the disease. PCNSL is an aggressive malignancy and better 

and more specific treatments are needed. The identification of mutations affecting the BCR, 

TLR and NF-κB signaling pathways in most of the PCNSL cases, highlights the potential 

value of these pathways to be targeted in PCNSL.
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Statement of Translational Relevance

Primary Central Nervous System Lymphoma (PCNSL) is an aggressive brain cancer 

characterized by a perivascular accumulation of malignant cells with lymphoid 

characteristics. Without translatable knowledge of the mechanisms of PCNSL 

development and progression treatment falls on conventional managements such as 

radiotherapy and chemotherapy. These treatments are intense, and the quality of survival 

is often poor.

This study revealed a previously unappreciated genetic complexity in immunocompetent 

PCNSL. We identified a related genomic landscape between PCNSL and ABC-DLBCL 

but confirmed the existence of a specific molecular signature in PCNSL, reinforcing the 

idea that PCNSL is a different entity. Furthermore, this comprehensive genomic study 

identified targetable pathways in the disease. The identification of mutations affecting the 

BCR, TLR and NF-κB signaling pathways in most of the PCNSL cases, highlights the 

potential value of these pathways as treatment targets in PCNSL.
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Figure 1. 
Overview of copy number abnormalities identified in the cohort of PCNSL analyzed. 

Chromosomes 1 to Y are represented from left to right. Dark gray blocks represent 

chromosome gains, whereas light gray blocks represent chromosome losses. The amplitude 

in each abnormal region represents the incidence of each copy- number abnormality in the 

studied cohort. Genes found in recurrent minimal aberrant regions (>25%) are indicated.
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Figure 2. 
Recurrent mutations in PCNSL. The columns of the heatmap represent individual patients. 

Type of mutation found is color-coded. In cases with multiple mutations in the same gene, a 

combination of colors (more than one type of mutations) or numbers indicating the number 

of mutations found (more than one mutation of the same type) was used. Right: Histogram 

showing the incidence of mutations found in each gene.
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Figure 3. 
Integration of copy-number and sequencing data shows a set of recurrent abnormalities. List 

of genes that were affected with activating mutations/translocations/high copy gain (top) or 

biallelic loss (bottom).
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Figure 4. 
Protein Kinase C delta (PRKCD) is recurrently inactivated in PCNSL. Concomitant PRKCD 

monoallelic deletions (top figure) and mutations affecting both alleles (bottom figures) were 

recurrently found in PCNSL.
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Figure 5. 
Homozygous (top 2 samples) and focal heterozygous deletions (bottom 3 samples) affecting 

TOX were recurrently found in PCNSL.
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