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Comprehensive molecular characterization of multifocal
glioblastoma proves its monoclonal origin and reveals
novel insights into clonal evolution and heterogeneity
of glioblastomas
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Abstract

Background. The evolution of primary glioblastoma (GBM) is poorly understood. Multifocal GBM (ie, multiple
synchronous lesions in one patient) could elucidate GBM development.

Methods. We present the first comprehensive study of 12 GBM foci from 6 patients using array-CGH, spectral
karyotyping, gene expression arrays, and next-generation sequencing.

Results. Multifocal GBMs genetically resemble primary GBMs. Comparing foci from the same patient proved their mon-
oclonal origin. All tumors harbored alterations in the 3 GBM core pathways: RTK/PI3K, p53, and RB regulatory pathways
with aberrations of EGFR and CDKN2A/B in all (100%) patients. This unexpected high frequency reflects a distinct genetic
signature of multifocal GBMs and might account for their highly malignant and invasive phenotype. Surprisingly, the
types of mutations in these genes/pathways were different in tumor foci from the same patients. For example, we found
distinct mutations/aberrations in PTEN, TP53, EGFR, and CDKNZ2A/B, which therefore must have occurred independently
and late during tumor development. We also identified chromothripsis as a late event and in tumors with wild-type TP53.
Only 2 events were found to be early in all patients: single copy loss of PTEN and TERT promoter point mutations.
Conclusions. Multifocal GBMs develop through parallel genetic evolution. The high frequency of alterations in 3
main pathways suggests that these are essential steps in GBM evolution; however, their late occurrence indicates
that they are not founder events but rather subclonal drivers. This might account for the marked genetic heteroge-
neity seen in primary GBM and therefore has important implications for GBM therapy.
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Glioblastoma (GBM) is the most frequent primary malig-
nant brain tumor in adults, with an average survival time of
less than 12 months despite multimodal therapeutic strate-
gies. GBMs can be broadly classified into primary if they
are thought to arise de novo and secondary if they pro-
gress from lower-grade gliomas.” The extent of their het-
erogeneity has recently come to light through the efforts of
The Cancer Genome Atlas (TCGA).>7 However, the evolu-
tion of primary GBMs has not been fully understood.®

The incidence of multiple synchronous GBM lesions in
the same patient is reported between 0.5% and 35% of diag-
nosed GBM cases with an average of ~10%.8" Multifocal
GBMs are associated with worse outcome and poorer over-
all survival times compared with single focus GBMs.?There
are 2 theories about the nature of these multiple GBMs: they
could either arise as independent tumors (also referred to
as multicentric gliomas by some authors) or originate from
a single tumor (termed multifocal gliomas).'?'3 Up to now,
multiple GBMs have been grouped into one of the 2 catego-
ries based on whether a physical connection was presumed
or not. However, due to the highly invasive nature of GBMs,
it is hard to exclude the existence of a connection in cases
deemed to be multicentric. We therefore use the term “mul-
tifocal GBM” throughout this manuscript to mean any case
of multiple GBM lesions in a single patient.

While there is a plethora of genetic data on GBM in gen-
eral, genetic studies on multifocal GBMs are very rare. In
an earlier study, we analyzed 3 isolated GBM lesions from
the same patient using spectral karyotyping (SKY), micros-
atellite analysis, and sequencing of PTEN and TP53."

This study confirmed the monoclonal origin of one case
of multifocal GBM. In the current study, we included the
aforementioned patient and added 5 more patients with
multifocal GBM. Altogether, we analyzed 12 tumors from
these 6 patients using a genome-wide and comprehen-
sive approach. We confirmed the monoclonal nature of all
investigated multifocal GBMs, identified a characteristic
genetic signature, and further differentiated between early
and late events in gliomagenesis, thus demonstrating par-
allel genetic evolution in these tumors. To the best of our
knowledge, this is the largest study that has comprehen-
sively compared GBM foci from the same patient.

Materials and Methods
Patients and Ethics Statement

Tissue samples were obtained from 6 patients with
newly diagnosed multiple synchronous lesions of GBM
without evidence of a connection by MRI undergoing
surgery at the Klinik und Poliklinik fir Neurochirurgie,
Universitatsklinikum  Carl Gustav Carus (Dresden,
Germany). Details about the patients and samples are
provided in the Supplementary materials and methods
(Supplementary File S2) and SupplementaryTable S1 in File
S1. Patients had given prior informed written consent for
use of their material for research purposes (EK 179082004).
The procedures described here followed German legal reg-
ulations for research using human material and are in com-
pliance with the ethical standards laid down by the 1964
Declaration of Helsinki.

DNA and RNA Extraction

DNA and RNA were extracted from fresh-frozen tumor tis-
sue and primary cell cultures by phenol:chloroform extrac-
tion using standard protocols and QIAGEN miRNeasy Mini
Kit (Qiagen GmbH, Hilden, Germany) according to the
manufacturer’s instructions, respectively. Tumor content
was evaluated on hematoxylin-and-eosin sections by an
experienced neuropathologist and had to be at least 80%.

Array Comparative Genome Hybridization

Array comparative genome hybridization (array-CGH)
was performed on Agilent’'s SurePrint G3 Human CGH
Microarray Kit 2x400K (Design ID 021850) according to the
manufacturer’s instructions, with the exception that the
labeling of reference and test DNA was reversed. Details
are available in the Supplementary materials and methods
(Supplementary File S2).

Spectral Karyotyping

For preparation of metaphase chromosomes, patient-
derived primary tumor cell cultures were treated with
Colcemid (0.035 pg/ml) for 60 minutes, followed by incuba-
tion in 0.075M KCI for 20 minutes at 37°C and fixation in
methanol/acetic acid (3:1) at room temperature. Cell sus-
pensions were dropped onto glass slides and hybridized for
3 days with a self-made SKY hybridization probe cocktail,
as previously described.'® For details see Supplementary
materials and methods (Supplementary File S2).

Sanger Sequencing

All coding exons of TP53 (NM_000546.4) and PTEN
(NM_000314.4) as well as exon 4 of IDHT (NM_005896.3)
and /IDH2 (NM_002168.3) and the TERT (NM_001193376.1)
promoter were PCR-amplified and sequenced using prim-
ers given in SupplementaryTable S2 in S1 File.

Panel Next-generation Sequencing

Tumor DNA and DNA from matched blood was enriched
using the llluminaTruSight Cancer Panel protocol (lllumina
Inc., San Diego) and sequenced on an lllumina MiSeq
Desktop sequencer to an average coverage of 300-
400x. Variant calling was done using the CLC Genomic
Workbench (Qiagen, Aarhus, Denmark) with a threshold of
1% supporting reads. Only rare variants (<1% in the general
population) with potential effect on the protein level were
considered. Details are provided in the Supplementary
materials and methods (Supplementary File S2).

Gene Expression Analysis

Expression analysis was performed on RNA from fresh-fro-
zen tumor tissues and on 3 commercially available normal
brain samples (see Supplementary materials and methods
in S2 File). Only RNAs with RIN>8 were included (n = 6,
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both foci from patients 1 and 2 and focus 1 from patients 4
and 6). RNA was treated according to manufacturer’s pro-
tocol and hybridized onto Agilent’s SurePrint G3 Human
Gene Expression 8x60K microarrays, Design 1D028004.
Analysis of differentially expressed genes, pathway enrich-
ment, and subtype classification was done as previously
described'®'” and was elaborated in Supplementary mate-
rials and methods (Supplementary File S2).

Results and Discussion

Multifocal GBMs Genetically Resembled Typical
Primary GBMs but With a Particular Mutation
Profile

The multifocal GBMs analyzed in our study match the
typical genetic profile of primary GBM: combined loss of
chromosome 10 and gain of chromosome 7, partial loss of
9p (including CDKN2A/B), EGFR amplification, and lack of
IDH1/2 mutations."3'8 Aberrations enriched in our tumors
are shown in Fig. 1A, and the complete results are summa-
rized inTable 1 and SupplementaryTable S4.

We detected single copy loss of chromosome 10 includ-
ing the PTEN locus in all (12/12) tumors. All 12 tumors also
carried a TERT promoter mutation (Fig. 1A, Supplementary
Table S4).The 2 mutations in our cohort (chr5:1,295,228C>T
[C228T] and chr5:1,295,250C>T [C250T]) are the most com-
mon TERT mutations in cancer and cause its transcriptional
overexpression.’” We also identified protein-disrupting
PTEN mutations in all foci of 4 patients (9/12 tumors, 75%).
Two patients carried protein-disrupting mutations in TP53
(4/12 tumor foci, 33%) (Supplementary Table S4). Other
aberrations typical of GBM included high-level amplifica-
tion of chromosome 12 including CDK4 and MDM?2 loci
(2/12), homozygous NF1 deletion (1/12), PDGFRA amplifi-
cation (1/12), CDKN2C homozygous deletions (1/12), and
RB1 mutation or homozygous deletion (2/12) (Fig. 1A).
Additionally, we identified mutations in DNA damage
sensing and repair genes in ATM (3/12) and CHEKZ2 (3/12).
In a recent study that retrospectively analyzed the TCGA
dataset to identify genetic and epigenetic changes associ-
ated with multifocality in GBM, the authors also found that
these tumors are very similar in their copy number varia-
tion (CNV) profile to solitary GBM.?°The authors identified
higher expression of CYB5R2 associated with multifocal-
ity and poorer survival in GBM and proposed CYB5R2
as a potential prognostic and diagnostic marker. We also
found this gene to be downregulated compared with nor-
mal brain (Table 3 in S1 File). However, expression levels
of CYB5R2 varied substantially between patients and also
between tumor foci within one patient, indicating that
CYB5R2 might not represent a suitable biomarker (at least
in our cohort).

Noticeably, we observed EGFR amplifications and
CDKNZ2A/B homozygous deletions in all patients and in
10/12 tumor foci (approximately 83%).This is more than the
30%-50% and 31%-52%, respectively, reported in GBMs in
the literature."” Co-occurrence of PTEN and TERT muta-
tions with the former aberrations was found in 4/6 patients
(67%) and in 6/12 tumor foci (50%)—more than one would

expect from the literature (15% for combined PTEN muta-
tions and EGFR amplification, 6% for the former with TERT
promoter mutations).?%2'-23 Notably, all tumors harbored
at least one event in each of the 3 main signaling pathways
in GBM - RTK/PI3K, p53, and RB1%7%16:24 (Fig. 1B). Although
the number of samples in our study is too small to draw
conclusions, EGFR amplification has been associated with
an increased infiltrative and invasive phenotype and thus
with multifocal appearance of GBM.?526

From the 6 tumors in which high-quality RNA was avail-
able for expression analysis, 5 tumors significantly corre-
lated with both the Classical and Mesenchymal (and not the
Proneural, Neural, or G-CIMP) expression subtypes accord-
ing to the Verhaak and Brennan classification?® (P< 2 x 105
[Pearson’s product moment correlation test]); focus 1 from
patient 1 only associated with the Mesenchymal subtype
(Fig. 2, Supplementary Table S5). This matches the tumors’
mutation profile (EGFR amplification, lack of IDH1/2 muta-
tion, etc.)2 We recently also identified a strong association
with both Classical and Mesenchymal subtypes in primary
glioblastoma samples.'® Possible explanations might be
intratumor heterogeneity or biological similarity between
both subtypes. Patel et al. showed that individual cells
could cluster with different expression subtypes within one
tumor.’ Based on the global gene expression profiles and
the aberration spectrum, all multifocal GBMs in this study
would classify under the “RTK Il Classic” group according
to Sturm et al.*

SKY analysis of primary tumor cell lines derived from
different tumor foci of patients 4 and 5 revealed that these
cells were polyploid (hypertriploid to hypotetraploid)
(see Table 1). In addition to identifying numerical and
gross chromosomal aberrations found by array-CGH, we
detected recurrent structural chromosome rearrangements
such as translocations and formation of isochromosomes
(Table 1, Supplementary Figure S1 in S1 File). For exam-
ple, in the SKY analysis of cells derived from tumor focus 1
of patient 4, we found 3 different derivative chromosomes
7 due to complex translocations between chromosomes
7 and 12 in all metaphases analyzed, which is in line with
array-CGH data showing multiple amplified regions on
chromosome 7 and 12 (Table 1).

Multifocal GBMs Are of Monoclonal Origin

Tumor foci from the same patient always shared distinct
aberrations (unique start and stop positions of CNVs,
unique translocation breakpoints, or unique single nucleo-
tide variants [SNVs]), clearly proving their monoclonal ori-
gin. For example, we found partial loss of the long arm of
chromosome 10 with identical breakpoints in all 3 foci from
patient 5 (Fig. 3). In the same patient, foci 1 and 2 shared
identical breakpoints for the CDKN2A/B deletion, whereas
focus 3 differed in its breakpoints (Fig. 3). The identical
PTEN point mutation ¢.518G>A was found in both foci
from patient 3 (Table 1, Supplementary Table S4). Using
SKY and array-CGH, we could characterize a complex and
unbalanced rearrangement between chromosomes 1 and
15 that was identical in all 3 foci from patient 5, previously
described as reciprocal translocation t(1;15)(p3?6;92?5)"
(Supplementary Figure S1in S1 File).
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Fig. 1

Most common aberrations and affected pathways in 12 multifocal glioblastomas (GBMs) from 6 patients: (A) Most common copy num-

ber variations (CNVs) and mutations in our cohort per tumor focus (F) and patient (Y-axis) and pathway (X-axis). (B) Frequencies of copy number
variations (CNVs) and mutations mapped to 3 core signaling pathways (framed in black). Abbreviations: Amp, amplification; DDR, DNA damage
response; Hom. Del., homozygous deletion; Mut., mutation; RTK, receptor tyrosine kinase.

The different tumor foci from each patient also shared
gross chromosomal aberrations such as loss of whole
chromosomes, which in principle could also arise indepen-
dently. Therefore, we compared available single nucleotide
polymorphisms (SNP) on chromosome 10 (from panel-
sequencing and Agilent 400K CGH+SNP arrays) between
tumor foci from the same patient;they were hemizygous
and identical between the foci in all cases, showing that
the identical allele of chromosome 10 was lost and indicat-
ing the loss of chromosome 10 to be an early event.

Despite their monoclonal origin, the multifocal GBMs
showed marked genetic heterogeneity. We always found
additional aberrations that were different between foci
from the same patient. The tumor foci from one patient
shared only between 20% and 51% of aberrations (SNVs
and CNVs that were identical between foci based on the
criteria explained above); however, this was significantly
more when compared with tumor foci from all other
patients. Interestingly, Kim et al. found that distant GBM
recurrences had an elevated divergence from the initial
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GBM (<50% of mutations retained) compared with local

= - g recurrences.?’ The considerable divergence between dif-
'% E -FC) ferent tumor foci underlines the genetic instability of GBM
g ) R leading to marked heterogeneity.

X3 he 5= Although we have demonstrated the monoclonal origin

of multifocal GBM in all analyzed patients, of course we can-
not rule out the existence of truly independent occurrences of
multiple GBM lesions in rare cases (eg, in familial tumor syn-
dromes such as Li-Fraumeni syndrome).?8

Comparison of Tumor Foci From the Same Patient
Identifies Early and Late Events in Multifocal
GBM Development

In an effort to better understand the evolution of multifo-
cal GBM, we developed a dendrogram mapping the shared
(early) and different (late) aberrations detected in tumor
foci from the same patients (Fig. 4). Surprisingly, we found
that mutations in frequently affected genes were differ-
ent between foci from the same patient and therefore must
have occurred late and independently during GBM devel-
opment. For example, EGFR amplifications showed differ-
ent breakpoints of the amplified regions between the tumor
foci in 3 patients (Supplementary Figure S3 in S1 File). We
even observed one case with different amplifications of
EGFR in the 2 foci, where only one focus showed amplifi-
cation of EGFRVIII (Supplementary Figures S2 and S3 in S1
File). Although EGFR amplifications were present in differ-
ent tumor foci of the same patient, the different breakpoints
clearly identified them as independent and therefore late
events in GBM. This contradicts a recent study, where the
authors concluded that EGFR amplification and EGFRVIII are
early events in GBM tumorigenesis based on the observa-
tion that these alterations were present in different tumor
areas.?? However, since the methods used in this study did
not define the exact breakpoints of EGFR amplification, it is
also possible that the authors observed independent events
throughout the tumor. We also detected 2 of the most com-
mon oncogenic point mutations in EGFR (ie, ¢.323G>A and
¢.866C>T) in only one of the foci in 3 patients and in patient
6 (in whome we had only one focus) (Supplementary Table
S4).3° Based on allele frequency (approximately 78%-92%),
the mutations must have preceded the amplification of the
EGFR locus. The co-occurrence of EGFR amplifications and
mutations in a single GBM has been reported previously.?’
In our cohort, 5/6 patients presented 2-3 independent EGFR
alterations, underlying the marked heterogeneity of these
tumors and the complexity of EGFR activation in GBM.

Similarly, homozygous CDKN2A/B deletions were found
in all of our patients but were different between the tumor
foci in most cases (Supplementary Figure S3 in S1 File).
We also observed independent occurrence of TP53 and
PTEN mutations and gain of chromosome 7 (see Fig. 4,
Table 1). Furthermore, we found aberrations that always
occurred in only one of the foci and therefore always later
during tumor development, which are likely progression
markers (eg, RB1 mutation or deletion and amplification
of MDM2/CDK4 and PDGFR).

Large-scale studies of glioblastomas found 8 genes to be
significantly mutated across hundreds of samples, including
TP53, PTEN, RB1, NF1, and EGFR, and hence identified them
as necessary drivers.?”3132 Ozawa et al. used mathematical
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modeling of the TCGA dataset and predicted gain of chro-
mosome 7 and loss of chromosome 10 to be early events,
followed by CDKNZ2A loss and/or TP53 mutation, followed
by subtype specific late events (EGFR or PDGFR amplifica-
tion, loss of NF17).33 Kim et al. analyzed the TCGA dataset to
identify clonal (early) and subclonal (late) events by integrat-
ing variant allele fractions and concluded that alterations in
TP53 and PIK3CA/PIK3R1 were likely founder events, while
EGFR, PDGFRA, and PTEN alterations could occur at differ-
ent time points.3* However, our results show that common
events are not necessarily early events in glioblastomagen-
esis but rather could have occurred later and independently
in different subclones. In fact, the only alterations that were
always shared between foci in all patients—and therefore
might be early founder events—were loss of one copy of
chromosome 10 including PTEN and TERT promoter muta-
tions. This is in line with the recent work by Patel et al., who
found chromosome 10 LOH in all 672 individual tumor cells
from 5 primary GBMs, leading them to propose it as an early
event in glioblastomagenesis.® TERT promoter mutations
have been theorized to be an early event in the progres-
sion of hepatocellular carcinoma and follicular thyroid ade-
noma.3%3% A recent study has even found them to precede
chromosome 7 and 10 alterations.®” We suggest that TERT
promoter mutations constitute an early event in the devel-
opment of (multifocal) GBMs based on their high frequency
and their shared occurrence in different tumor foci from the
same patient.3That EGFR mutations and amplifications fol-
low the loss of chromosome 10 in glioblastomagenesis has
been previously hypothesized based on the frequency of
both events and their overlap,333® and our data now confirm
this hypothesis.

The early loss of one copy of PTEN and the occurrence
of the second hit in PTEN after divergence of the tumor
foci suggests that loss of function of one allele of PTEN

might be sufficient for tumor initiation.This is supported by
recent studies showing that loss of one copy of PTEN can
cause tumorigenicity by haploinsufficiency.*® Ozawa et al.
computationally predicted that loss of PTEN is the driving
initial non-disjunction event in GBM on chromosome 10.3%
Another possibility is that a gross chromosomal lesion can
be the initial event in tumorigenesis due to deregulation
of expression of a very large number of genes, which is a
matter of debate in the scientific community.*"*? One could
argue that we may have missed other early (initiating)
events since we did not perform genome-wide sequenc-
ing. However, since primary GBMs have been largely ana-
lyzed by whole-genome and exome sequencing,?37 it is
somewhat unlikely that there are are still unidentified com-
mon early founder events in primary GBM.

Parallel Genetic Evolution of Multifocal GBM

There are 2 possible scenarios for the development of mul-
tifocal GBMs: (i) separation of a subpopulation of tumor
cells within a primary GBM tumor mass at a later stage
of tumor development or (ii) parallel genetic evolution of
GBM tumors from a common tumor precursor cell clone
through accumulation of further aberrations (early sepa-
ration of cell clones). Our results indicate that the latter
scenario is more likely. First of all, there were only 2 com-
mon early events found in all patients: loss of one copy of
PTEN/chromosome 10 and point mutations in the TERT
promoter. Moreover, the alterations in the 3 main GBM
pathways (RTK/MAPK, p53, and RB1) that were present in
all tumors—and therefore presumably necessary drivers—
occurred independently (in parallel) in the different tumor
foci from the same patient (Fig 1 and Fig 4).

Accordingly, we found an enrichment in the same sign-
aling pathways in the 6 tumors that were available for
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Fig. 3 Shared and different copy number variations (CNVs) between 3 tumor foci from patient 5 as detected by array-comparative
genome hybridization (array-CGH). Above: Copy number loss of the long arm of chromosome 10 with identical breakpoints in all 3 foci from
patient 5. The breakpoint area bordered by the blue frame is enlarged on the right and shows the identical breakpoint in all 3 foci at position
[hg19]110q21.2(64,485,714) (indicated by green line). Below: Copy number loss in 9p (log-2-ratio approximately -1) and homozygous deletion of the
area containing CDKN2A/B (log-2 ratio approximately -2) (indicated in grey on the left, enlargement of the region on the right). The breakpoints
for the homozygous deletion of CDKN2A/Bare identical between focus 1 and focus 2 (arr[hg19]9p21.3(21,531,275-22,086,857)x0 indicated by inner
green lines) but dissimilar for focus 3 (arr[hg19]9p21.3(21,983,069-22,125,464)x0; blue lines). The region for loss on 9p (indicated by red lines) was
differentin all 3 foci, indicating 3 different independent and late events in tumor evolution.

expression analysis (including EGF, mechanistic target of
rapamycin [mMTOR], and ErbB signaling pathways as well
as cell cycle and Rb-mediated pathways) (Supplementary
Figure S4 in S1 File). This again suggests that dysregula-
tion of a defined set of core pathways might be impor-
tant for the evolution of multifocal GBMs, which can be
achieved via parallel genetic evolution.

Using a mathematical model based on mutation fre-
quencies in a GBM cohort, Gerstung et al. proposed that
there is no clear linear temporal order of mutation accu-
mulation in GBM.® The authors concluded that the first
mutations occur in TP53, parallel to which EGFR, NF1,
and PTEN mutate, sequentially followed by RB7 and other
mutations.*® Qur results for the first provide experimen-
tal data for a parallel genetic evolution model in GBM. In
line with Gerstung et al., we identified RB17 alterations as

a late event in GBM development that sequentially follows
aberrations in the 3 main pathways. However, our results
suggest that TP53, PTEN, EGFR, and NF1 alterations are
not founder events but rather later events in GBM devel-
opment. While multiple events in a single pathway could
be seen (eg, ¢c-KIT, PDGFRA, and EGFR amplification;
CDKN2A/B deletion and TP53 mutation; CDKN2A/B and
RB1 mutation/deletion), we confirmed that some events
were mutually exclusive (eg, MDM2/CDK4 amplification
and TP53 mutation or RB1 deletion/mutation; NF1 deletion
and EGFR amplification) that have also been described in
primary GBM.27

Since multifocal GBMs genetically resemble pri-
mary GBMs, as we show here and as recently shown,?°
we assume that our findings can be transferred to pri-
mary GBMs and that parallel genetic evolution might
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be accountable for the marked heterogeneity in GBMs.
Recent findings in recurrent GBM, showing different
alterations in key GBM genes and pathways compared
with the initial tumor in some cases, would support this
hypothesis.?’3*This might have important implications for
targeted therapies, especially if directed against specific
mutations.30:44

Chromothripsis Is a Late Event That Occurred
Without TP53 Mutations

Two tumors showed regions with an exceptionally large
number of CNVs indicating chromothripsis (Fig. 5).4° Focus
2 from patient 2 had CNVs alternating between 3 copy num-
ber states on the short arm of chromosome 2 (34 breaks)
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Fig.5 Chromothripsis in 2 tumors using array-comparative genome hybridization (array-CGH). A total of 34 breaks (17 copy number variations
(CNVs) between 2 states (0 and 2) were observed on the short arm of chromosome 2 in focus 2 from patient 2 (topmost on the left framed in blue
and enlarged on the right). The long arm of chromosome 12 in the same patient carried a total of 64 breaks (32 CNVs between 3 copy states: -1,
0, and 4; middle figure framed in blue on the left and enlarged on the right). Amplifications of MYCN (chromosome 2) and MDM2 (chromosome
12) are indicated in the figure. The tumor from patient 6 showed a large number of CNVs between 2 copy number states (0 and -1) involving loss on
chromosome 10 (bottommost framed in blue on the left and enlarged on the right).

and the long arm of chromosome 12 (64 breaks) leading
to amplification of the oncogenes MYCN as well as CDK4
and MDM2, respectively. Interestingly, previous studies on
chromothripsis in neuroblastoma and medulloblastoma
identified their association with high-level amplification of
MYCN.**The other focus from patient 2 did not show these
CNVs, indicating that chromothripsis happened late in the
development of this tumor. Additionally, chromothripsis
was identified in the one focus available from patient 6
in chromosome 10 (Fig. 5). None of the tumors had muta-
tions in TP53 (Supplementary Table S4), nor were there
mutations in the 25 DNA damage sensing and repair genes
included in the lllumina TruSight Cancer Panel. This is in
line with recent results of large scale genomic studies.*®

Conclusion

Studies addressing clonal evolution and heterogeneity of
cancer usually analyze several fragments or subpopula-
tions obtained from different regions of one tumor or even
single cells, assuming that they represent different clonal
subpopulations.?4748 However, this does not guarantee
that these tumor fragments represent individual and inde-
pendent clonal populations that are biologically relevant,

and artifacts may arise from whole genome amplification
necessary for single-cell analyses. Another approach is
the comparison of primary and recurrent tumors; how-
ever, patients with glioblastoma will usually have received
chemo- and radiotherapy. The advantage of using multifo-
cal GBMs in our study is that the different tumor foci are
independent, spatially separated entities that have gone
through a “biological” selection and have given rise to
individual tumor masses without the influence of treat-
ment. We therefore propose that multifocal GBMs serve as
a unique model for studying the tumor evolution and het-
erogeneity of GBM. Although we did not analyze subpopu-
lations within one single focus—and therefore might have
missed events that occurred only in small subclones—this
does not alter our conclusion about late and early events
identified by comparison of the different foci within one
patient.

We propose that multifocal GBM develops early on
from a common precursor with loss of at least one copy of
PTEN and a TERT promoter mutation (and possibly further
unknown founder alterations) through parallel alteration of
the 3 main pathways—RTK/PI3K, p53, and RB1—in differ-
ent cell clones as necessary drivers (but not founders) of
GBM evolution.Therefore, the order of occurrence of these
events might not be important. The parallel genetic evolu-
tion ultimately leads to different tumor cell clones with the
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necessary aggregation of alterations in critical pathways
for the clinical presentation of these highly malignant
tumors. This could then be followed by further alterations
in RB1, MDM2/CDK4, and PDGFRA during GBM progres-
sion. The parallel genetic evolution might also be respon-
sible for the marked intratumoral heterogeneity of primary
GBMs. Since multifocal GBMs are rare tumors, our study is
limited by the small number of cases, and our results need
to be confirmed in future studies.
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