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Abstract

Glioblastoma (GBM) is the most common and malignant brain tumor in adults. Genomic and epigenomic alterations of multiple
cancer-driving genes are frequent in GBM. To identify molecular alterations associated with epigenetic aberrations, we performed
whole exome sequencing-based analysis of DNA copy number variations in 55 adult patients with /DH-wild-type GBM. Beside
mutations in common GBM driver genes such as TERTp (76%), TP53 (22%) and PTEN (20%), 67% of patients were affected
by amplifications of genes associated with RTK/Rb/p53 cell signaling, including EGFR (45%), CDK4 (13%), and MDM?2/4 (both
7%). The minimal deleted region at chromosome 10 was detected at the DNA demethylase 7E77 (93%), mainly due to a loss-of-
heterozygosity of complete chromosome 10 (53%) or by a mono-allelic microdeletion at 10q21.3 (7%). In addition, bi-allelic 7ET1
deletions, detected in 18 patients (33%), frequently co-occurred with EGFR amplification and were associated with low levels of
TETI mRNA expression, pointing at loss of TET1 activity. Bi-allelic 7E7 loss was not associated with global concentrations of
5-hydroxymethylcytosine, indicating a site-specific effect of TET1 for DNA (de)methylation. Focal amplification of EGFR positively
correlated with overall mutational burden, tumor size, and poor long-term survival. Bi-allelic 7E71 loss was not an independent
prognostic factor, but significantly associated with poor survival in patients with concomitant EGFR amplification. Rates of genomic
TET1 deletion were significantly lower in a cohort of IDHI-mutated patients. Despite the relevance of TET1 for DNA demethylation
and as potential therapeutic target, a frequent genomic loss of T7ET has not previously been reported in GBM.
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Glioblastoma multiforme (GBM) is the most common malignant brain
tumor in adults with dismal prognosis [1]. Despite a combination of
surgical resection, adjuvant radiation and chemotherapy with temozolomide
in current standard treatment regimens and ongoing research for targeted
therapies using specific drugs (e.g., EGFR kinase inhibitors), GBM mostly
remains incurable with a high mortality rate and a 5-year survival of <6% [2].
Among several factors, a high inter- and intratumoral molecular heterogeneity
limits confident predictions on drug resistance and therapy response [3,4].
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Depending on histopathological and molecular (/DH1/2 status) features,
GBM can be classified into /DH-wild-type (wt; ~90% of cases) and IDH-
mutated GBM [5]. Beside /DH mutations, a variety of recurrent genetic
aberrations were reported in GBM, including common oncogenic DNA
sequence alterations in genes such as EGFR, PTEN, NFI, and TERT
promoter (7ERTp) as well as large chromosomal aberrations (47, —10)
[6,7]. Moreover, submicroscopic DNA copy number variations (CNV; e.g.,
at EGFR, MDM?2/4, CDK4, PTEN, and CDKN2A/B) were detected as
oncogenic aberrations in GBM, ultimately affecting 3 main cell signaling
pathways (p53, Rb, and RTK/Ras/PI3K) that initiate and sustain disease
progression [8,9].

In addition to key molecular alterations, GBM can be distinguished
based on transcriptional and epigenetic differences [6,7]. For example, IDHI-
mutated GBM typically harbor other frequent genomic alterations such as
mutations of ATRX and 7P53 and are characterized by a distinct pattern
of DNA hypermethylation via the conversion of a-ketoglutarate (¢KG) to
2-hydroxyglutarate (2HG) and subsequent alterations of specific histone
marks [10,11]. The production of 2HG inhibits several o KG-dependent
oxygenases, including the ten-eleven translocation (TET) enzymes. The TET
enzymes act by transcriptional activation or repression of target genes in many
cellular processes. For instance, they are the primary mode of active DNA
demethylation by catalyzing the re-oxidation of 5-methylcytosine (5mC) to
5-hydroxymethylcytosine (ShmC) [12]. Epigenetic alterations initiated by
mutations of IDH1/2 and/or TET1/2/3 and subsequent impaired production
of 5ShmC have been reported in several cancer entities such as myeloid
malignancies [13,14].

To identify molecular alterations associated with epigenetic deregulation
in /DH-wt GBM, we performed whole exome sequencing and evaluated
for the presence of recurrent mutations, chromosomal aberrations and
CNVs. Patients” clinical characteristics were analyzed according to the
mutational status. Hereby, we identified 7E71 as frequently deleted gene,
not previously described in The Cancer Genome Atlas (TCGA) database.
Moreover, due to the importance of 7E7I for DNA demethylation,
we quantified corresponding levels of 7E71 mRNA expression and
global concentrations of 5hmC and 5mC as a surrogate measure for
total DNA (de)methylation. Finally, to address the overall prevalence
of this alteration in more detail we comparatively quantified levels of
5mC/5hmC and rates of genomic 7E71 deletion in a cohort of 20 patients
diagnosed with /DHI-mutated GBM, using PCR-based analysis of STR

microsatellites.

Material and Methods
Patient Characteristics and Sample Collection

This study included a total of 55 patients with newly diagnosed /DH-
wt GBM who underwent surgical resection at the University Hospital Carl
Gustav Carus in Dresden. In addition, 20 patients with /DHI mutated
GBM were included for TETI deletion mapping. All tumor tissue and
blood samples (used as germline control) were collected with written
informed consent and after approval by the local ethics committee of the
Medical Faculty Carl Gustav Carus Dresden. Tumor tissues were taken
intraoperatively and were snap frozen at -80°C. Frozen tumor tissue was
sectioned using the Cryostat Jung CM 1800 (Leica, Wetzlar, Germany). To
assure a tumor cell content of >80% for DNA extraction, a fresh hematoxylin
and eosin-stained reference section was re-reviewed by an experienced local
neuropathologist. Genomic DNA was isolated using the QIAmp DNA
Mini Kit (Qiagen, Hilden, Germany) according to manufacturer’s protocols
and quantified using NanoDrop 1000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA).

IDH and TERT-Promoter Mutation Detection

The IDH1/2 mutational status was determined in tumor tissue prior
to exome sequencing by Sanger sequencing, using established primer sets,
as published elsewhere [15]. The proximal 7ERT promoter, covering
nucleotides C228 and C250, was amplified using a nested PCR procedure
and sequenced on an Ion Torrent S5 NGS system, as described previously
[16]. Data were analyzed using the Torrent Suite software v3.2 and the
Torrent Variant Caller v.4.0 plugin with default settings and alignment to
the hgl9 human reference genome from the UCSC Genome Browser (http:
//genome.ucsc.edu/).

Exome Sequencing, Variant Calling, and Filtering

Library preparation and exome enrichment of paired blood and tumor
samples from /DH-wt patients was performed using the SureSelect QXT
and SureSelect Human All Exon V6+ COSMIC (Agilent Technologies,
Santa Clara, CA, USA) protocols capturing ~60Mb of exonic targets,
according to manufactures protocols. After quantification and quality control
using a Qubit 4.0 fluorometer (Life Technologies) and the Agilent 2200
TapeStation (Agilent Technologies), final libraries (mean insert size ~250bp)
were sequenced paired-end (2 x 75bp) on an Illumina HiSeq platform.
Between 30 and 60 mio reads were generated per sample. Overall enrichment
efficiency was ~80% (on-target rate) with high coverage uniformity across
all chromosomes. Sequencing depth was >10x for over 99% of sequence
regions, reflecting the minimum coverage required for SNV analysis. Superior
coverage of >30x and >60x was achieved for over 80% and 50% of the
sequence regions, respectively. SNV analysis was performed with GATK
[17] following the best practices recommended by the GATK team. Briefly,
raw paired-end reads were mapped with BWA to human genome hgl9
using default parameters [18] and duplicates were tagged using picardtools
(http://broadinstitute.github.io/picard/). Insertions/deletions were realigned
and base qualities recalibrated using GATK. Variants were identified for
individual samples using the HaplotypeCaller tool of GATK in GVCF
mode and genotypes were then jointly called using the GenotypeGVCFs
tool of GATK. Annotation and filtering of somatic variants in coding
regions was performed using tumor/germline pairs with a defined threshold
of 10x (read depth) and a cut-off of 10% variant allele frequency using
the VariantStudio software (Illumina Inc., San Diego, CA, USA) and the
SeattleSeq Annotation 138 software (University of Washington, Seattle, WA,
USA).

Copy Number Variation Detection and GISTIC Analysis

CNV analysis was performed with GATK following the best practices
recommended by the GATK team. Briefly, raw paired-end reads were mapped
with BWA to human genome hgl19 using default parameters and duplicates
were tagged with picardtools. The next steps were done with tools of the
GATK framework. The sequence regions were divided into 1kb bins and
counts per bin were obtained. Counts were corrected for GC, converted into
log2 copy ratios (using sample median as baseline) and denoised with a panel
of normals built from the count data of the blood samples. Additionally,
allelic counts were determined for variant sites. Denoised copy ratios as well
as allelic counts were then used to model copy ratio segments (i.e., adjacent
bins sharing the same copy ratio). For tumor samples, the allelic counts of the
matched blood sample were included as well to infer the original nontumor
state of the genome. Finally, CN gains and losses were called for the modeled
segments. To identify regions of significant amplification or deletion across
the set of tumor samples, the GISTIC [19] module was run with the following
parameters: -genegistic 1 -smallmem 1 -broad 1 -brlen 0.5 -conf 0.90 -
armpeel 1 -savegene 1 -gem extreme.
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Short Tandem Repear Analysis

To confirm somatic 7E71 deletion in tumor/normal samples, loss of
heterozygosity (LOH) was mapped using PCR-based analysis of short
tandem repeat (STR) loci D10S2480 and GATA121A08 (both in close
distance to TETI, 10q21.3), according to standard protocols on an
ABI 3130x] (Life Technologies). PCR was carried out using the Qiagen
Multiplex PCR Kit (Qiagen, Hilden, Germany) with following Primer
sequences: (for D10S2480) 5-CTGAGTTAGGGTCTTGCTATG-3’
(Forward); 5’-TAAGGAAGACAAACTCATTATTTCC-3’ (Reverse)
and (for GATA121A08) 5-GTTAACAGACTATTACCTGCCTACC-3’
(Forward); 5’-TGAGTATGCCACACTGCA-3’ (Reverse). Additionally,
STR analysis was performed in a group of 20 patients diagnosed with
IDHI-mutated GBM.

TET1 Expression Profiling

Total RNA from frozen tumor tissue was isolated using the RNeasy Mini
Kit (Qiagen) in a QIAcube (Qiagen) according to manufacturer’s protocols.
Conversion to cDNA was performed using the SuperScript VILO MasterMix
with 11.5 pL of RNA for RT (Invitrogen Corporation, Carlsbad, CA, USA).
TETI expression was quantified using a custom TaqMan gene expression
assay (Thermo Fisher Scientific, ref: 4331182) with gene specific PCR
primers and the TagMan Universal Master Mix on a 7500 qRT-PCR device
(Applied Biosystems, Foster City, CA, USA). Levels of TET1 mRNA were
quantified relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH,
Delta-CT values) expression as internal control. The 2"(Delta-Delta-Ct)
method was used to calculate relative differences of 7E77 mRNA expression
between samples, normalized to TETI-wt gene expression.

Quantification of 5-methylcytosine and 5-hydroxymethylcytosine

Global (5mC) and 5-
hydroxymethylcytosine (5hmC) were quantified on genomic DNA of
IDH-wt and IDH-mutated tumors by an ELISA using the MethylFlash
Methylated and Hydroxymethylated DNA Quantification Kit (Fluorometric;
Epigenetik, Farmingdale, NY, USA) according to the manufacturer’s
protocol.

concentrations of  5-methylcytosine

Radiological Evaluation and Volumetric Measurements

All patients received a pre- and postoperative MRI with T1, T1
postcontrast, T2, and FLAIR sequences. Radiologic progression was
determined using the criteria for Radiologic Assessment in Neuro-Oncology
[20]. Additionally, the preoperative T1-weighted postcontrast MR scans
were used to measure the enhancing tumor size and obtain volumetric
measurements. A combination of manual segmentation using the ITK-SNAP
software [21] and intensity filtering based on individually adjusted thresholds
was used to select the enhancing tumor tissue with and without the necrotic
tumor portion.

Clinical Data and Statistical Analysis

Demographic data, pathological findings and clinical data were
retrospectively collected for patients with ZDH-wt GBMs. Progression-free
survival (PFS) was calculated from the day of first surgery until imaging-
based detection of tumor progression (or end of follow-up). Overall survival
(OS) was defined as the period from the day of first surgery until death (or
the end of follow-up). The statistical association of clinical variables (e.g.,
age, tumor size, rates of somatic variants, survival) was evaluated using the
2-sided Students # test and Mann-Whitney U test. Survival analysis (PES and
OS) was carried out using the Kaplan-Meier technique. To test for statistical

significant differences between survival curves the Mantel-Cox test (Log-rank
test) was used. P values <0.05 were considered significant. All calculations
were conducted using Prism 5 (GraphPad, La Jolla, CA, USA) and SPSS
Statistics 25 (IBM, Armonk, NY, USA).

Results

Demographic Characteristics and Pathological Findings

A total of 55 patients (33 male/22 female) with newly diagnosed /DH-
wt GBM were included. Median age at first diagnosis was 58 y (range 23—
80 y; interquartile range 44-73 y). IDH-wt classification of tumors was
confirmed by Sanger sequencing covering residues R172 (/DH2) and R132
(IDH]I) in all patients. Tumors affected the left (n=22); right (n=31)
or both hemispheres (n=2) and were mainly localized in the frontal lobe
(n=18), temporal lobe (n = 13), parietal lobe (n = 3), occipital lobe (n = 2),
or in multiple lobes (n = 13). Median tumor size was 43.8 cm® (range 0.53—
132.89 cm?) with Ki67 levels ranging between 5% and 90% (median 30%).
Methylation of the MGMT promoter was detected in 17 tumors (30.9%).
Patient’s median OS was 14.4 mo (range 2—66 mo). During the time of
follow-up, 47 patients (85%) passed away, 3 patients were lost from follow-
up and 5 patients were still alive at the last update of disease progression,
conducted in January 2020. Significant associations of clinical variables with
outcome were observed using median values of Ki67 proliferation marker
(21.7 vs 11.5 mo; P= 0.0002) and tumor size (17.6 vs 12.0 mo; P= 0.020) to
dichotomize patients (Figure S1). Moreover, there was a trend towards shorter
survival with increasing age (P= 0.071). Demographic characteristics and
pathological findings of patients are presented in Supplementary Table SI.

Mutational Landscape of Tumors

Overall, after filtering (>10fold coverage; >10% VAF) and exclusion
of frequent polymorphisms (>0.1% population frequency), synonymous
variants, variants in noncoding regions (intronic and UTRs) and germline
variants (based on tumor/blood subtraction), a total number of 1841
somatic mutations in 1544 different genes were detected in the 55 tumor
exomes, corresponding to a mean rate of ~33 somatic variants per patient.
The majority of mutations (93%) were single nucleotide variants (SNVs)
(n=1719), comprising 1616 missense and 103 nonsense SNVs, followed
by frame-shift (n =76) and in-frame InDel mutations (n = 46). Mutations
were detected with a median VAF of 31% (range 10%-98%).

As summarized in Figure 1A, we identified a series of frequently mutated
genes (grey bars), including well-known GBM driver genes such as 7ERTp
(76%), EGFR (29%), TP53 (22%), PTEN (20%), NFI (9%), ATRX (5%),
PIK3CA (5%), PIK3RI (4%), and PDGFRA (4%). Other previously reported
candidate genes, recurrently mutated in our cohort (in 2 or more patients)
were LZTRI (4%), KIT (4%), and KMT2B (4%). Importantly, we did
not detect any 7ETI or TET2 mutations in our study group. Beside
alterations in common recurrent driver genes, most patients carried one or
more additional mutations in cancer associated genes functionally linked to
transcriptional regulation (e.g., RBI, RUNXI, CIITA, CNOT3, NCORI1/2,
SALL4), histone modification (e.g., SETD2), chromatin-remodeling (e.g.,
CREBBP and INOS80), the SWI/SNF complex (SMARCAI), alternative
splicing (e.g., DDX3X and RBM10), or signaling (e.g., MET, MTOR, BRAE
ERBB2; Figure S2). No associations with clinical outcome (PFS/OS) were
observed for the mutational status of individual driver genes, including

TERTp, EGFR, TP53, PTEN, and NF1 (Figure S3).
Profiling of Copy Number Variations

NGS coverage-based assessment of copy number ratios (CNR) in exomes
from tumor/blood pairs revealed a median frequency of 152 somatic CNVs
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Figure 1. Somatic genomic alterations in /DH-wt Glioblastoma. (A) Prevalence (%; gray bars) and mutation rate (n Mb™'; red dots) of frequently mucated

genes in coding regions from 55 tumor exomes. Filtering of somatic variants was

performed using tumor/germline pairs with a defined cut-off of 10% variant

allele frequency (VAF). TERT promoter mutations at residues C228 and C250 were analyzed using a targeted NGS procedure (B) Overall genomic copy

number variations (CNVs) and chromosomal locations in 55 /DH-wt GBM. (C)

Recurrent sites of focal amplification (red) and deletion (blue) determined by

the GISTIC module. Most significant focal amplification was detected for EGFR (chr7; g-value = 6.74E—39). The minimal region of allelic loss at chromosome
10 was detected for 7ETI (g-value = 3.16E—06). All statistically significant (q-value <0.25) regions are summarized in Supplementary Table S2. (D) Copy
number ratios (CNR) of genes frequently affected by focal amplification (CNR >2; red dots). (E) Association of the EGFR amplification status with genomic

gains (red) and losses (blue) in relevant oncogenes.

per patient. Genomic losses accounted for the majority (66%) of detected
CNVs (34% gains). Overall, CNV patterns virtually resembled genomic
profiles previously reported for /DH-wt GBM, including characteristic gains
(CNR 1-2) at chromosome 7p (87%) and/or 7q (82%) as well as partial or
complete loss-of-heterozygosity (LOH) at chromosome 10p (78%) and/or
10q (85%) including the tumor suppressor PTEN (10q23; Figure 1B). Large
chromosomal gains also affected chromosomes 19 (18%), 20 (27%), and
21q (11%).

In accordance with the TCGA database, highest rates of focal
amplification were detected for EGFR, with CNRs ranging between 8 and
46 fold in roughly half of tumors (45%) (Figure 1C and D). Generally, the
EGRF status was not significantly associated with patient’s age (Figure 2A).
Amplification of the EGFR gene was significantly associated with rates
of overall mutational burden (P= 0.0051; Figure 2B), genomic loss of
CDKN2A/B at 9p21 (P< 0.0001; Figure 2G) and rates of concomitant
EGFR mutations (P< 0.0001; Figure 2H). In addition, EGFR amplification
positively correlated with histopathological measures of tumor size (P=

0.0836; Figure 2C), MGMT promoter methylation (P= 0.3706; Figure 2F)
and Ki67 staining (P= 0.7910; Figure 2D). Generally, EGFR amplification
was not associated with median PES and OS of patients (P= 0.2283;
Figure 2E). However, obviously EGFR amplification correlated with poor
long-term survival, irrespective of comparing survival rates at 2 y (33% vs
20%), 3y (17% vs 0%), or 5y (7% vs 0%) for patients without or with
EGFR amplification (Figure 2I).

Almost mutually exclusive to EGFR amplifications, other frequent RTK
aberrations were detected at FGFR3 (5%), PDGFRA (4%), AKT3 (5%),
and SOX2 (Figure 1E). Furthermore, focal amplifications in other regulatory
pathways affected MDM2/4 (both 7%), CDK4 (13%), and CDK6 (2%;
Figure 1D). Mutually exclusive to CDK4 amplifications, 65% of patients
carried typical deletions of CDKN2A/B with CNRs clearly <0.5 in the
majority of cases (~75%), demonstrating a predominance of homozygous
loss at 9p21 (Figure 1C and E). Other cancer associated genes with frequent
heterozygous deletions (CNR 0.5-1) were CDK7 (55%), RBI (25%), and
TP53 (13%). The mutational profiles and CNV patterns of /DH-wt exomes
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Figure 2. Associations of EGFR amplification in IDH-wt GBM. (A) Age at diagnosis (y), (B) total amount of somatic mutations (n), (C) tumor size (cm?),
(D) Ki67 value (%), (E) overall survival (mo), (F) MGMTp methylation (%), (G) CDKN2A/B loss (%) and (H) concomitant EGFR mutations (%) in patients
with EGFR-wt (n =4), EGFR copy number gain (n =26) and EGFR amplification (n = 25). Error bars indicate median values with interquartile range. (I)
Kaplan-Meier analysis showing overall survival (mo) of IDH-wt patients with (n = 25) or without (n=30) focal amplification of the EGFR gene. Statistical
associations were evaluated using the two-sided Students # test, the Mann-Whitney U test and the Mantel-Cox test. P values <0.05 were considered significant.

are shown in Figure 3. A list of all regions affected by significant genomic
deletion and amplification detected using GISTIC analysis is presented in

Supplementary Table S2.

Frequent Copy Number Loss of TET1

Interestingly, the minimal region of allelic loss at chromosome 10 was
detected at 10q21.3, covering a genomic size of ~500 kb (Figures 1C
and 4A). This minimal deleted region in our cohort is not listed in the
TCGA datasets and affects a series of genes including RUFY2, DNA2,
SLC25A16, CCARI, and the DNA demethylase 7E71 (Tet Methylcytosine
Dioxygenase 1). Overall, T7ETI deletions were detected in 51 patients
(93%) with CNRs ranging between 0.23 and 0.82 (median CNR =0.58;
Figure 3 and Supplementary Table S$3). The majority of patients were
affected by a heterozygous loss of TET1 due to the presence of LOH at
chromosome 10 (53%). Heterozygous TETI deletions in patients without
LOH of chromosome 10 were detected in 7% of GBM patients, indicating
the presence of submicroscopic micro-deletions at 10q21.3. In addition,
TETI deletion was detected with CNRs <0.5 in 18 patients (33%) with
LOH of chromosome 10, pointing at bi-allelic micro-deletions at 10q21.3
(i.e., not detected at other chrl0 regions including genes such as PTEN),
inducing complete loss of TET1 activity (Figure 4B). STR-based detection of
LOH in tumor/blood pairs, using 7ET microsatellite markers D10S2480
and GATA121A08, confirmed somatic deletion at 10q21.3 in 48 patients

with informative results (Supplementary Table S3). LOH detection was not
possible in three patients with homozygous STR loci in germline controls.
Based on LOH detection using STRs, all bi-allelic 7E77 deletions occurred
in IDH-wt GBM, whereas only 35% of IDHI-mutated GBM harbored a
mono-allelic loss of 7ETI (Figure 4B and Supplementary Table S3; P=
0.0011).

In IDH-wt GBM, bi-allelic 7ET1 loss (CNR <0.5) was enriched in
patients with EGFR amplification (Figures 3 and 4C). No associations were
observed with other frequently affected genes such as 7P53, CDKN2A/B,
or TERTp (Figure 3). Likewise, no significant correlations of bi-allelic
TETI loss with clinical parameters including age, tumor size and Ki67
value were observed. Interestingly, bi-allelic 7E77 deletions were not
associated with global concentrations of 5hmC (ranging between 0%
and 1% of genomic DNA) or 5mC (accounting for 3%—4% of gDNA)
in IDH-wt GBM (Figure 4D). Likewise, no significant differences of
5mC/5hmC levels were detected between IDH-wt and IDH-mutated tumors
(Fig S4).

However, the genomic loss of TET] was associated with reduced levels
of TET1 mRNA expression in tumors with mono-allelic (relative expression
~24%) and bi-allelic (relative expression ~15%) TET1 deletions, compared
to control samples (7ETI-wt; Figure 4E). In addition, there was a general
trend toward higher concentrations of ShmC with increasing levels of 7ET1
mRNA expression (Figure 4F). With respect to outcome, genomic 7ET1
loss and mRNA expression were not independent prognostic factors for PES
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Figure 3. Somatic profiles of /DH-wt tumors with or without bi-allelic 7E77 loss. Distribution of somatic alterations (dots): missense single nucleotide
variants (SNV; black), nonsense SNV (purple), in-frame (green) and frame-shift (yellow) insertion/deletion (InDel) mutations. Copy number variations (color
coded by type) in relevant oncogenes related to RTK/Rb/p53 signaling pathways and clinical characteristics (age and overall survival) of 55 patients with
IDH-wt GBM. TETI copy number ratios <0.5 are indicative for bi-allelic deletions in at least a subset of tumor clones and were classified “loss.” Associated
alterations are shown for patients with bi-allelic 7ETT loss, mono-allelic 7ET deletion and TET1 wild type status. The distribution of mutations in other

putative oncogenes is presented in Figure S2.

and OS in our cohort. However, in patients with EGFR amplification, bi-
allelic TETT loss (CNR <0.5) was significantly (P= 0.0303) associated with
decreased OS (median OS =12.4 mo) compared to patients with T7ET]
CNRs >0.5 (median OS = 18.7 mo; Figure 4G).

Discussion
Frequent Genomic Loss of TET1 in IDH-wt GBM

In this study, we detected bi-allelic loss of 7ET1 in 33% of patients in
a minimal deleted region at 10q21.3, not previously described for GBM.
Correspondingly, genomic 7ET] loss was associated with lower levels of
TETI mRNA, demonstrating a reduced expression of 7ET1 in these tumors.
Interestingly, 7ET1 expression in GBM with bi-allelic 7ET7 loss was still
~15% of control samples without 7ET1 copy number loss (wt), pointing
to the presence of micromilieus and intratumoral heterogeneity with 7E77
mRNA expression at subclonal levels. Similarly, 7ETICNRs of samples
with bi-allelic 7ET7 loss ranged between 0.23 and 0.49, which is indicative
for complete genomic 7E7I inactivation in a subset of tumor clones.
Subsequently, we show that genomic T7ET1 deletions are frequent alterations
primarily associated with IDH-wt GBM. In addition, EGFR amplification
and bi-allelic 7ET1 deletions co-occurred frequently, suggesting a functional
interaction indicative of a distinct pathway of genesis in this subset of I/DH-wt
GBM. More importantly, although the presence of bi-allelic 7ET deletions
alone were not an independent prognostic factor, patients with mutual 7E77
loss and EGFR amplifications showed significantly worse outcomes compared
with patients with only one or none of these alterations. In line, oncogenic
EGFR amplifications were recently shown to induce silencing of tumor
suppressor genes by repressing the DNA demethylase 7E77 in GBM cell
lines [22]. Moreover, the latter work reported on a synergistic effect of TET1

in blocking tumor growth by modulating the response to EGFR inhibitors
[22].

In addition to EGFR induced repression, the enzymatic inhibition of
the TET proteins (TET1/2) via the production of 2-hydroxyglutarate
(2HG) is a common mechanism in /DHI-mutated GBM, contributing
to the establishment of the CIMP phenotype in proneural GBM [10].
However, while mutations of 7E72 are frequently associated with malignant
progression in diverse cancers, so far, data on genomic alterations of 7ET1
in cancer is scarce, except for a frequent DNA copy number loss of
TET] recently reported in prostate cancer [13,14,23]. Notably, as no copy
number alterations at 10q21.3 were detected in corresponding blood samples,
the presence of germline aberrations or technical errors (e.g., insufficient
enrichment or sequencing) can likely be excluded.

In GBM, TET1 was shown to play an important role in the
tumorigenicity of GBM cells and to confer recruitment of the CHTOP-
methylosome complex by the production of ShmC [24,25]. Consistently,
we show that concentrations of 5ShmC were associated with levels of 7ET1
mRNA expression in /DH-wt GBM. The key role of TET1 for active DNA
demethylation in the adult brain via the conversion of 5SmC to 5hmC at
CpG islands has been previously described [12,26]. Unexpectedly, global
concentrations of 5ShmC (and 5mC) as measure for TET induced DNA
demethylation, were not associated with bi-allelic 7E7T loss in our cohort.
This is indicative for the presence of alternative mechanisms contributing to
overall levels of 5ShmC, like the activity of other enzymes involved in active
DNA demethylation, namely TET2/3. For example, while TET1 mainly
mediates the conversion of 5mC to 5hmC at CpG islands of gene promoters,
TET2 and TET3 are involved in DNA demethylation of whole gene
bodies (and intronic regions), which is significantly linked to overall cellular
production of 5ShmC [12,27]. In addition, 5ShmC levels are likely affected by

passive DNA demethylation in proliferating cells and/or the nuclear exclusion
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were considered significant.

of the TET1 protein, as common feature in glioma cells [28]. Similarly,
we did not see any significant differences of ShmC concentrations in our
IDHI-mutated GBM cohort, where genomic loss of TET1 was detected
with significantly lower frequencies. To fully understand functional and
prognostic consequences of 7E7 deletion as potential therapeutic target in
IDH-wt GBM, future investigations may specifically profile aberrant DNA
methylation at CpG islands in relation to the genomic 7ET1 loss and
expression patterns.

Somatic Genomic Alterations of IDH-wt GBM

Mutations in our cohort which exclusively includes /DH-wt GBM
were detected with a mean rate of 33 coding variants per tumor exome,
corresponding to a frequency of ~1.2 somatic mutations per megabase,
which is in the range of mutation frequencies previously reported for
GBM [6,29]. In line with previous reports [5,6,30], 91% of patients were
affected by mutations in classical GBM driver genes TERTp (C228T = 65%;
C250T =11%), EGFR, TP53, PTEN (all in 20%-30%), and NFI (9%),
validating the sensitivity and comparability of our NGS results. Based on
the integration of gene size calibrated (n Mb-1) mutation rates (Figure 1A;

red dots), elevated numbers of variants in genes such as 77N (11%),
PCLO (9%), DNAH2/3 (7%), RYR2 (7%), and MUCI6 (7%) detected
in our cohort, likely represent random events (passenger mutations), due
to the large genomic size of the respective genes [29]. Interestingly, no
significant association with PFS or OS was observed for the integration
of single recurrent oncogenes with outcome, including 7ERTp mutations
which were previously associated with poor survival in primary GBM [7,30].
However, mutation rates of 7ERTp were lowest (62%) in younger patients
<40 y, confirming an association of 7ERTp mutations with patients age
and clinical performance, respectively [30]. The majority (7 out of 13)
of patients without 7ERTp mutation harbored mutations in 7P53 and
concomitant inactivating variants in the SWI/SNF complex gene ATRX
(in 3 patients), likely representing an alternative mechanism of telomere
lengthening in 7ERTp-wt GBM [6,11,30,31]. In total, 67% of patients
carried amplifications in genes associated with RTK signaling (EGFR,
PDGFRA, AKT3, SOX2), TP53 induced apoptosis (MDM2/4) and/or cell
cycle control via Rb signaling (CDK4/6), representing the 3 key regulatory
pathways commonly altered in GBM [6]. EGFR amplification at high copy
numbers was the most frequent alteration and closely associated with loss

of CDKN2A/B, as described previously [6]. Within the RTK signaling
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pathway, EGFR amplifications were detected almost mutually exclusive
to other frequent RTK lesion (e.g., PDGFRA amplification), reflecting
an alternative route of RTK-mediated clonal proliferation [6]. Although
EGFR amplification generally confers a more aggressive phenotype, opposing
implications were reported for clinical outcome [6-9,32]. In our study,
EGFR amplification was significantly associated with higher rates of overall
mutational burden and histopathological features of tumor aggressiveness,
including tumor size, Ki67 values and poor long-term survival (>3y). This
points to an increased genomic instability and tumor proliferation potential
as a result of upregulated EGFR activity [8,9,32].

Conclusions

Bi-allelic deletions of the DNA demethylase gene 7ET] are frequent
genomic events that co-occur with EGFR amplifications and are associated
with reduced levels of 7E7T7 mRNA expression in /DH-wt GBM. Bi-allelic
TETI loss was not associated with concentrations of 5ShmC as measure for
global DNA demethylation, suggestive for a site-specific effect of TET1
activity for DNA (de)methylation at specific genomic loci. Although bi-
allelic 7ET1 deletions were not an independent prognostic factor, they are
associated with poor outcome in IDH-wt GBM harboring simultaneous
EGFR amplification.
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