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The mutational pattern of primary lymphoma of the central
nervous system determined by whole-exome sequencing

| Vater'®, M Montesinos-Rongen®®, M Schlesner®®, A Haake', F Purschke?, R Sprute?, N Mettenmeyer?, | Nazzal?, | Nagel', J Gutwein’,
J Richter', | Buchhalter®, RB Russell*®, OD Wiestler®, R Eils>>”7, M Deckert>° and R Siebert'®

INTRODUCTION

Primary CNS lymphoma (PCNSL), defined as diffuse large B-cell
lymphoma (DLBCL) confined to the CNS, differs from extracerebral
DLBCL by its less favorable prognosis.'™ In phenotypic and
molecular terms, PCNSL exhibits some features similar to
extracerebral DLBCL, but differs in others> It is tempting to
speculate that molecular characteristics considerably contribute to
the poor prognosis of PCNSL.

Various genetic and epigenetic alterations are involved in
PCNSL pathogenesis.” They contribute to the late germinal center
(GQ) exit B-cell phenotype (IGM+CD20+BCL6+MUM1/IRF4+) with
an arrest in terminal B-cell differentiation.>* This can be explained
at least in part by continued BCL6 activity, which in a subset of
PCNSL may be caused by chromosomal translocations affecting
the BCL6 locus (17-47%),>>” by impaired immunoglobulin (/G)
class-switch recombination due to su deletions,® and by deleter-
ious PRDM1 mutations (19%).° Furthermore, the process of
somatic hypermutation (SHM) that physiologically targets rear-
ranged /G genes does extensively modify /G genes in PCNSL.'%™
This process also aberrantly targets the proto-oncogenes PIMI,
MYC, RHOH/TTF, and PAX5 in PCNSL at high frequency (90%).'?
Molecular changes converge on pathways crucially regulating
B-cell activation, proliferation, and apoptosis. Genes of the B-cell
receptor (BCR) pathway (SHIP, CD798B, CBL, and BLNK),'® of the toll-
like receptor (TLR) pathway (MYD88),'"* and of the BCL10-CARD11-

MALT1 (BCM) complex (CARD11), that is, the BCR pathway target,
harbors functionally relevant mutations in PCNSL'®> or are
amplified (MALT1).”'® Altogether, these molecular alterations
stimulate the NF-kB pathway and sustain high-BCR and NF-kB
activity.>'”

Our current knowledge on the molecular biology of PCNSL on
the one hand relies on array-based profiling studies of genomic
and transcriptional alterations.*'®'®2! These have indicated
deregulated pathways as well as candidate genes located in
minimal regions of imbalance, like HLA class Il genes in the region
of homozygous loss in 6p21.'”> On the other hand, the main
pathogenetic insights are derived from locus-specific approaches
using FISH or sequencing of candidate genes that identified
recurrently translocated genes, like BCL6%°”'? or recurrently
mutated genes, like MYD88 and CD79B,"*' respectively. Athough
these studies provided potentially important insights into PCNSL
development, they are, inevitably, restricted to candidates of
interest. Thus, mutations in the genes not targeted by recurrent
imbalances or otherwise identified as candidates may have been
systematically missed. Recent advantages in sequencing technol-
ogy allow genome-wide and, thus, unbiased mutation analysis. In
the recent past, genome-wide sequencing studies using whole
genome, exome, or transcriptome sequencing have been
performed in a number of tumors, including various B-cell
lymphomas.?>%” In addition to the detection of pathogenetically
relevant driver genes, these techniques provide a unique
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advantage of the depiction of mutational patterns of tumors.?®
The latter might be used to identify active or passive mutational
mechanisms in cancer, like aberrant SHM (aSHM) in B-cell
lymphomas. Although whole genome or exome data of more
than 100 extracerebral DLBCL have been published, the number
of genomes published from PCNSL is still limited. This discrepancy
may be attributed to the fact that usually biopsy size is very
restricted in this rare disease, owing to the fact that the use of
stereotactic biopsies is the golden diagnostic standard. One study
performing exome sequencing in 4 PCNSL identified mutations of
MYD88,'® which were already identified previously in a candidate
gene approach,' as well as mutations of TBL1XR1."® Nevertheless,
the entire landscape of mutations has not been published in
this study.

To get a deeper insight into the mutational pattern of mutations
as well as into the mutational processes active in PCNSL, we have
performed whole-exome sequencing (WES) in a series of 9 PCNSL.
We show that aSHM significantly contributes to the mutational
load of PCNSL. The spectrum of coding mutations shows a
considerable overlap with that of DLBCL particularly affecting the
pathways described above. In addition, our data suggest that
alterations in genes involved in CNS development might
contribute to the specific manifestation of PCNSL in the brain.

MATERIALS AND METHODS

Patients and diagnoses

A retrospective collection of a total of 9 PCNSL was studied, in which
sufficient amount of cryopreserved tissue was available. Four and five
samples were derived from stereotactic and open neurosurgical
approaches, respectively (Table 1). These cases have not been included
in previous studies. Diagnoses were established according to the WHO
classification.® All samples had a tumor load of at least 80%. Systemic
lymphoma manifestation was excluded by extensive staging. All patients
were HIV-negative. The study was approved by local Ethics Commissions in
Cologne and Kiel (06-187, 07-109, B208/12) and performed in accordance
with the Declaration of Helsinki. In line with the protocols approved by the
Ethics Commissions, all samples were derived from deceased patients and,
therefore, corresponding germline material was not available for the
studies.

DNA extraction

High-molecular weight DNA was extracted from frozen tissue with the
Gentra Puregene DNA Purification Kit (Qiagen, Hilden, Germany) according
to the manufacturer's instructions. WES and PCR-based verification were
performed using the same DNA sample of the respective cases.

PCR-based clonality analyses
The clonal rearrangements of the IG heavy chain (/GH) locus were amplified
with VH gene segment family-specific primers as published.'®

Whole-exome sequencing

WES was performed as custom service (GATC Biotech, Konstanz, Germany).
Fragmentation was done with the E210 (Covaris, Woburn, MA, USA),
followed by target enrichment with the SureSelectXT Human All Exon V4
Kit (Agilent, Santa Clara, CA, USA). Quantification and QC was determined
using the Agilent 2100 Bioanalyzer (Agilent). Paired-end sequencing
(2¥100 bp) was performed on the HiSeq 2000 (lllumina, San Diego, CA,
USA) using the TruSeq SBS Kit v3 (lllumina) according to the standard
protocol.

Bioinformatic mutation analyses

Bioinformatic analyses of next generation sequencing data were
performed according to Jones et al.*® with slight modifications. Sequen-
cing reads were mapped and aligned to the hs37d5 reference assembly
(hg19+decoy sequences) using Burrows-Wheeler Aligner (BWA) (version
0.6.1),>" and were processed with SAMtools (version 0.1.17)** and Picard
tools (version 1.61; http://picard.sourceforge.net).

An in-house analysis pipeline based on SAMtools mpileup and bcftools
was used to detect single nucleotide variants (SNVs). In addition to
previously described filters to remove artifacts, we excluded variants
located in regions of low mappability or overlapping with the hiSeg-
DepthTop10Pct, Encode DAC Blacklisted Regions, and Duke Excluded
Regions tracks from the UCSC Genome Browser. High-confidence somatic
SNVs were not allowed to overlap with any two of the following features:
tandem repeats, simple repeats, low-complexity, satellite repeats, and
segmental duplications. The following heuristic criteria were required: (i) at
least five tumor reads at the position; (i) more than one variant read per
strand or at least five variant reads in total and variant allele fraction >0.1.

Indels were called with Platypus®* on the tumor BAM file and an
unrelated BAM file (sequenced blood from an unrelated individual) as
control to subtract common artifacts.

Since matched germline material was unavailable, somatic variants were
identified by comparison with genetic variation databases. Variants
present in the 1000 genomes database with an MAF > 1% were removed.
Variants detected in an in-house control database derived from deep
whole-genome sequencing data (>30x coverage) from the blood of 80
unrelated individuals were filtered out.

SNVs and Indels were annotated using Annovar** and in-house-
developed scripts.

To correlate regional SNV density with replication timing, we binned the
somatic SNVs from the 9 PCNSL cases into 1 MB windows. We retrieved the
length of target regions overlapping with each 1MB window and
calculated the SNV count per kb of the target region. RepliSeq
replication-timing data for the lymphoblastoid cell line GM12878> was
downloaded from the ENCODE project (http://genome.ucsc.edu/ENCODE),
averaged for each 1 MB window and correlated with the SNV densities.

SNV clusters were detected by merging the somatic SNV calls from the 9
PCNSL cases. Each genomic region containing five or more SNVs within
1 kb was considered as seed cluster. Overlapping seed clusters and seed
clusters with a distance of less than 1 kb were merged to retrieve the final
SNV clusters.

Verification and validation of mutations by Sanger sequencing

Selected SNVs detected by WES were verified by Sanger sequencing. PCR
was performed using standard procedures (for primers, Biomers, Ulm,

Table 1. Clinicopathologic characteristics of the PCNSL studied

Case Sex Age (years) Location Biopsy

#1 m 79 White-matter, parieto-occipital Open resection
#2 m 71 Insular region Stereotactic biopsy
#3 m 71 Corpus callosum Stereotactic biopsy
#4 m 65 Corpus callosum Open resection
#5 f 67 Cerebellum Open resection
#6 m 63 White-matter, bifrontal Open resection
#7 m 37 Cerebellum Open resection
#8 m 58 Temporal lobe Stereotactic biopsy
#9 f 65 White-matter, temporo-parietal Stereotactic biopsy

IgH IGHV mut. freq. BCL6 [HC MUM1 Ki67
IGHV4-34; IGHD2-21; IGHJ4 249 + + +
IGHV4-34; IGHD1-26; IGHJ5 2.1 + + +
IGHV4-34; IGHD3-10; IGHJ4 0.0 + + +
IGHV3-7; IGHD3-16; IGHJ4 10.5 + + +
IGHV3-21; IGHD6-19; IGHJ5 1.2 (+) + +
IGHV4-34; IGHD5-18; IGHJ6 6.3 (+ + +
IGHV2-5; IGHD3-22; IGHJ4 1.7 (+) + +
IGHV3-7; no IGHD; IGHJ5 11.1 + (+) (+)
IGHV4-34; IGHD3-10; IGHJ6 10.6 n.a. n.a. n.a

to Brunn et al.>%; MUM1: + 90-100%, (+) 80%; Ki67: + 90-100%, (+) 60%.

Abbreviations: IgH, Immunoglobulin heavy chain locus; IHC, Immunhistochemistry; n.a., not applicable. Grading score: BCL6: + high, (+) low, grading according
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Germany, see Supplementary Table 1), followed by direct sequencing
using an ABI 3130 or 310 Genetic Analyzer and the Big Dye Terminator v1.1
or v3.1 Cycle Sequencing Kit (Life Technologies, Carlsbad, CA, USA). For
validation, an independent cohort of 22 stereotactic biopsy samples of
PCNSL (Supplementary Table 5) was analysed for mutations in the genes
MPEG1, CCND3, and SUSD2 following the same procedure.

Mining of gene expression data

Gene expression profiling (GEP) data obtained from analysis of 21 PCNSL
as well as 20 DLBCL and 10 normal CNS samples published previously
served as the basis for further analyses.” Raw data were normalized by
Affymetrix software (Affymetrix, Santa Clara, CA, USA) and further analyzed
in geWorkbench 2.5.0.3 In brief, all values below 128 were replaced by 128
and log-2 transformed thereafter. Supervised analysis of PCNSL with DLBCL
was performed for all the genes, which were mutated in at least 2 PCNSL.
Significantly differentially expressed tags were calculated based on
Student's t-test. Only tags that were at least two-fold significantly
differentially expressed are shown. Samples of normal brain tissue were
included for comparison.

Immunohistochemistry

20 paraffin-embedded PCNSL were studied using rabbit anti-PTPRD
polyclonal antibody (clone bs-11471R, Bioss, Woburn, MA, USA) with 3,3'-
diaminobenzidine (Sigma, Deisenhofen, Germany) as chromogene and
H,O, as co-substrate on an automated immunostainer (Bond, Leica,
Wetzlar, Germany).

RESULTS AND DISCUSSION

Histopathologic and molecular characterization of the study
population

To detect genetic drivers involved in the pathogenesis of PCNSL,
we performed WES of 9 PCNSL from immunocompetent patients.
In accordance with previous observations,*” all tumors showed
the typical clinical, morphological, immunohistochemical, and
molecular features of PCNSL with a CD20+CD79B+BCL6+MUM1/
IRF+Ki67M9" phenotype (Table 1). Histopathologically, the tumor-
cell content was at least 80% in all samples. Moreover, all 9 PCNSL
displayed a clonal IGH rearrangement and 8/9 PCNSL had
introduced somatic mutations into the rearranged VH gene
fragment (Table 1). All sequences were in-frame and did not
contain a stop codon; thus, they were considered as being
potentially functional.

Whole-exome sequencing and verification of sequence variants

Coverage of the WES data for the 9 PCNSL is provided in
Supplementary Table 2. The median coverage of high-quality
sequences on target was 103.35x (range: 76.22-114.49 x). As
matched normal DNA was unavailable, we identified private
mutations that were present in the PCNSL but absent from public
(dbSNP, 1000genome) and in-house databases, and considered
these as candidate somatic mutations in analogy to Fontebasso
et al.®® This filtering approach left a median of 723 (range: 520-
953) potentially somatic SNVs and 51 (range: 35-60) small indels
per PCNSL (Figure 1; Supplementary Table 3). A total of 1800 of
these SNVs (median per PCNSL: 202, range: 139-251) and 122
indels (median per PCNSL: 14, range: 7-22) showed potentially
protein-changing features (Figure 1).

To verify our technical approach of exome sequencing, we
subjected a total of 85 mutations affecting 16 genes called by WES
to PCR-based Sanger sequencing. In this regard, we decided to
focus on the genes that likely have a functional role in the
pathogenesis of PCNSL and for which (some) evidence has been
obtained in PCNSL or other B-cell neoplasms.>**?® Of these 85
mutations, 77 could be validated demonstrating a high con-
cordance rate of 90.6% between WES and Sanger sequencing
(Supplementary Figure 1). Only eight mutations detected by WES
could not be verified by Sanger sequencing. Remarkably, these
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Figure 1. Distribution of mutations. Number of potentially somatic
indels (upper panel) and SNVs (lower panel) per PCNSL case. The
grey bar indicates noncoding variants, the black bar coding variants
(for indels: all indels overlapping exonic regions or splice sites; for
SNVs: nonsynonymous, stopgain, stoploss, and splice-site).

mutations all affected the PIMT gene in PCNSL #1 and #3. PIMT is a
target of aSHM in PCNSL'? as well as in systemic DLBCL.*® In line
with the earlier observations made independently in another
series of 10 PCNSL,'? the pattern of mutations in PIM1 detected in
the PCNSL analysed herein clearly shows evidence for aSHM.
Moreover, the data of this study do not only provide evidence for
aSHM also targeting PIM1 but also indicate that part of the
mutations have escaped detection or were hard to detect by
Sanger sequencing likely because of their subclonal nature
(Figure 2).

Validation of mutations in selected genes in an independent
cohort of PCNSL

An independent cohort of 22 stereotactic biopsy samples of
PCNSL was studied for the presence of mutations affecting the
MPEG1, CCND3, and SUSD2 genes. Sanger sequencing detected
7/22 (32%) in MPEG]I. This prevalence is similar to WES data. Also
for CCND3, mutation prevalence did not vary significantly between
WES and validation cohorts being was 3/9 (33%) in the prior and
1/22 (5%) in the latter. Sanger sequencing failed to detect SUSD2
mutations in the cohort used for validation (0/22, 0%). This
discrepancy may be because of the increased sensitivity of WES to
detect mutations as compared with Sanger sequencing. In
addition, a sampling bias may also have a role.

PCNSL show a homogenous genome-wide distribution of
mutations

Having shown the validity of the WES data we next investigated
the genome-wide pattern of mutations. The spectrum of somatic
point mutations was conserved between the cases, with C>
T/G> A transitions being the most frequent events (Figure 3a).
Similarly, the trinucleotide context affected by mutations was
quite conserved between the PCNSL again showing the pre-
dominance of the C>T/G>A transitions (Figure 3b). This
predominance of C>T/G>A mutations is in line with the fact
that this is a generally common mutation in the genome linked to
deamination of unmethylated cytosins.?®
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Figure 2. Verification of mutations. (a) The PIM1 gene is affected by clusters of mutations. Each symbol indicates a somatic SNV. The shape of
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Clusters of mutations in PCNSL point to aberrant activity of the
somatic hypermutation machinery

To identify potential clusters of mutations in the genome, we next
plotted the number of somatic point mutations per kb against the
replication time in B lymphocytes (Figure 4a). Although clusters of
somatic mutations (also called kataegis) are known to accumulate
in late replicating regions, we here identified a series of gene loci
showing high mutational rates in early replicating regions.*® These
almost exclusively represent genes well known to undergo SHM/
aSHM in PCNSL and DLBCL, such as IGH, IGK, IGL, MYC, PAX5, BCL2,
and PIM1.'%71%3° As SHM preferentially targets RGYW motifs, in
particular the G of this motif, we investigated the prevalence of
this motif among all mutations. As shown in Figure 4b, a median
of 22.2% (range: 20.0-24.7%) of somatic SNVs in the 9 PCNSL
overlap with the RGYW motif targeted by SHM, and a median of
7.9% (range: 6.2-12.6%) affect its hotspot position. Thus, our data
strongly indicate that the process of aSHM significantly con-
tributes to the mutational landscape of PCNSL.

Interestingly, PCNSL #2, 3, 5, and 7, which show low/no IGH
mutation frequencies, show evidence for aSHM. These data may
either indicate that certain SHM confer different changes in fitness
of the tumor cell or that once a tumor cell has optimized its BCR
for specific antigen recognition, a switch of the SHM machinery to

target other, potentially oncogenic genes, may provide a growth
advantage.

Next, we asked whether hitherto unrecognized targets of aSHM
can be identified in our dataset. First, we performed a genome-
wide search for SNV clusters containing more than five SNVs per
kb in the 9 PCNSL. Considering the frequency of mutations in the
RGYW motif as well as the fact that the SHM machinery usually
affects active genes within 2-2.5 kb from transcription start we
then searched for clusters of mutations fulfilling these criteria.
These analyses suggested KLHL714, OSBPL10, and SUSD2 as
potential hitherto unknown targets of aSHM in PCNSL (Figures
4c and d). These data provide the basis for future analysis of these
genes in the setting of clinical trials to address their potential role
as biomarker.

Genes recurrently affected by protein-coding changes in PCNSL

A total of 150 genes were affected by protein-coding small
mutations in at least two PCNSL cases (Supplementary Table 4)
with a total of 27 genes affected in at least 3 PCNSL (Figure 5). The
genes displaying the highest frequency of protein-coding small
mutations in our cohort were CD79B, PIM1, and ODZ4 each
affected in 4/9 PCNSL and MUC16 affected in 5/9 PCNSL. MUCT16 is
recurrently identified as highly mutated gene in cancer genomic
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aSHM in PCNSL. (a) Correlation of regional SNV density with replication timing. SNVs from all PCNSL cases were merged, and the SNV

density (number of SNVs per kb target region) for each 1 MB window of the reference genome determined. This SNV density is correlated with
the average replication timing (determined for the lymphoblastoid cell line GM12878%) of the 1 MB window. The color indicates the fraction
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position ‘G’ (red). (c and d) Clusters of hypermutation affecting the KLHL14 and SUSD2 genes. See Figure 2 for details.
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Figure 5. Genes affected by mutation in at least three PCNSL.

studies of various tumors and has been reported by Morin et al.*®

to be present in 7/40 systemic DLBCL analysed. In contrast, the
PIMT oncogene is a well-known target of the SHM machinery in
PCNSL as well as in systemic DLBCL>*° These data extend and
confirm observations suggesting increased mutation frequencies
of genes targeted by SHM as well as aSHM in PCNSL as compared
with systemic DLBCL.'**° With regard to CD79B we have
previously shown this (mutations in 5/20 PCNSL) as well as other
genes of the BCR pathway to be mutated in 44% of PCNSL.'®
Similarly, MYD88 mutations identified in 3/9 PCNSL in the present
study have been described previously by others and us to be
present in 38 and 50% of PCNSL, respectively.'*'® These data
demonstrate that despite the limited number of cases and the lack
of germline material our approach is able to pick up pathogen-
etically relevant mutations in PCNSL. This is further confirmed by a
study of also 9 PCNSL published during the review process of our
manuscript, which also identified MYD88, CD79B, IGLL5, PIM1,
MUC764,10$BPL10, and MPEG1 among the most frequently mutated
genes.

A subset of genes recurrently affected by protein-coding changes
maps to regions of recurrent chromosomal imbalances in PCNSL
Chromosomal imbalances can be mechanisms alternative to
mutation leading to deregulation of genes involved in the
pathogenesis of cancer. As, thus, the location of such chromoso-
mal imbalances might point to pathogenetically relevant genes,
we asked whether recurrently mutated genes identified by the
exome sequencing approach overlapped with minimal regions of
recurrent imbalances detected in recent SNP array analyses of

¥
3
&

#8

PCNSL.'®'84243 Of the genes with at least two mutations in our
data set, a total of 35 map to regions of recurrent genomic
imbalance or partial uniparental disomies (pUPD) in PCNSL,
including the histone encoding genes HISTTH3H and HIST1H2AE
in the pUPD region in 6p, the PTPRD gene in the pUPD region in
9p24 and the NCOR2 and POU2F2 in the gained regions in
1292431 and 19q13.2, respectively. A total of seven genes
affected with at least three mutations in our exome study were
described to be involved in recurrent genomic imbalances. These
genes comprise PCLO, ZAN, FAM38A, BAHCC1, and APC2 located in
recurrently gained chromosomal regions, as well as PBMUCLT and
SUSD?2, located in regions of recurrent loss.

Differential expression of genes recurrently affected by protein-
coding changes in PCNSL

Considering that activation or inactivation of cancer genes can
also occur from altered expression mediated, for example, by
epigenetic changes, we next investigated the expression of the
recurrently mutated genes mining previously published data on
GEP of PCNSL.* Comparison of PCNSL and systemic DLBCL
GEP data with regard to the identified mutated genes revealed
five of them to exhibit a differential mRNA expression. Among
these genes, again were NCOR2 and POU2F2 located in the gained
regions in 12924.31 and 19q13.2 that are overexpressed in PCNSL
as compared with DLBCL (Supplementary Figure 2). The POU2F2
protein is prominently expressed by the tumor cells of PCNSL (this
study, data not shown).



The mutational pattern of PCNSL partially overlaps with that of
systemic DLBCL

As already outlined above, our study is in line with previous
investigations that show clear evidence for ongoing aSHM in
PCNSL."? We here provide further evidence that pathways and
cellular functions altered in other B-cell lymphomas are also
targeted by protein-coding mutations in PCNSL. These include
members of the BCR, TLR, and NF-kB pathways (such as CARD14,
CD79B, CD79A, TLR2, TLR6, and TLR10) as well as proteins involved
in cell-cycle regulation (CCND3, CDK18, and CDK20), immune
recognition (HLA-B), or chromatin structure and modifications
(CREBBP, MLL2, ARID1A, ARID1B, SMARCA4, SMRACA5, and
SMARCCT). Thus, it is not surprising that genes affected by
mutations in our PCNSL exome study widely resemble those
recently described to be recurrently mutated in DLBCL.>*?** The
mutated genes include known targets of aSHM** like PIM1, MYC,
BCL2, IRF4, and SOCST which showed at least three protein-
changing mutations per affected PCNSL sample. In this regard, it is
also interesting to note that the MYCM9"BCL2M9" phenotype is
significantly increased in PCNSL as compared with systemic DLBCL
accounting for 82% of PCNSL with the MYC"®9BCL2"*? phenotype
being absent.**™ Moreover, we identified recurrent mutations
(>2 PCNSL samples affected) in BTG2, CCND3, CD79B, DUSP2,
LRRiQ3, MUC16, MYD88, PCLO, PIM1, and POU2F2, all of which are
well known or have recently been suggested to be functionally
relevant in DLBCL2**?78 These molecular and immunological
findings may indicate that the lymphoma entity of PCNSL is more
homogeneous than systemic DLBCL, at least at the phenotypic
level. Alternatively, these mutations may have been ‘undercalled’
in DLBCL probably due to lower tumor-cell content and/or the
existence of multiple subclones.

The HIST1 gene cluster is recurrently targeted by somatic
mutations in PCNSL

Deletions including homozygous deletions in 6p21 in PCNSL have
been proposed to target the HLA class Il locus constituting a
mechanism of immune escape.'®'?#=>1 Although this might be
true it does not explain why many PCNSL show pUPD terminally
of the HLA locus in 6p. Although our exome data also provide
evidence for deregulated immune recognition, we here also
identify recurrent somatic mutations of the HISTT gene cluster
located in 6p22 within the region of pUPD in PNCSL. Our findings
strongly indicate that the enrichment of mutations in this cluster is
due to aSHM. First, 7 out of 18 SNVs in this region affect the G of
the SHM hotspot motif RGYW. Second, we have observed clusters
of SNVs in this region in PCNSL #1, which is the tumor with the
strongest hypermutation signature in the aSHM target genes
identified in our cohort. Strikingly, here the putative aSHM extends
over multiple genes spanning a region of roughly 2 MB without
focal SNV hotspots. These findings suggest a role of deregulated
chromatin structure in the pathogenesis of PCNSL, which in turn
could contribute to the considerable chromosomal instability
present in these tumors.”'®

Frequent somatic mutations in genes involved in CNS
development in PCNSL

0ODZ4 was among the top four genes most frequently targeted by
protein-coding mutations being affected in 4/9 PCNSL. Morin
et al*® reported nonsynonymous mutations of this gene in 2/40
DLBCL. Thus, the frequency of changes in PCNSL seems to be
significantly higher (P=0.0074, Fisher's Exact Test) than in
systemic DLBCL. Remarkably, so far, ODZ4 mutations have yet
been mutually exclusive with PIM1 mutations. ODZ4 encodes the
teneurin transmembrane protein 4 (TENM4), a type Il transmem-
brane protein highly expressed in the CNS in oligodendrocytes
and neurons.>? It has been suggested that teneurin may act as

both an axonal and an oligodendroglial factor crucial for the
myelination of small-diameter axons in the CNS and that it
regulates oligodendrocyte differentiation.>® Fur/fur mice that lack
teneurin 4 expression show hypomyelination in the CNS involving
the corpus callosum,”® a region frequently affected by PCNSL.>°
Furthermore, a susceptibility locus near ODZ4 was identified to be
associated with bipolar disorder>* Most (3/4) mutations we
identified herein in PCNSL in ODZ4 lie in the extracellular region:
K609R is predicted to lie on the surface of an EGF domain and
could, based on other EGF structures, interact with a ligand.
G1763R and S1888T lie between the unique, cysteine-rich, YD
repeats that are involved in binding to carbohydrates, such as
heparins (e.g. Minet et al.). S142F is intracellular and predicted to
lie in a GSK3, CK1 or PKA phosphorylation site. Thus, all changes
are candidates for disrupting ODZ4/teneurin 4 function (see
Supplementary References).

In addition to TENM4, protein tyrosine phosphatase receptors
(PTPR) are involved in neuritogenesis and axonal growth,*>° and
defects of ODZ4 and PTPRD have been detected in aggressive
high-stage neuroblastoma.””*® In our study, we identified protein
changing mutations in PTPRD, CSMD2, and CSMD3 in 3/9, 4/9, and
4/9 PCNSL, respectively (Supplementary Figure 1).

Moreover, to show that PTPRD is indeed expressed by the
tumor cells of PCNSL, immunohistochemistry was performed in an
independent series of 20 PCNSL studied previously.>” In all of
these PCNSL, PTPRD was expressed by the tumor cells (Figure 6).
The PTPRD mutation K1031M lies on the surface of an extracellular
FN3 domain and positioned, modelled on other FN3 domains,
such that this positive-to-hydrophobic change would affect intra-
domain or inter-protein interactions. In contrast, R1348K affects an
intracellular site likely on the surface of the phosphatase catalytic
domain as modelled on the structure of the human phosphatase
PTP Sigma (see Supplementary References).

CSMD3, located on 8q22.3-g24.1 to which benign adult familial
myoclonic epilepsy type | has been mapped, is expressed mainly
in the brain.”® CSMD2 and CSMD3 have been suggested as tumor
suppressors in several tumors including oligodendrogliomas.>®
The mutations detected in CSMD2 and CSMD3 in PCNSL all affect
the extracellular part of the protein and lie in or between CUB or
Sushi domains, which are known to play roles in oligomerization
and interactions with other proteins. CSMD2 R2033C is predicted

Figure 6. Immunohistochemistry for PTPRD expression in PCNSL. All
tumors of a series of 20 PCNSL expressed PTPRD. 80% (16/20)
showed an expression of > 80% of the tumor cells and an expression
of >50-79% of the tumor cells in the reminder. The photomicro-
graph shows PTPRD expression by>90% of the tumor cells in a
representative PCNSL. Anti-PTPRD immunostaining, slight counter-
staining with hemalum, original magnification x 200.
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to lie at a predicted interface with another CUB domain. G2280E
similarly lies on the surface of a CUB domain (though not at a
known interface). R687* would delete several CUB and Sushi
domains at the C-terminus of the protein, although possibly
leaving a viable protein (as the mutation would not necessarily
disrupt folding of any one domain). The CSMD3 mutation E861G
lies within a Sushi domain and is more buried than those in
CSMD2 and modelling this on the structure of complement factor
B in complex with complement C3B and Factor D predicts this
residue to lie adjacent to a cysteine involved in a disulphide bond.
The modification could thus disrupt the overall structure of the
domain and thus interactions with other proteins (see
Supplementary References).

Taken together, our data reveal alterations in genes that are not
only physiologically expressed in the CNS but also involved in
tumorigenesis. It is tempting to speculate that ODZ4, a homologue of
ODZ2, which is involved in a chromosomal translocation in MALT
lymphomas,? as well as CSMD2/CSMD3 and PTPRD may play a similar
role in PCNSL influencing both tumorigenesis and differentiation.

CONCLUSIONS

In summary, our WES study of PCNSL provides novel insights into
the pathogenesis of PCNSL. On the one hand, we provide
evidence for the genome-wide activity and pathogenetic rele-
vance of aSHM in PCNSL. On the other hand, focusing on coding
mutations we show a considerable overlap of deregulated
pathways between PCNSL and systemic DLBCL. In addition to
genes affected also in DLBCL, the transformational process in
PCNSL may take advantage of mutations in genes facilitating
tumor manifestation in the CNS, for example, mutations in genes
involved in CNS differentiation. Whether the changes in these
genes are indeed drivers with functional relevance for the
pathogenesis of PCNSL or rather reflect bystander alterations
needs to be addressed in future studies.
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