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Genome-wide methylation profiling of glioblastoma
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Abstract

Background. Genome-wide DNA methylation profiling has recently been developed into a tool that allows tumor
classification in central nervous system tumors. Extracellular vesicles (EVs) are released by tumor cells and con-
tain high molecular weight DNA, rendering EVs a potential biomarker source to identify tumor subgroups, stratify
patients and monitor therapy by liquid biopsy. We investigated whether the DNA in glioblastoma cell-derived
EVs reflects genome-wide tumor methylation and mutational profiles and allows noninvasive tumor subtype
classification.

Methods. DNA was isolated from EVs secreted by glioblastoma cells as well as from matching cultured cells and
tumors. EV-DNA was localized and quantified by direct stochastic optical reconstruction microscopy. Methylation
and copy number profiling was performed using 850k arrays. Mutations were identified by targeted gene panel
sequencing. Proteins were differentially quantified by mass spectrometric proteomics.

Results. Genome-wide methylation profiling of glioblastoma-derived EVs correctly identified the methylation
class of the parental cells and original tumors, including the MGMT promoter methylation status. Tumor-
specific mutations and copy number variations (CNV) were detected in EV-DNA with high accuracy. Different
EV isolation techniques did not affect the methylation profiling and CNV results. DNA was present inside EVs
and on the EV surface. Proteome analysis did not allow specific tumor identification or classification but iden-
tified tumor-associated proteins that could potentially be useful for enriching tumor-derived circulating EVs
from biofluids.

© The Author(s) 2021. Published by Oxford University Press on behalf of the Society for Neuro-Oncology. All rights reserved.
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Conclusions. This study provides proof of principle that EV-DNA reflects the genome-wide methylation,
CNYV, and mutational status of glioblastoma cells and enables their molecular classification.

Key Points

Importance of the Study

Glioma patients have increased levels of extracellular
vesicles (EVs) in their bloodstream. Circulating tumor-
derived EVs has been recognized as promising tumor
surrogates that carry important biomarkers, such as
tumor-derived RNA, proteins, and DNA. While previous
studies largely focused on identifying tumor-specific
RNA and protein signatures, EV-associated DNA rep-
resents a relatively unexplored source of information.
Here, we demonstrate that EV-DNA faithfully reflects
the DNA methylation class of glioblastoma cells and tu-
mors and thereby allows their molecular classification.

Cancer cells release EVs carrying complex biologically ac-
tive molecules into the tumor microenvironment and blood-
stream. Thus, EVs are being distributed throughout the
body, rendering them attractive targets for liquid biopsies
in cancer patients. We previously showed that patients suf-
fering from glioblastoma and other central nervous system
(CNS) tumors have increased levels of circulating EVs and
that tumor-specific EVs are present in the circulation of
glioma-bearing mice." Furthermore, elevated plasma EV
concentrations in glioblastoma patients were found to drop
after surgery but rise again at tumor relapse, suggesting
that EV dynamics can reflect the disease state.?

EVs comprise different entities, including exosomes,
microvesicles, and large oncosomes.3The molecular cargo
inside EVs consists of proteins, RNA, DNA, and lipids
and is protected from fragmentation and degradation by
the surrounding EV membrane. Much of the recent in-
terest in glioma EVs was triggered by the discovery that
EV-encapsulated RNA and proteins in patient blood can
provide information on the tumor of origin. Studies in gli-
oblastoma patients suggested that miRNA signatures and
tumor-associated proteins identified in EVs from cerebro-
spinal fluid (CSF) or blood could serve as diagnostic bio-
markers.24% Furthermore, tumor-specific molecules, such
as mutant epidermal growth factor receptor EGFRvIII pro-
tein and mRNA, as well as mutant /IDH mRNA and DNA
were detected in EVs obtained from glioma cell cultures

Furthermore, MGMT promoter methylation, genome-
wide copy number variations, and driver mutations
present in original tumors are detectable in EV-DNA
with high accuracy. Proteomic profiling identifies
glioma-associated proteins that may become valuable
for tumor-derived EV enrichment from biofluids to en-
hance the detection sensitivity for tumor-specific ge-
netic alterations. Our findings provide a step toward
diagnostic and therapeutic monitoring of glioma pa-
tients via analysis of EV-DNA.

or liquid biopsies of glioblastoma patients.”'> While these
results highlight the diagnostic potential of EVs, the infor-
mative value of mutations in few selected genes affected
by recurrent hotspot mutations such as IDH7 or EGFR is
limited to only a subset of patients bearing these alter-
ations. A more comprehensive profiling is necessary,
in order to classify tumors with unknown genetic alter-
ations and to monitor changes in the genetic or epigenetic
tumor make-up over the course of disease treatment and
progression.

Studies in other types of cancer have shown that high
molecular weight double-stranded DNA from all chromo-
somes is present in EVs and can reflect the genome-wide
mutational status of parental tumor cells.'>"7 We there-
fore surmised that EV-DNA could be leveraged to obtain
comprehensive information on the mutational status of
gliomas and could also permit DNA methylation profiling,
which is a powerful tool for the classification of brain
tumors.'®

Here we demonstrate that DNA is contained and pro-
tected in EVs secreted by glioblastoma cells, by using
super-resolution single-EV  microscopy. Methylation
array analysis and targeted next-generation sequencing
(NGS) reveal that EV-associated DNA mirrors the com-
plete landscape of mutations and copy number varia-
tions (CNV) present in parental glioma cells as well as
original tumors. The tumor methylation class, as well as



Maire et al. Methylomic and genomic profiling of glioma EV-DNA

MGMT promoter methylation status, can be correctly
determined by analyzing glioblastoma cell-derived
EV-DNA, and different EV isolation techniques yield con-
sistent results.

Materials and Methods
Human Specimens

Glioma tissue and non-tumorous temporal lobe tissue from
patients undergoing epilepsy surgery were obtained as ap-
proved by the medical ethics committee of the Hamburg
chamber of physicians (PV4904, PV5034). Informed written
consent was obtained from all patients.

Cell Culture

Glioblastoma stem-like (GS) cell cultures were es-
tablished and cultured as described previously' and
detailed in the Supplementary Methods. Cell lines
NCH1681 (anaplastic astrocytoma) and NCH551b (glio-
blastoma) were kindly provided by Dr. Christel Herold-
Mende (Heidelberg University Hospital, Heidelberg,
Germany).2°

Isolation and Size Analysis of EVs

EVs were isolated from conditioned medium by differential
centrifugation as described previously?' or by size exclu-
sion chromatography (SEC), and analyzed by nanoparticle
tracking analysis (NTA) as detailed in the Supplementary
Methods.

Imaging Flow Cytometry (IFCM)

EVs were analyzed by IFCM as reported’ and as detailed in
the Supplementary Methods.

Transmission Electron Microscopy (TEM)

The morphology of EVs was analyzed by TEM as detailed in
the Supplementary Methods.

Super-Resolution Imaging of Single EVs

EV-associated DNA was visualized and quantified using
Direct Stochastic Optical Reconstruction Microscopy
(dSTORM) as detailed in the Supplementary Methods.

Methylation Array Analysis

Infinium MethylationEPIC arrays (850k) were used to ob-
tain genome-wide DNA methylation and CNV profiles as
described in the Supplementary Methods.

Mutation Analysis by Gene Panel NGS and
Digital Droplet PCR (ddPCR)

Coding sequences or mutational hot spot regions were ana-
lyzed by NGS and ddPCR as detailed in the Supplementary
Methods.

EV Surface Epitope Analysis

Multiplex profiling of EV surface epitopes was performed
using the MACSPIex assay (Miltenyi Biotec) as detailed in
the Supplementary Methods.

Differential Quantitative Proteomics

Samples were analyzed by differential quantitative pro-
teomics, using a LC-MS/MS system as described in the
Supplementary Methods.

Immunoblot Analysis

Western blot analysis was performed as reported?? and as
detailed in the Supplementary Methods.

Statistical Analysis

One-way ANOVA with post-hoc Bonferroni or Kruskal-
Wallis test with Dunn'’s correction was conducted to com-
pare multiple groups with normal or non-Gaussian sample
distribution. Statistical analyses were performed using
Microsoft Office Excel 2016 or GraphPad Prism 8.

Results
Characterization of Glioma EVs

To obtain tumor cell-derived EVs, we established primary
cell cultures from freshly resected isocitrate dehydro-
genase wild-type (IDHwt) glioblastomas, using serum-
free neural stem cell conditions (Supplementary Table
1)."® Further, we included two IDH-mutant (IDHmut) cell
lines, NCH551b (glioblastoma) and NCH1681 (anaplastic
astrocytoma).? EVs were isolated from conditioned culture
supernatants and their typical cup-shaped morphology?
was proven by electron microscopy (Figure 1A and 1B).
EVs fell within the expected size range of exosomes and
microvesicles (Supplementary Figure 1A) and expressed
tetraspanin markers CD9, CD63, and CD81 (Figure 1C,
Supplementary Figure 1B-E).

To precisely assess the localization and quantify EV-DNA,
we performed super-resolution imaging of single EVs using
dSTORM. To distinguish DNA inside EVs from DNA associ-
ated with the outer membrane, intact EVs were treated with
DNase to digest external DNA and subsequently perme-
abilized to facilitate dye access to internal DNA. EVs were
identified by their expression of CD63 and/or CD81, while
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Fig.1 Extracellular vesicle (EV) isolation and characterization. A, Glioma cells release small EVs from multivesicular bodies (MVB), coordinated
by the endosomal sorting complex required for transport (ESCRT), while larger EVs are generated by membrane budding. Glioma tissue was



Maire et al. Methylomic and genomic profiling of glioma EV-DNA

DNA was detected by nucleic acid dye staining (Figure 1D).
More than 4000 single-EV images were acquired and ana-
lyzed. Without DNase treatment, 95.3% of tetraspanin-
positive EVs exhibited co-localization with DNA, indicating
that nearly all EVs carried DNA. After DNase removal of
external DNA and permeabilization, 76.4% of the EVs con-
tained membrane-protected DNA inside.

The comparison of DNA fragments per EV between
DNase-treated and permeabilized samples (D*/P*, internal
DNA) vs untreated and non-permeabilized samples (D/P-,
external DNA) showed that the amount of DNA inside EVs
was 3.3-fold lower than the amount of DNA on the outer
membrane (D*/P+, mean 8.2 = 33.6 localizations per EV; D~/
P-, mean 26.8 + 87.3 localizations per EV; P<.0001) (Figure
1E). There was no correlation with any particular subtype
of EVs, as defined by staining for CD63 and/or CD81. These
findings indicate that the vast majority of EVs carry DNA,
and that more DNA localizes to the EV surface than the
inside.

DNA Methylome Analysis of Glioma EVs

Next, we determined whether EV-associated DNA reflects
the global DNA methylation pattern of parental glioma
cells and original tumors. DNA was purified from EVs
secreted by cultured glioma cells as well as from corre-
sponding cells and tumors, and was subjected to Infinium
MethylationEPIC BeadChip profiling. Using t-distributed
stochastic neighbor embedding dimensionality reduc-
tion (t-SNE) of normalized methylation intensities in EVs
(n =8), cells (n =8), and tissues (n = 6), we found that EVs
mapped in close proximity to their corresponding parental
cells and tumor tissue (Figure 2A). We then aligned our
samples to the CNS tumor reference database, including
over 2800 reference samples, representative of more than
80 tumor methylation classes.'® All samples derived from
IDHwt tumors clustered in close proximity to the IDHwt
glioblastoma RTKI and RTKII clusters (Figure 2B). EVs and
cells were slightly further outlying than tumors, which
could be either due to the reduced complexity of their
methylome signature without the microenvironmental
component present in tissue samples, or due to sampling
variation between tissue used for direct analysis vs cul-
turing, or due to in vitro cell selection and adaptation.The
methylation patterns of EVs and cells derived from two
IDHmut tumors were most closely related to the cluster of
IDH-mutant high-grade gliomas (Figure 2B).

The Heidelberg brain tumor methylation classifier assigns
unknown CNS tumors to different methylation classes and
subclasses based on prediction scores.?* A score threshold
of >0.5 is required to predict the methylation subclass and
a score >0.9 is required for methylation class family assign-
ment. The family score represents the sum of all subclass
scores generated for a tumor, so that in heterogeneous

tumors the scores for different subclasses are added up.?*
Applying these thresholds, EVs from five of six cases in
which original tissue was available were correctly classified
as glioblastoma IDHwt, and methylation subclasses were
correctly identified as RTKI or RTKII in four cases (Figure
2C). GS-74 cells and EVs were also most closely related
to IDHwt glioblastoma according to Figure 2B and to the
methylation analysis report, however, the methylation class
family score did not quite reach the threshold of 0.9 (cells
0.81, EVs 0.75). In addition, the subclass RTKI did not match
the tissue subclass RTKII (RTKI score: cells 0.77, EVs 0.71).
Notably, the GS-74 culture was difficult to establish because
most cells died before reaching the first passage.Therefore,
in vitro selection and/or intratumoral heterogeneity likely
account for the epigenetic divergence in culture. Similarly,
in case of T101, the tumor was heterogeneous, mapping be-
tween RTKI and RTKII (Figure 2B) and displaying a subclass
score of 0.81 for RTK1 and 0.17 for RTK2. In vitro, this ratio
shifted toward RTK2 (cells: RTKII 0.68, RTKI 0.27; EVs: RTKII
0.62, RTKI 0.33). For IDHmut cell lines no original tissue
was available, however, NCH1681 EVs, cells, and tumor
were correctly classified as IDH-mutant glioma, subclass
high-grade astrocytoma, and NCH551b was also most sim-
ilar to the methylation class IDH-mutant glioma, matching
the subclass IDH-mutant high-grade astrocytoma, al-
though the family score was slightly below the threshold
(cells 0.73, EVs 0.82). EVs and cells from both IDHmut cell
lines displayed methylation of the MGMT promoter, as ob-
served in the majority of IDH-mutant tumors® (Figure 2C,
Supplementary Figure 2). In all other cases, the MGMT pro-
moter methylation status was also identical between EVs,
corresponding cells, and tissues. These findings show that
the methylation pattern of malignant gliomas is maintained
in the EV-DNA, indicating that EV profiling can predict the
methylation class and MGMT status of the original tumor.

CNV Analysis of Glioma EVs

Methylome analysis can also be used to detect copy
number alterations,?* and we compared the CNV pro-
files of all analyzed samples. Heatmap representation of
gains and losses highlights the CNV similarities between
EV-DNA, cells, and matching tissues (Figure 3A). Complete
or partial gains of chromosome 7 were present in all spe-
cimens (Figure 3A and 3B, Supplementary Figure 3). Focal
amplification of the EGFR gene was present in two tu-
mors (T80, T101) but was lost in corresponding cells and
EVs, consistent with the common rapid loss of this alter-
ation in vitro.?6 Hemizygous loss of chromosome 10 was
detected in three tumors (T73,T80,T86) and loss of 10q oc-
curred in two tumors (T74,T90). All chromosome 10 or 10q
losses were maintained and often even more pronounced
in corresponding cells and EVs. Chromosome 10 losses in
the two IDHmut cell lines were also reflected in EVs. Gains

cultured and EVs secreted by tumor cells were analyzed. B, Electron microscopy demonstrates the cup-shaped morphology of EVs (arrows). C,
Detection of CD9, CD63, and CD81 by imaging flow cytometry. D, Direct stochastic optical reconstruction microscopy of EVs identified by CD63 or
CD81 and stained with nucleic acid dye. DNase treatment removed extra-vesicular DNA, and permeabilization accessed intra-vesicular DNA. E,
Quantification of the number of DNA fragment localizations per EV, based on co-localization with CD63 and/or CD81. Box plots with 10-90 percen-
tile (whiskers), median (line) and 25-75 percentile (box); ****P<.0001, Kruskal-Wallis analysis.
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Fig. 2 DNA methylation profiling of EV-DNA. A, t-SNE analysis of genome-wide methylation profiles. B, Comparison of samples to the CNS
tumor reference cohort'® (left). All samples from IDHwt tumors EVs, cells (C), and tumors (T), cluster in close spatial proximity to RTKI and RTKII
reference clusters, while cells and EVs from IDHmut tumors cluster with IDH-mutant high-grade astrocytomas (right, magnified glioma clusters).

C, Summarized results of methylation profiling reports. Abbreviations:

EV, extracellular vesicles; IDHwt, isocitrate dehydrogenase wild-type;

t-SNE, t-distributed stochastic neighbor embedding dimensionality reduction.

of chromosome 20 were present in two tumors (T80, T101)
and were also found in corresponding cells and EVs. Gains
of chromosome 19 were absent in original tumors but be-
came apparent in cells and EVs derived from three tumors
(T73,7T80,T101), indicating that they were selected for by in
vitro culturing.

In addition to larger chromosomal losses, hemizygous
gene deletions and focal high-level amplifications
were also maintained in EV-DNA. Homozygous dele-
tion of CDKN2A/B was present in four tumors as well
as in cells and corresponding EVs (T73, T80, T86, T101)
(Supplementary Figure 3). Other amplifications detected
in EVs affected MDM2 (T90 tumor, cells, and EVs), MYCN
(T74 cells and EVs only), and PDGFRA, MYC, CCND2, and
CDK4 (NCH551b cells and EVs). Collectively, tumors, cells,

and EVs displayed highly similar CNV profiles. Any diver-
gences usually occurred between tumors and cells, rather
than between cells and EVs and are therefore most likely
due to sampling heterogeneity and/or in vitro selection.

Mutation Analysis of Glioma EVs

All samples were subjected to gene panel NGS
investigating 47 genes recurrently altered in gliomas and
to ddPCR for detecting TERT promoter mutations. The
somatic origin of DNA sequence alterations was deter-
mined through public databases (Supplementary Table 2).
Heatmap representation of the variant allele frequencies
(VAF) highlights the similarities between EV-DNA, cells,
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Fig.3 CNV analysis of EV-DNA. A, Heatmap representation of genome-wide copy number gains and losses inferred from the DNA methylation
analysis. B, Example of CNV profiles for tumor T90 with corresponding cells and EVs. Abbreviations: CNV, copy number variations; EV, extracel-

lular vesicles.

and matching tissues (Figure 4). All IDHwt tumors carried
TERT promoter mutations, and these were readily detect-
able in EVs (Figure 4, Supplementary Table 2). PTEN mu-
tations occurred in three tumors, and the frequency of the
mutated allele was even higher in cells and EVs in vitro,
similar to the VAF of mutated TP53, RB1, or CDKNZ2A in four
other cases (Figure 4). The IDH mutation in two cell lines
was also present in EVs, as well as several other mutations
in these lines, including TP53, ATRX, CIC, and PDGFRA. In
only one case a tumor mutation (NF7) was not detected in
EVs or cells, however, the VAF in the tumor was very low

(6.9%) so that sampling bias and subclonal heterogeneity
likely explain the disappearance in culture.

NGS further confirmed relevant copy number alter-
ations in many samples, such as homozygous dele-
tion of CDKN2A/B or PTEN, or amplification of MDM2 or
EGFR (Supplementary Table 2), however, methylation ar-
rays were generally more informative and sensitive in
detecting CNV. In summary, these findings demonstrate
that comprehensive mutational profiling of EVs is fea-
sible and that mutations in original tumors are retained
in EV-DNA.
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Proteomics of Glioma EVs

Previous studies suggested that specific proteins are en-
riched in plasma EVs from glioblastoma patients compared
to healthy individuals and could provide a glioblastoma-
specific signature.??’ To determine whether glioblastoma
signatures are reflected in EVs, we investigated the protein
content of tissues, cells, and EVs from four glioblastoma
patients by differential quantitative proteomics.

The total number of detected proteins in the EV sam-
ples varied considerably, ranging from 1198 proteins in
EVs from tumor T84 to only 243 proteins in EVs from T111
(Figure 5A, SupplementaryTable 3). Of 323 proteins present
in at least 3 of 4 EV specimens, 270 were also detected in
tumor tissue and cells (Figure 5B, Supplementary Figure
4A). Unsupervised clustering of these proteins showed that
tumor cells and EVs each clustered together and that tu-
mors and cells have more in common than they have with
EVs (Figure 5C). Correlation analysis confirmed the simi-
larity within the three sample groups but did not show any
consistent correlations between EVs and corresponding
cells or tumors (Figure 5D, Supplementary Figure 4B and
C). Although EVs from T84 and T112 were most closely re-
lated to their respective parental tumors, EVs fromT84 also
exhibited closest similarity with T80 and T111, followed by

EVs from T112. Similar results were obtained when com-
paring EVs and cells, indicating that the higher number of
total proteins in two EV preparations and their quantitative
overlap with tissue and cellular proteins is responsible for
the correlations rather than the specific composition of the
protein profiles (Figure 5D, Supplementary Figure 4B-D).
In order to identify proteins that could be useful to spe-
cifically enrich glioblastoma-derived EVs, we compared
the proteins contained in glioblastoma samples to four
samples of non-tumorous white matter tissue and as-
sessed their overlap with EV proteins. In total, 1999 pro-
teins were detected in >3 white matter samples as well as
in >3 glioblastoma samples (Figure 5E and 5F). Of the pro-
teins that were either exclusively present in glioblastomas
or upregulated >2-fold in tumors vs white matter, 114 were
also detected in >3 EV samples (Figure 5G). Gene ontology
(GO) analysis showed that many of these proteins were re-
lated to vesicles or extracellular matrix (ECM) interactions
(Supplementary Figure 5A and B). The ECM proteins in-
cluded tenascin, fibronectin, vimentin, collagen, SPARC,
and ECM-binding molecules, such as CD44 or integrin-f31
(Supplementary Table 4). Other proteins included nestin,
pleiotrophin, midkine, profilin-1, tetraspanin-14, cathepsin
B, moesin, filamin A, transgelin-2, myosin-9, S100-A6, and
others. These findings demonstrate that while proteomic
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EV analysis does not allow tumor specification, it can iden-
tify proteins potentially useful for enriching glioma EVs.

EV Methylome Analysis Is Not Affected by
Different Isolation Techniques

An important point to consider is that the EV protein and
DNA methylation profiles may be affected by EV isola-
tion techniques, and it is a much-debated controversy in

the International Society for Extracellular Vesicles (ISEV)
how to optimize and standardize isolation methods across
different laboratories to obtain comparable results. To in-
vestigate the effects of different isolation techniques, we
divided culture supernatants into three aliquots. Large
vesicles were pelleted through centrifugation at 10,000 x
g (10k EVs), while small EVs were either isolated by SEC
EVs or by ultracentrifugation at 100,000 x g (100k EVs)
(Figure 6A). Particle yields were highest when using SEC,
and the morphology of SEC EVs was indistinguishable
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from 100k EVs, while 10k EVs tended to be larger and had
the lowest yield (Supplementary Figure 6A-C). EVs pre-
pared by all techniques were positive for CD9, CD63, and
CD81, but levels were lowest in 10k EVs (Figure 6B). EV pu-
rity was substantiated by the absence of the Golgi marker
GM130, while the microvesicle marker ANXA1 was present
in 10k EVs. GAPDH, which is involved in EV biogenesis,
was mainly present in SEC EVs. Characterization of EV
surface epitopes using a multiplex flow cytometry assay
showed that 10k EVs clustered separately, whereas SEC
EVs and 100k EVs were virtually indistinguishable (Figure
7C, Supplementary Figure 6D). Multiplex profiling con-
firmed that CD44 and integrin -1, which were identified as
upregulated in glioblastomas vs white matter and present
in EVs by proteomic analysis, were detectable on the EV
surface by specific antibodies, suggesting that they could
potentially be useful for enriching glioma EVs (Figure 6C).
Identical volumes of starting material were used for DNA
extraction and the yield was highest for SEC EVs (Figure
6D). Methylation analysis of EV-DNA from GS-90 and
GS-101 showed that all three EV samples derived from
the same cell line clustered virtually on the same spot,
indicating high similarity between their methylation pro-
files (Figure 6E). All EV preparations from GS-101 were
classified as IDHwt glioblastoma, subclass RTKIIl. 100k EV's
from GS-90 were correctly classified as IDHwt glioblas-
toma RTKI, although classification scores for SEC EVS and
10k EVs were borderline (RTKI score: 100k EVs 0.97, SEC
EVs 0.65, 10k EVs 0.46). CNV profiles of differently isolated
EVs were also very similar and neither isolation technique
appeared to be superior (Supplementary Figure 7).

Discussion

Elevated circulating levels of EVs have been observed
in patients with glioblastoma and other types of cancer,
and circulating tumor-derived EVs could be a valuable bi-
omarker source to monitor treatment response and aid
tumor diagnosis.>?® While previous studies on glioma
EVs largely focused on their proteome and RNA con-
tent, DNA analyses were so far limited to the detection of
IDH1 mutations.® Our study presents the following major
findings: (1) genome-wide DNA methylation analysis of
EV-DNA allows correct tumor identification and glioma
subtype classification as well as the determination of the
MGMT promoter methylation status; (2) DNA copy number
alterations can be extracted from EV-DNA methylome
analysis; (3) targeted gene panel NGS allows the detection
of glioma-associated mutation profiles, including poten-
tially targetable driver mutations; (4) different EV isolation
techniques yield comparable methylation and CNV results;
(5) DNA is located on the surface as well as inside of EVs;
(6) proteomic EV analysis does not permit specific tumor
identification but recognizes tumor-associated proteins,
potentially useful for enriching glioma EVs.

Our study provides proof of principle that EV-DNA re-
flects genome-wide methylation profiles as well as the
mutational and CNV status of original glioblastomas. All
mutations detected by NGS in original tumors were also
found in EVs, except for a single NF1 mutation which was

limited to a minor subpopulation in the original tumor.
Methylation profiles of all EV samples were highly sim-
ilar to their corresponding parental cells and tumors.
Methylation classes and subclasses of tumors and cells
were correctly identified in EVs in almost all cases. In case
of T101, the methylation class of EVs and cells did not
match the tissue, however, the original tumor was hetero-
geneous, while inT74, massive cell death occurred in early
culture, suggesting that in both cases, subpopulation se-
lection in vitro was responsible for the divergence. EVs,
cells, and tumors displayed very similar CNV profiles, and
any minor divergences occurred at the transition from
tumors to cells rather than between cells and EVs. These
findings demonstrate that EVs reflect the genomic and
epigenetic alterations present in glioblastomas with high
accuracy.

Since EVs of different sizes have been described to con-
tain different amounts of DNA,""2° we compared smaller
EVs isolated by ultracentrifugation or SEC with larger
EVs."730 The EV and DNA vyield was highest when using
SEC. DNA from all three EV preparations displayed very
similar methylation profiles, and all samples were cor-
rectly identified as IDHwt glioblastoma, subclass RTKI or
RTKII, indicating that the quality of methylation analysis
is independent of EV isolation techniques and that epige-
netic marks on EV-DNA are consistent.

Single-EV analysis using dSTORM showed that the
amount of DNA on the surface of EVs was ~3-fold higher
than the internal amount. This topography is consistent
with studies in other cell types (using different techniques),
which also localized the majority of EV-DNA to the sur-
face.?®3! Notably, Thakur et al. found the majority of ex-
ternal EV-DNA from cancer cells to be larger than 2.5 kb,
while internal DNA was mainly in the range of 100 bp to
2.5 kb.'® Although multiple groups provided strong evi-
dence of DNA in EVs,'3-1729.31-33 3 recent report questioned
these findings and suggested that DNA is mainly associ-
ated with non-vesicular components.® Our observation
that even after robust digestion of surface-associated
DNA and any possibly contaminating free-floating DNA,
we still detected DNA in 76.4% of the CD63/CD81-positive
vesicles strongly supports the notion that EVs contain DNA
inside. Further work is necessary to clarify the precise na-
ture of different DNA-carrying vesicles and particles (eg,
exosomes, exomeres, microvesicles, oncosomes, apop-
totic bodies, amphisomes, virtosomes).

To our knowledge, only a single study exists that de-
tected mutated DNA in EVs from glioma patient blood, and
the IDH1 mutations were often inconsistent between EVs
and tumors.® Other studies investigated free circulating
tumor DNA (ctDNA) as a source for tumor mutation detec-
tion in CSF or blood. While tumor-specific alterations were
detectable in the majority of CSF samples from high-grade
glioma patients,343® the detection rate of ctDNA in plasma
was <10%,%¢ unless a preselected approach was used in
which mutations were pre-identified in tumor tissue to
create tumor-guided sequencing panels, resulting in a de-
tection rate of 83%.%7 Another recent study showed that
cell-free methylated DNA immunoprecipitation and high-
throughput sequencing (cfMeDIP-seq) of plasma cfDNA
fragments could separate different types of brain tumors,
including IDH-mutant and IDHwt gliomas, meningiomas,
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hemangiopericytomas, and metastases.®® Our results ex-
tend these findings by showing that 850k methylation
array analysis of EV-DNA allows methylation-based clas-
sification of gliomas using the Heidelberg classifier and
that targeted NGS of EV-DNA provides comprehensive in-
formation on genomic tumor alterations.

A major challenge in obtaining tumor-specific epige-
netic and genetic profiles from circulating tumor EV-DNA
as well as ctDNA is that both are rare in patient plasma,
compromising detection sensitivity. Glioma EVs con-
stitute <10% of the total EV pool in patient plasma.®®
However, tumor-derived EVs may potentially be isolated
or enriched via capture of tumor-associated surface pro-
teins. Our proteomic analysis showed that protein signa-
tures in EVs could not identify the tumors of origin and
EV samples with high total numbers of proteins correl-
ated better with tissue and cells, regardless of their cor-
respondence. However, we identified 104 proteins as
upregulated in glioblastomas and present in EVs. Among
these were CD44 and integrin-f1, confirming previous
findings by others,*®4" and these were also detected on
the EV surface by multiplex flow cytometry. Other prom-
ising candidates included nestin, tenascin, profilin-1,
tetraspanin-14, and annexin A2. These data show that
while proteomic EV analysis provides only limited in-
sight into the specific biology of corresponding tumors,
it may facilitate surface marker identification for the de-
velopment of enrichment techniques, which are greatly
needed for blood-based EV analysis.

In conclusion, our study demonstrates that DNA ex-
tracted from glioma EVs allows comprehensive methyl-
ation profiling and glioma subtype assignment as well
as detection of tumor-specific genome-wide mutations
and CNVs. Limitations of this proof of principle study in-
clude the small cohort size and the in vitro approach. In
some of the analyzed cases, sampling variation between
tissue used for tumor analysis vs cell culturing, as well as
in vitro selection, apparently accounts for partial genetic
and epigenetic divergences between tumors and cells/
EVs. Presumably, tumor-derived EVs circulating in patient
blood or CSF better reflect the full spectrum of heteroge-
neity present in original tumors. Further studies in larger
numbers of patients are necessary to investigate how EVs
in patient biofluids can be used for tumor classification and
disease monitoring, and whether EV enrichment via cap-
ture of glioma-associated proteins may aid in this task.
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Supplementary material is available at

Neuro-Oncology online.
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