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Simple Summary: In this study, we used the RNA sequencing of serum EVs isolated from a large
cohort of IDH-wt glioblastoma patients and cancer-free healthy controls to uncover new biological
tumor markers with prognostic and diagnostic utility. To our knowledge, this is the first study
showing that serum-EV-based biomarker panels can be used to predict/diagnose tumor tissue
status in terms of IDH1 mutation, MGMT promoter methylation, TERT promoter mutation, and
P53 mutation with a high sensitivity and specificity for glioblastoma. These cancer biomarkers are
next-generation precision oncology tools that can be used to (i) predict cancer risk at early stages of
the disease, which might offer patients more options and a better chance at overcoming these deadly
tumors through surgery or other treatment approaches, and (ii) improve patient stratification and
treatment regimes.

Abstract: Glioblastoma is one of the most devastating neoplasms of the central nervous system. This
study focused on the development of serum extracellular vesicle (EV)-based glioblastoma tumor
marker panels that can be used in a clinic to diagnose glioblastomas and to monitor tumor burden,
progression, and regression in response to treatment. RNA sequencing studies were performed using
RNA isolated from serum EVs from both patients (n = 85) and control donors (1 = 31). RNA sequenc-
ing results for preoperative glioblastoma EVs compared to control EVs revealed 569 differentially
expressed genes (DEGs, 2XFC, FDR < 0.05). By using these DEGs, we developed serum-EV-based
biomarker panels for the following glioblastomas: wild-type IDH1 (96% sensitivity/80% specificity),
MGMT promoter methylation (91% sensitivity /73% specificity), p53 gene mutation (100% sensitiv-
ity /89% specificity), and TERT promoter mutation (89% sensitivity/100% specificity). This is the first
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study showing that serum-EV-based biomarker panels can be used to diagnose glioblastomas with a
high sensitivity and specificity.

Keywords: glioblastoma; extracellular vesicles; biomarkers

1. Introduction

Glioblastoma, which includes grade 4 tumors of the central nervous system (CNS)
according to the World Health Organization (WHO), is the most common malignant pri-
mary brain tumor in adults, with a median overall survival of only 16-18 months after the
diagnosis [1]. Glioblastomas comprise a highly malignant group of tumors that commonly
occur in elderly patients (median age at diagnosis, 65 years). Historically, the histopatho-
logical diagnosis of glioblastoma was primarily based on the presence of necrosis and/or
microvascular proliferation in addition to anaplastic features such as prominent cellular
and nuclear atypia, frequent mitotic figures, areas of necrosis, and vascular proliferation.
However, in the most recent WHO CNS 2021 classification, the presence of epidermal
growth factor receptor (EGFR) amplification and/or whole chromosome 7 gain and whole
chromosome 10 loss (+7/—10) and/or telomerase reverse transcriptase (TERT) promoter
mutations indicates a molecular diagnosis of glioblastoma, WHO CNS grade 4, in isocitrate
dehydrogenase (IDH)-wt astrocytic gliomas [2,3].

The WHO 2016 classification of CNS tumors defines specific glioma entities based on
a molecular signature to create optimized prognosis and treatment stratification categories.
According to this classification, the most critical molecular signature for these optimized
categories for the prognosis and treatment stratification of diffuse gliomas is IDH mutation,
and IDH-wt gliomas have a worse prognosis than IDH-mutant gliomas [4-6]. In addition
to these genetic changes, p53 mutation is the most frequent and earliest detectable genetic
alteration and is already present in 60% of precursor low-grade astrocytomas; moreover,
the accumulation of other mutations leads to the malignant progression of glioblastoma
over time [7].

The clinical management of glioblastoma suffers from a lack of early diagnostic tests.
These tumors are mainly diagnosed through the resection/biopsy of the tumor followed
by neuroimaging techniques (e.g., magnetic resonance imaging—MRI). Although surgery
is the gold standard for diagnosis, this approach only provides a temporal and spatial
snapshot of these heterogeneous tumors that displays longitudinal changes due to the
selective pressures of ongoing therapy. Furthermore, treatment efficacy is difficult to eval-
uate in many cases, particularly during early therapy, because therapy-associated tissue
inflammation often resembles the effects of disease progression using MRI (termed pseu-
doprogression) [8]. In addition to pseudoprogression, radionecrosis, tumor progression,
and pseudoresponse can be challenging to differentiate through MRI or positron emission
tomography (PET) scans [9]. As a result, determining the actual progression of the disease
is difficult, which impacts a timely response to treatment failure in patients. This issue has
been a challenge in clinical trials, as no reliable surrogate marker is available for disease
monitoring. Thus, a noninvasive, longitudinal strategy would be instrumental for many
purposes, such as the diagnosis, prognostic assessment, prediction of treatment response,
and assessment of tumor progression, as tissue-based tumor profiles are subject to sampling
bias, providing only a snapshot of tumor heterogeneity, and cannot be obtained repeatedly.
These limitations indicate an unmet need for noninvasive, practical, and flexible approaches
for the clinical monitoring of glioblastoma. Circulating biomarkers are an appealing poten-
tial solution [10]. Therefore, in this study, we focused on developing patient-serum-derived
extracellular vesicle (EV)-glioblastoma tumor marker panels that can be implemented in a
clinic to diagnose glioblastoma and to monitor tumor burden and progression as well as
tumor response to therapy.
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EVs are membrane-bound nanovesicles consisting of small EVs (<200 nm) and
medium/large EVs (>200 nm) that are actively released by both healthy cells and can-
cer cells. EVs are present in biological fluids and are involved in multiple physiological and
pathological processes. EVs consist of a lipid bilayer that contains both transmembrane
and nonmembrane proteins and miRNAs, mRNAs, and either single- or double-stranded
DNA. After docking onto a cell, they deliver cargo and thereby alter molecular activities in
the recipient cells. EVs play a critical role in intercellular communication between distant
cells and participate in several pathological processes of tumor cells, including prolifera-
tion, migration, invasion, and angiogenesis [11-13]. The accessibility of EVs in biofluids,
such as cerebrospinal fluid (CSF) and blood, provides new diagnostic opportunities for
minimally invasive biomarker discovery for glioblastoma. Recent studies have used the
miRNA and mRNA content of EVs as a potential diagnostic tool that can also be used
in genetic subtyping [14-21]. EVs from glioma patients have been shown to be a source
for the detection of clinically relevant prognostic biomarkers, such as IDH1-R132H and
EGFRvVIII, and have been successfully extracted from blood and CSF [14,21-24]. Addi-
tionally, a higher EV concentration in the plasma of glioblastoma patients than in healthy
individuals was demonstrated and linked to tumor recurrence after resection [21]. Overall,
EVs are a potential biomarker to diagnose glioblastoma, monitor disease progression, and
distinguish patients with tumors from both healthy controls and patients harboring other
brain lesions [20,25,26].

In this study, we applied the RNA sequencing of serum EVs isolated from a large
cohort of glioblastoma patients and age-matched cancer-free healthy controls to discover
new tumor markers with diagnostic and monitoring utility. We used the obtained data to
develop cancer panels that can distinguish patients with IDH-wt glioblastoma from controls
and predict TERT promoter mutation, MGMT methylation status, and p53 mutation with a
high sensitivity and specificity.

2. Materials and Methods
2.1. Sample Collection

The Institutional Review Board of Hacettepe University Faculty of Medicine approved
the study (Ethics number: 14/292-25). All participants provided written informed consent
before participating in the study. The study cohort consisted of 91 glioblastoma patients
(52 males, 39 females) and 31 healthy, age- and sex-matched control subjects (14 males,
17 females). Preoperative blood samples were collected in nonadditive tubes at the Depart-
ment of Neurosurgery of Hacettepe University and deidentified using the Neuro-oncology
Tumor Repository. Blood samples were allowed to stand at RT for 60 min and centrifuged
at 1100x g for 15 min at 4 °C. Serum samples were aliquoted into multiple tubes and stored
at —80 °C.

2.2. Isolation and Characterization of EVs
2.2.1. EV and RNA Isolation

After obtaining serum, 1 mL of serum was exposed to RNase (6.25 ug/mL, Thermo
Scientific, Waltham, MA, USA, 12,091,039) for 30 min at RT and centrifuged at +4 °C at
16,000 x g for 10 min. Supernatants were collected and loaded onto columns. TRIzol was
added directly to the columns, and EVs were eluted with Buffer XE. RNA from serum
samples was isolated with an exoRNeasy Serum/Plasma Midi Kit (Qiagen, Germantown,
MD, USA, 77,164) according to the manufacturer’s instructions. RNA concentration deter-
mination and quality checks were performed with small RNA and Pico RNA kits. Serum
(0.5, 1, and 2 mL) was used for optimization. Quantitation prior to RNA sequencing was
performed with an Agilent RNA 6000 Pico Kit.

2.2.2. Nanoparticle Tracking Analysis (NTA)

EV samples were diluted with PBS at appropriate ratios and measured with the
NanoSight NS300 device (NS300, Malvern, UK) [27]. The flow-cell top plate chamber
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temperature was 25 °C. The camera level was adjusted with video recording to minimize
background noise, resulting in an image with a sufficient contrast to identify particles. For
each sample, five different 30 s videos were prepared.

2.3. Western Blotting

EVs were lysed in a 10X RIPA buffer (Cell Signaling, Cat. No. 9806, Danvers, MA,
USA), and a bicinchoninic acid (BCA) assay was used to determine protein concentrations.
Protein samples (50 pg) were separated on 10% sodium dodecyl sulfate—polyacrylamide
gels and transferred to PVDF membranes. The membranes were blocked with 5% skim
milk for 2 h and incubated with primary CD81 (1:1000) (Novus, St. Charles, MO, USA,
Cat. No. DB100-65805), TSG101 (1:1000) (Novus, Cat. No. NB200-112), ALIX (1:200) (Santa
Cruz, Cat. No. sc-53540), and calnexin (1:1000) (Santa Cruz, sc-46669) antibodies overnight
at 4 °C. After washing the unbound primary antibody with 1X TBS-0.1% Tween-20, the
membranes were incubated with a secondary antibody (1:100) (Novus, Cat. No. NB7511)
for 2 h at RT. An ECL Plus Western blotting Detection System (Cat. No. 32106, Thermo
Fisher Scientific, Waltham, MA, USA) was used for visualization. Whole Western blots
were added into Supplemental Material S1.

2.4. Enzyme-Linked Immunosorbent Assay (ELISA)

EV isolates were diluted 1:10, and a PS Capture Exosome ELISA kit (Anti-mouse IgG
POD, #297-79201, Fujifilm, Kanagawa, Japan) was used to quantify CD63 expression. The
CD63 protein concentration (ng/mL) in EV isolates was calculated from a standard curve.

2.5. cDNA Synthesis

We used a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Beverly, MA, USA) to synthesize cDNA from 1000 ng of total RNA. The conditions for
reverse transcription were as follows: step 1, 10 min at 25 °C; step 2, 120 min at 37 °C; and
step 3, 5 min at 85 °C, followed by a 4 °C hold. The reaction mixture was mixed with an
equal amount of RNA (10 pL).

2.6. DNA Preparation

Genomic DNA was isolated from FFPE material using the QlAamp DNA FFPE Tissue
Kit (Qiagen) according to the manufacturer’s instructions.

2.7. Pyrosequencing

The primers used in genotyping experiments are detailed in Supplementary Table S3.

2.8. IDH1 and IDH?2

Portions of the IDH1 and IDH2 genes were amplified, spanning mutation sites in
codon 132 (IDH1) and codon 172 (IDH2), respectively. Thermal cycling consisted of
45 cycles of denaturing (95 °C, 30 s), annealing (53 °C, 30 s), and elongation (72 °C,
30 s) steps, preceded by an initial denaturation step (95 °C, 15 min) and followed by a
final elongation step (72 °C, 6 min). A pyrosequencing analysis was performed with a
PyroMark Q24 Qiagen system. Briefly, single-stranded DNA was prepared from 20 pL
of a biotinylated PCR product with streptavidin-coated Sepharose beads (GE Healthcare,
Chicago, IL, USA) and 0.4 mM of sequencing primers using the PyroMark Vacuum Prep
Tool (Qiagen, Hilden, Germany) according to the manufacturer’s instructions.

2.9. BRAF and H3F3A

Portions of the BRAF and H3F3A genes were amplified, spanning mutation sites in
codon 600 (BRAF) and codons 27 and 34 (H3F3A), respectively. Thermal cycling consisted
of 45 cycles of denaturing (94 °C, 30 s), annealing (60 °C, 45 s), and elongation (72 °C,
30 s) steps, preceded by an initial denaturation step (95 °C, 15 min) and followed by a
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final elongation step (72 °C, 6 min). A pyrosequencing analysis was performed using a
PyroMark Q24 Qiagen system as described above with 0.4 mM of sequencing primers.

2.10. TERT

A portion of the TERT promoter region was amplified, spanning nucleotide positions
—228 and —250. Thermal cycling consisted of 50 cycles of denaturing (94 °C, 30 s), annealing
(60 °C, 30 s), and elongation (72 °C, 30 s) steps, preceded by an initial denaturation step
(95 °C, 15 min) and followed by a final elongation step (72 °C, 10 min). A pyrosequencing
analysis was performed using a PyroMark Q24 Qiagen system as described above with
0.4 mM of sequencing primers.

2.11. MGMT

An EpiTect Bisulfite Kit (Qiagen, Cat. No. 59104) was used for the bisulfite treatment of
genomic DNA. To determine MGMT promoter methylation status, 50 ng of bisulfite-treated
genomic DNA was analyzed using the Therascreen MGMT Pyro Kit (QIAGEN, Cat. No.
971061) according to the manufacturer’s instructions.

2.12. RNA Extraction from Serum EVs

One miilliliter of the serum sample was treated with Rnase (6.25 pg/mL, Thermo
Fisher Scientific, Cat. No. EN0601) for 30 min at RT and centrifuged at +4 °C at 16,000 g
for 10 min. Supernatants were collected and loaded onto spin columns. TRIzol was added
directly to the columns, and EVs were eluted in Buffer XE (Qiagen, Cat. No. 76214). The
exoRNeasy Serum/Plasma Midi Kit (Qiagen, Cat. No. 77144) was used to isolate RNA
from serum EVs.

2.13. Total RNA Sequencing

Before library preparation, Agilent Small RNA (Cat. No. 5067-1548) or RNA 6000
Pico (Cat. No. 5067-1513) kits were used to assess the quality of the RNA samples. A
SMART-Seq Stranded Kit (Cat. No. 634444) was used to generate cDNA libraries from
2.5 ng of total RNA. To avoid a loss of the limited amount of starting material, ribosomal
RNA (rRNA) depletion was performed before the final PCR amplification step. A High
Sensitivity DNA Kit (Agilent Technologies, Santa Clara, CA, USA) was used to verify the
size distribution of the sequencing-ready libraries. The cDNA libraries were quantified
with the Qubit High Sensitivity DNA kit (Invitrogen, Thermo Fisher Scientific, USA). Equal
amounts of indexed 300-400 bp libraries were pooled and paired-end sequenced with
HiSeq 2500 and NovaSeq 6000 sequencers (Illumina, San Diego, CA, USA).

2.14. Analysis of RNA-seq Data

An RNA sequence data analysis, an ROC curve preparation, and LASSO graphs are
presented in Supplementary Material S1. The raw data and the processed gene count tables
are now available through the GEO database (GEO-GSE22851).

3. Results
3.1. Demographic and Clinical Features of the Study Cohort and Transcriptome Analyses of EVs
Derived from Glioblastoma Patient Serum

We designed a study comprising a cohort of 91 glioblastoma patients (52 male,
39 female) and 31 control subjects (14 male, 17 female). All subjects in this cohort were
glioblastoma patients who were newly diagnosed and received no prior treatment or
surgery. All patients were given preoperative dexamethasone (4 mg QID) and antiepileptic
agents (levetiracetam, 500 mg BID). Age- and sex-matched subjects in the healthy control
group were free of any malignancies or systemic diseases. Blood samples were collected
after overnight fasting, and sera were isolated and stored at —80 °C according to the Institu-
tional Review Board protocols approved by the Hacettepe University Faculty of Medicine.
The demographic and clinical features of the patients are summarized in Table 1. We next
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analyzed the status of IDH1, IDH2, p53, BRAF, and H3F3A mutations, MGMT promoter
methylation, and TERT promoter C228T mutation for the tumor specimens, as described in
the Materials and Methods. Portions of the IDH1 and IDH2 genes were amplified, spanning
mutation sites in codon 132 (IDH1) and codon 172 (IDH2), respectively. We found that 85 of
91 patients were IDH1-wt; the IDH1 R132H mutation was found in only 6 patients. These
six IDH1-mutated samples from Table 1 were excluded from this study. We did not detect
IDH2 mutations in our samples. We also performed p53 IHC staining of our samples and
found p53 mutation in 36 of 91 samples (>50% nuclear staining was considered to indicate
mutated p53). MGMT promoter methylation was observed in 42 of 79 patients, and TERT
promoter mutation was observed in 57 of 79 patients. ATRX mutation was detected in 4 of
42 patients. We did not detect mutations in BRAF or H3F3A in our cohort (Table 1).

Table 1. Demographic and clinical features of patients.

Controls Male Female Total # MGMT Status Male Female  Total #
Number of patients 14 17 31 Unmethylated 22 15 37
Age, years 51.5 (27-86) 47 (29-61) Methylated 24 18 42
Median (min.-max.) NA 6 6 12
Glioblastoma TERT Plg;;s),t; r status
Number of patients 52 39 91 Wild-type 11 11 22
Age, years 55.02 (24-84)  54.44 (24-81) Mutant 35 22 57
Median (min.-max.) NA 6 6 12
IDH status (R132H) ATRX status
Wild-type 48 37 85 Wild-type 18 20 38
Mutant 4 2 6 Mutant 1 3 4
NA NA
IDH2 status (R172H) BRATF status (600)
Wild-type 52 39 79 Wild-type 46 33 79
Mutant 0 0 0 Mutant 0 0 0
TP53 status H3F3A status (27/34)
Wild-type 31 24 55 Wild-type 46 33 79
Mutant 21 15 36 Mutant 0 0 0
NA 0 0 0 NA 6 6 12

3.2. RNA Sequencing of Circulating EV's

To identify biological markers that can be used in minimally invasive approaches to
diagnose and monitor glioblastoma, we used a membrane-based affinity binding protocol
to isolate EVs from serum samples of 85 glioblastoma IDH1-wt patients and 31 age- and sex-
matched control subjects and performed total RNA-seq on EVs. EVs were characterized by
a nanoparticle tracking analysis (NTA) and Western blotting using antibodies against three
EV-specific markers, CD63, ALIX, CD81, and calnexin, as negative controls (Supplementary
Figure S1), according to the 2018 International Society for Extracellular Vesicles (ISEV)
guidelines [28]. Representative results from the NTA analysis of the samples are shown in
Supplementary Figure S2. We first isolated EVs from patient serum and compared them to
EVs from control subjects and found a significant increase in protein levels of the EV marker
CD63 in glioblastoma patient sera compared to control sera. The analysis of preoperative
glioblastoma and control samples revealed 569 differentially expressed genes (DEGs), with
an absolute fold-change of 2 and an FDR-adjusted p value of less than 0.05 (Supplementary
Table S1). A heatmap of the 569 DEGs (protein-coding and noncoding) is shown in Figure 1.
Overall, 309 of the 569 DEGs are protein-coding.
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All differentially-expressed genes (569) IDH1 WT glioblastoma vs. control samples
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Figure 1. EV heatmap of glioblastomas compared to control EVs. Comparison of preoperative
glioblastoma serum EVs (n = 85) and control samples (31) revealed 569 differentially expressed
genes (DEGs) with an absolute fold-change of 2 and an FDR-adjusted p value less than 0.05 (2XFC,
FDR < 0.05).

3.3. Serum-Derived EV's from Patients with IDHI-wt Glioblastoma Have Distinct Transcriptomic
Features

To identify a gene signature to classify control subjects and patients with glioblastoma
(i.e., IDH1 wild-type), we used 569 genes differentially expressed between the two groups
as predictors of the diagnosis (0 = control, 1 = glioblastoma). We separated the normalized
(counts per million) expression data into a training set (70% of samples) and testing set (30%
of samples) and used LASSO regression to develop a predictive model. A receiver operating
characteristic (ROC) curve analysis of the test data was used to assess the performance
of the final model. This analysis resulted in 96% sensitivity and 80% specificity, using
24 of the 569 DEGs (Supplementary Table S2) from IDH-wt glioblastoma samples (Figure 2).
Similar regression analyses were also performed for TERT promoter mutation and MGMT
promoter methylation status. As illustrated in Figure 3, the LASSO regression to predict
TERT promoter mutation status (predicting TERT mutant glioblastoma compared to control
samples) revealed 20 predictor genes that together yielded 89% sensitivity and 100% speci-
ficity when applied to the test dataset. The MGMT promoter methylation LASSO regression
(predicting glioblastomas with methylated MGMT promoters compared to controls) yielded
91% sensitivity and 73% specificity for the test dataset, using 17 of 569 genes (Figure 4)
(Supplementary Table S2). Moreover, the p53 gene mutation cancer panel with 15 of
569 genes showed 100% sensitivity and 89% specificity in identifying p53 mutant glioblas-
tomas from control samples when applied to the test dataset (Figure 5).
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RQOC and Precision recall curves for IDH1 WT GBM vs control samples
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Figure 2. Glioblastoma IDH-wt cancer panel. (A) Receiver operating characteristic (ROC) and
(B) precision—recall curves are shown for IDH1 wild-type vs. control samples. A LASSO-penalized
binomial regression model was used, employing 24 of 569 differentially expressed genes as predictors,
resulting in 96% sensitivity and 80% specificity for the detection of IDH1 wild-type glioblastomas in
comparison to control samples. Training data (blue line) and test data (red line) are shown. Dotted
black lines represent the performance of models generated from 100 random permutations of the
response variable.
ROC and Precision recall curves for TERT promoter mutation vs control samples
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Figure 3. Glioblastoma TERT promoter mutation cancer panel. (A) Receiver operating charac-
teristic (ROC) and (B) precision-recall curves are shown for the prediction of TERT promoter
mutation status. A LASSO-penalized binomial regression model was used, employing 20 of
569 differentially expressed genes as predictors, which resulted in 89% sensitivity and 100% speci-
ficity for predicting TERT promoter mutation. Training data (blue line) and test data (red line)
are shown. Dotted black lines represent the performance of models generated from 100 random
permutations of the response variable.
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Figure 4. Glioblastoma MGMT promoter methylated cancer panel. (A) Receiver operating char-
acteristic (ROC) and (B) precision-recall curves are shown for the prediction of MGMT promoter
methylation status. A LASSO-penalized binomial regression model was used, employing 17 of
569 differentially expressed genes as predictors, which resulted in 91% sensitivity and 73% specificity
for predicting MGMT methylation status. Training data (blue line) and test data (red line) are shown.
Dotted black lines represent the performance of models generated from 100 random permutations of
the response variable.
ROC and Precision recall curves for TP53 mutation vs control samples
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Figure 5. Glioblastoma TP53 mutation cancer panel. (A) Receiver operating characteristic (ROC)
curve and (B) precision-recall curve are shown for the prediction of TP53 mutation status. A LASSO-
penalized binomial regression model was used, employing 15 of 569 differentially expressed genes
as predictors, which resulted in 100% sensitivity and 89% specificity for predicting TP53 mutation
status. Training data (blue line) and test data (red line) are shown. Dotted black lines represent the
performance of models generated from 100 random permutations of the response variable.
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TP53-Mutant

IDH1-Wildtype

To compare the dysregulated genes found in each cancer panel, we created a Venn
diagram (Figure 6A). From this analysis, we found ten DEGs specific to IDH1-wt glioblas-
toma, namely, S100A11, AC091932.2, PIGH, AC020910.5, RPS8P6, AC105339.6, AL589986.1,
AL049874.3, CEBPD, and 7Z99496.1. In the TERT promoter mutation cancer panel, we
found four DEGs specific to TERT promoter mutational status: AC103834.1, FP700111.1,
AC021321.1, and RN7SL8P. We found eight DEGs specific to the p53 gene mutation cancer
panel, namely, CDRT7, S100A7L2, AMZ2, AC026202.3, EEF1A1P26, TOMM22P4, RASL11B,
and AC008964.1. The MGMT promoter methylation panel contained five DEGs specific
to patients with MGMT methylation: SHISA8, ARHGAP27P2, AL732314.8, AL133346.1,
and Z93930.3 (Figure 6B). Several DEGs were found in multiple cancer panels. We found
two genes, PSMC1P10 and AL132708.1, specific to patients with IDH1-wt and MGMT-
methylated glioblastoma. Eight genes, AC016737.2, BNC2-AS1, AC007040.1, AC009248.3,
SOCAR, LAGE3, TOMM20L, and FP671120.11, were specific to patients with IDH1-wt
and TERT-promoter-mutated glioblastoma. Three genes, RNA5SP226, IGLV2-8, and
AL390728.3, were specific to glioblastoma patients with p53 mutations and MGMT methy-
lation. Two genes, MTND6P33 and RNU1-2, were specific to glioblastoma patients with
TERT promoter mutations and MGMT methylation. One gene, LARGE-IT1, was specific to
glioblastoma patients with mutations in the p53 gene and the TERT promoter (Figure 6C).
We found multiple DEGs that were present in three or more cancer panels. Two genes,
AC017104.4 and UNC93B7, were found to be specific for patients with IDH1-wt, TERT-
promoter-mutated, and MGMT-methylated glioblastoma. There was one gene, PNPP1,
specific to glioblastoma patients with MGMT methylation and mutations in the p53 gene
and the TERT promoter. Finally, there were two DEGs, RNA5SP145 and AC108449.2,
specific to patients with MGMT methylation, p53 mutation, TERT promoter mutation, and
IDH1-wt glioblastoma (Figure 6D).

B
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Figure 6. Cont.
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Figure 6. (A) Venn diagram of all dysregulated genes (LASSO regression predictors) found in
glioblastoma subgroups compared to controls. (B) Table of genes dysregulated in one glioblastoma
subgroup compared to controls. (C) Table of genes dysregulated in two glioblastoma subgroups
compared to controls. (D) Table of genes dysregulated in three or more glioblastoma subgroups
compared to controls.

4. Discussion

Imaging modalities and tissue biopsies have inherent limitations that render them un-
suitable for use in accurate and timely diagnoses and the monitoring of disease progression
and treatment response. Tissue biopsies require an invasive procedure and can offer only a
snapshot of tumor evolution at a single time point. Imaging modalities are insufficient to
distinguish actual tumor progression from treatment artifacts that mimic progression [8,9];
moreover, they require costly instrumentation and time. For brain tumors, detecting serum
biomarkers was once challenging due to the blood—-brain barrier (BBB), which impedes
the release of tumor entities into the bloodstream, even though the integrity of the BBB is
compromised in patients with high-grade glioma.

Recently, circulating nucleic acids, tumor cells, and vesicles containing RNA, proteins,
and lipids, such as EVs in blood and cerebrospinal fluid, have been under active investiga-
tion [29-31]. Accordingly, in this study, we focused on developing tumor biomarker panels
based on EVs derived from glioblastoma patient serum that can be used at the genetic level
in a clinic to diagnose glioblastomas, monitor tumor burden, and assess progression and
tumor response to therapy.

Glioblastomas release EVs carrying complex biologically active molecules into the
tumor microenvironment, CSE, and bloodstream, and they are thus attractive targets for
biomarkers. Obtaining CSF via a lumbar puncture cannot easily be justified as a routine
procedure for a glioblastoma diagnosis and follow-up care due to the invasiveness of
the procedure and the risk of brain herniation due to the tumor mass effect and other
detrimental complications. Obtaining serum is easier because patients with glioblastoma
have increased levels of circulating EVs. Tumor-specific EV levels and elevated plasma
EV concentrations in glioblastoma patients were found to drop after surgery but rise
again at tumor relapse, suggesting that EV dynamics might reflect disease status [21].
Recently, tumor-specific molecules, such as EGFRVIII protein and mRNA and mutant IDH
mRNA and DNA, were detected in EVs obtained from glioma cell cultures and blood
from glioblastoma patients [14,17,32]. Although these results highlight the diagnostic
potential of EVs, the informative value of mutations in a few selected genes affected by
recurrent hotspot mutations, such as IDH1 or EGFR, is limited to only a subset of patients
harboring these alterations. More comprehensive profiling is necessary to classify tumors
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with unknown genetic alterations and to monitor changes in the genetic and epigenetic
tumor make-up over the course of disease treatment and progression [33].

Reports suggest that exosomal miRNA screening may be used as a predictive biomarker
for glioblastoma patients to monitor response to chemotherapy and drug resistance, and
recent studies have sought to develop a diagnostic panel to diagnose glioblastoma on the
basis of serum samples [34,35]. For example, Manterola et al. found that increased levels
of RNU6-1, miRNA-320, and miRNA-574-3p correlated with a glioblastoma diagnosis
with a specificity and sensitivity of approximately 86% [26]. By using unbiased high-
throughput next-generation sequencing (NGS) and an integrative bioinformatic platform,
Ebrahimkhani et al. detected 26 differentially expressed miRNAs in glioblastoma patients
compared to healthy controls [20]. They selected a panel of seven miRNAs, miRNA-182,
miR-328-3P, miR339-5p, miR340-5p, miR-486-5p, and miR-543, that were able to predict
a glioblastoma diagnosis with 91% accuracy. With a multivariate model, four miRNAs,
miRNA-182, miR-328-3P, miR340-5p, and miR-486-5p, were able to distinguish glioblas-
tomas from healthy controls with 100% accuracy [20]. Moreover, after using on-chip
immunofluorescence to measure the concentrations of the GFAP and TAU proteins in EVs,
Lewis et al. reported that it is possible to differentiate the plasma of controls from that of
glioblastoma patients, with 60% and 94% accuracy, respectively [36].

In this study, we used the RNA sequencing of serum EVs isolated from a large cohort
of IDH-wt glioblastoma patients and healthy controls to uncover new biological markers
with prognostic and diagnostic utility. To date, the most crucial molecular marker of tumors
of the CNS is IDH1/IDH2 mutations, the identification of which is an essential component
of the diagnosis, characterization, and prognosis of diffuse gliomas [37]. In general, an
absence of molecular features of glioblastoma should prompt additional molecular testing
(e.g., testing for BRAF alterations, testing for histone mutations, and methylome profiling)
to achieve a specific diagnosis and to exclude the presence of other IDH-wt gliomas,
such as diffuse midline glioma neuroepithelioid tumors, ganglioglioma, pleomorphic
xanthoastrocytoma (PXA), and pilocytic astrocytoma [2]. Our study excluded H3K27M-
and BRAF V600E-mutated IDH-wt gliomas. Diffuse midline glioma with histone H3K27M
mutation, recognized as grade 4 by the WHO in 2016, represents a group of diffusely
infiltrating gliomas found in midline CNS structures such as the thalamus, brainstem, and
spinal cord [38]. BRAF V600E mutations are more commonly associated with other IDH-
wt gliomas, such as circumscribed neuroepithelioid tumors, ganglioglioma, pleomorphic
xanthoastrocytoma (PXA), and pilocytic astrocytoma. However, 54% to 93% of epithelioid
glioblastomas express BRAF V600E [39]. We describe a gene signature that can distinguish
patients with IDH-wt glioblastoma from healthy controls with a high sensitivity and
specificity. Indeed, our analysis showed 96% sensitivity and 80% specificity for IDH-wt
glioblastoma with a panel of 24 of 569 DEGs (Figure 2). A regression analysis was also
performed for MGMT promoter methylation and TERT mutation status. As depicted
in Figure 4, the MGMT promoter methylation panel showed 91% sensitivity and 73%
specificity for a panel of 17 of 569 genes. As shown in Figure 3, a panel consisting of 20 of
569 genes detected glioblastoma TERT promoter mutations with 89% sensitivity and 100%
specificity. Moreover, the p53 gene mutation cancer panel with 15 of 569 genes showed
100% sensitivity and 89% specificity for differentiating p53 mutant glioblastomas from
control samples when applied to the test dataset (Figure 5). Hence, our panel is highly
sensitive and specific for diagnosing IDH-wt glioblastoma or IDH-wt glioblastoma on the
basis of molecular features according to the WHO grade 4 2021 classification.

4.1. Potential Significance

Considering the existence of challenging situations in which equivocal neuroimaging
studies are unable to indicate a primary diagnosis (for example, differentiating metastatic
brain disease, lymphoma, inflammatory conditions, etc.), noninvasive serum biomarkers
are of great value. Furthermore, monitoring serum biomarkers can be instrumental in
evaluating the response to treatment and, in the differential diagnosis of pseudoprogression
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versus tumor progression, it can even be instrumental in considering the heterogeneous and
genetically evolving nature of glioblastomas. Although the neurosurgeons who performed
this study are advocates of redo surgeries, unfortunately, this approach might be limited
in some cases due to inherent issues related to patient comorbidities and treatment side
effects. In these cases, serum biomarkers have great potential as noninvasive, relatively
inexpensive, safe, and repeatable diagnostic and monitoring tools.

4.2. Limitations

Our initial aim was to develop a panel for use as a serum-based diagnostic tool to
distinguish glioblastoma patients from healthy subjects. Our series of glioblastoma samples
represents IDH-wt tumors without BRAF and H3K27 mutations. The glioblastoma IDH1-wt
panel represented in Figure 2 needs to be further evaluated in IDH1-wt tumors with BRAF
and H3K27 mutations. Additionally, it is likely that the DEGs discovered in this cohort will
change in response to disease progression and treatment. Due to a lack of postoperative
sample data analysis, it is also possible that some of the DEGs might indicate a response to
preoperative surgery treatment. It would be interesting to investigate whether there is a
possible correlation between glioblastoma DEGs and lower grades of gliomas.

5. Conclusions

To our knowledge, this is the first study showing that serum-EV-based biomarker
panels can be used to predict/diagnose tumor tissue status in terms of IDH1 mutation,
MGMT promoter methylation, TERT promoter mutation, and p53 mutation with a high
sensitivity and specificity for glioblastoma. However, an independent validation cohort is
required to investigate whether these cancer panels can be used in a clinic.

This panel was developed using a relatively large cohort with a meticulous follow up
and a detailed study of molecular markers predicted before the 2021 WHO classification
was released. Although our NGS analyses reflect the heterogeneous and diverse nature
of glioblastomas, the panel can efficiently be utilized in the diagnosis of glioblastoma. A
validation cohort involving IDH-wt glioblastomas and BRAF-H3K27-mutated IDH-wt
gliomas is needed. Furthermore, a prospective study should be carried out in the future
to validate the panel for clinical application via the disease monitoring of glioblastoma
patients with evaluations of tumor burden and response to therapy.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/cancers15153782/s1, References [40—49] are cited in the supple-
mentary materials. Figure S1: EV markers; Figure S2: Representative results from the NTA analysis
of the samples; Table S1: The list of differentially expressed genes (DEG); Table S2: The list of DEG in
each panel; Table S3: The list of primers used in genotyping experiments.

Author Contributions: M.M.: Conceptualization, surgical procedures, patient follow up, IRB appli-
cation, patient data collection, supervision, methodology, funding, project administration, writing,
reviewing, and editing. $.H.: Patient data collection, methodology, surgical procedures, and patient
follow up. LI.: Patient data collection, methodology, surgical procedures, and patient follow up. T.A.:
Patient data collection. E.T.: Patient data collection. C.C.-A.: Methodology, NTA, Western blotting,
and ELISA. M.H.: Statistical analysis. K.K.O.: Neuroradiological evaluation. F.S.: Neuropatholog-
ical evaluation. N.S.: Conceptualization, data analysis, review, and editing. T.S.: Pyrosequencing
of glioblastomas. C.H.: RNA sequence data analysis, ROC curve preparation, and LASSO graph
preparation. Z.A., EK., G.G.-T. and A.S.: Extracellular vesicle isolation and characterization (NTA,
WB, ELISA), RNA isolation, cDNA library preparation and NGS, real-time PCR experiments, and
supervision. E.A.-M.: Data analysis, review, and editing. C.C.: Data analysis, review, and editing.
O.S.: Conceptualization, methodology, supervision, project administration, funding acquisition,
and writing—review and editing. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported, in part, by UMN, Medical School, Start-up, 9404, (O.S.).


https://www.mdpi.com/article/10.3390/cancers15153782/s1
https://www.mdpi.com/article/10.3390/cancers15153782/s1

Cancers 2023, 15, 3782 14 of 16

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of Hacettepe University Faculty of
Medicine (14-292/25).

Informed Consent Statement: Informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: The raw data and the processed gene count tables are available through
the GEO database under GSE228512.

Acknowledgments: We would like to thank Juan E. Abrahante Lloréns, (University of Minnesota
Informatics, Institute UMII) for the analysis and processing of the RNA sequencing data.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ostrom, Q.T.; Patil, N.; Cioffi, G.; Waite, K.; Kruchko, C.; Barnholtz-Sloan, ].S. CBTRUS Statistical Report: Primary Brain and
Other Central Nervous System Tumors Diagnosed in the United States in 2013-2017. Neuro-Oncology 2020, 22, 1-42. [CrossRef]

2. Brat,D]J,; Aldape, K.; Colman, H.; Holland, E.C.; Louis, D.N.; Jenkins, R.B.; Kleinschmidt-DeMasters, B.K.; Perry, A.; Reifenberger,
G.; Stupp, R; et al. IMPACT-NOW update 3: Recommended diagnostic criteria for “Diffuse astrocytic glioma, IDH-wildtype,
with molecular features of glioblastoma, WHO grade IV”. Acta Neuropathol. 2018, 136, 805-810. [CrossRef]

3.  Louis, D.N.; Wesseling, P.; Aldape, K.; Brat, D.]J.; Capper, D.; Cree, . A.; Eberhart, C.; Figarella-Branger, D.; Fouladi, M.; Fuller,
G.N,; et al. IMPACT-NOW update 6: New entity and diagnostic principle recommendations of the cIMPACT-Utrecht meeting
on future CNS tumor classification and grading. Brain Pathol. 2020, 30, 844-856. [CrossRef] [PubMed]

4. Yan, H.; Parsons, D.W,; Jin, G.; McLendon, R.; Rasheed, B.A.; Yuan, W.; Kos, I.; Batinic-Haberle, I.; Jones, S.; Riggins, G.J.; et al.
IDH1 and IDH2 mutations in gliomas. N. Engl. . Med. 2009, 360, 765-773. [CrossRef] [PubMed]

5. Louis, D.N,; Perry, A.; Reifenberger, G.; von Deimling, A.; Figarella-Branger, D.; Cavenee, WK.; Ohgaki, H.; Wiestler, O.D.;
Kleihues, P,; Ellison, D.W. The 2016 World Health Organization Classification of Tumors of the Central Nervous System:
A summary. Acta Neuropathol. 2016, 131, 803-820. [CrossRef]

6. Eckel-Passow, J.E.; Lachance, D.H.; Molinaro, A.M.; Walsh, K.M.; Decker, P.A.; Sicotte, H.; Pekmezci, M.; Rice, T.; Kosel, M.L.;
Smirnov, I.V,; et al. Glioma Groups Based on 1p/19q, IDH, and TERT Promoter Mutations in Tumors. N. Engl. ]. Med. 2015, 372,
2499-2508. [CrossRef] [PubMed]

7. Ohgaki, H; Kleihues, P. Genetic pathways to primary and secondary glioblastoma. Am. ]. Pathol. 2007, 170, 1445-1453. [CrossRef]

8. Hygino da Cruz, L.C; Rodriguez, I.; Domingues, R.C.; Gasparetto, E.L.; Sorensen, A.G. Pseudoprogression and pseudoresponse:
Imaging challenges in the assessment of posttreatment glioma. Am. |. Neuroradiol. 2011, 32, 1978-1985. [CrossRef]

9. Strauss, S.B.; Meng, A.; Ebani, E.J.; Chiang, G.C. Imaging Glioblastoma Posttreatment: Progression, Pseudoprogression, Pseudore-
sponse, Radiation Necrosis. Radiol. Clin. N. Am. 2019, 57, 1199-1216. [CrossRef]

10. Alix-Panabieres, C.; Schwarzenbach, H.; Pantel, K. Circulating tumor cells and circulating tumor DNA. Annu. Rev. Med.
2012, 63, 199-215. [CrossRef]

11.  van Niel, G.; D’Angelo, G.; Raposo, G. Shedding light on the cell biology of extracellular vesicles. Nat. Rev. Mol. Cell Biol.
2018, 19, 213-228. [CrossRef] [PubMed]

12.  Lucero, R.; Zappulli, V.; Sammarco, A.; Murillo, O.D.; Cheah, P.S.; Srinivasan, S.; Tai, E.; Ting, D.T.; Wei, Z.; Roth, M.E.; et al.
Glioma-Derived miRNA-Containing Extracellular Vesicles Induce Angiogenesis by Reprogramming Brain Endothelial Cells. Cell
Rep. 2020, 30, 2065-2074.e2064. [CrossRef] [PubMed]

13.  Mathieu, M.; Martin-Jaular, L.; Lavieu, G.; Thery, C. Specificities of secretion and uptake of exosomes and other extracellular
vesicles for cell-to-cell communication. Nat. Cell Biol. 2019, 21, 9-17. [CrossRef]

14. Skog, J.; Wurdinger, T.; van Rijn, S.; Meijer, D.H.; Gainche, L.; Sena-Esteves, M.; Curry, W.T.; Carter, B.S.; Krichevsky, A.M.;
Breakefield, X.O. Glioblastoma microvesicles transport RNA and proteins that promote tumour growth and provide diagnostic
biomarkers. Nat. Cell Biol. 2008, 10, 1470-1476. [CrossRef]

15. Quesenberry, PJ.; Aliotta, J.; Camussi, G.; Abdel-Mageed, A.B.; Wen, S.; Goldberg, L.; Zhang, H.G.; Tetta, C.; Franklin, J.;
Coffey, R.J.; et al. Potential functional applications of extracellular vesicles: A report by the NIH Common Fund Extracellular
RNA Communication Consortium. J. Extracell. Vesicles 2015, 4, 27575. [CrossRef] [PubMed]

16.  Yekula, A.; Minciacchi, V.R.; Morello, M.; Shao, H.; Park, Y.; Zhang, X.; Muralidharan, K.; Freeman, M.R.; Weissleder, R.;
Lee, H.; et al. Large and small extracellular vesicles released by glioma cells. J. Extracell. Vesicles 2020, 9, 1689784. [CrossRef]

17.  Chen, WW.; Balaj, L.; Liau, L.M.; Samuels, M.L.; Kotsopoulos, S.K.; Maguire, C.A.; LoGuidice, L.; Soto, H.; Garrett, M.;
Zhu, L.D,; et al. BEAMing and Droplet Digital PCR Analysis of Mutant IDH1 mRNA in Glioma Patient Serum and Cerebrospinal
Fluid Extracellular Vesicles. Mol. Ther.-Nucleic Acids 2013, 2, €109. [CrossRef]

18.  Westphal, M.; Lamszus, K. Circulating biomarkers for gliomas. Nat. Rev. Neurol. 2015, 11, 556-566. [CrossRef]

19. Lane, R; Simon, T.; Vintu, M.; Solkin, B.; Koch, B.; Stewart, N.; Benstead-Hume, G.; Pearl, EM.G.; Critchley, G,

Stebbing, J.; et al. Cell-derived extracellular vesicles can be used as a biomarker reservoir for glioblastoma tumor sub-
typing. Commun. Biol. 2019, 2, 315. [CrossRef]


https://doi.org/10.1093/neuonc/noaa200
https://doi.org/10.1007/s00401-018-1913-0
https://doi.org/10.1111/bpa.12832
https://www.ncbi.nlm.nih.gov/pubmed/32307792
https://doi.org/10.1056/NEJMoa0808710
https://www.ncbi.nlm.nih.gov/pubmed/19228619
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1056/NEJMoa1407279
https://www.ncbi.nlm.nih.gov/pubmed/26061753
https://doi.org/10.2353/ajpath.2007.070011
https://doi.org/10.3174/ajnr.A2397
https://doi.org/10.1016/j.rcl.2019.07.003
https://doi.org/10.1146/annurev-med-062310-094219
https://doi.org/10.1038/nrm.2017.125
https://www.ncbi.nlm.nih.gov/pubmed/29339798
https://doi.org/10.1016/j.celrep.2020.01.073
https://www.ncbi.nlm.nih.gov/pubmed/32075753
https://doi.org/10.1038/s41556-018-0250-9
https://doi.org/10.1038/ncb1800
https://doi.org/10.3402/jev.v4.27575
https://www.ncbi.nlm.nih.gov/pubmed/26320942
https://doi.org/10.1080/20013078.2019.1689784
https://doi.org/10.1038/mtna.2013.28
https://doi.org/10.1038/nrneurol.2015.171
https://doi.org/10.1038/s42003-019-0560-x

Cancers 2023, 15, 3782 15 of 16

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Ebrahimkhani, S.; Vafaee, F.; Hallal, S.; Wei, H.; Lee, M.Y.T.; Young, PE.; Satgunaseelan, L.; Beadnall, H.; Barnett, M.H.;
Shivalingam, B.; et al. Deep sequencing of circulating exosomal microRNA allows non-invasive glioblastoma diagnosis. NPJ
Precis. Oncol. 2018, 2, 28. [CrossRef]

Osti, D.; Del Bene, M.; Rappa, G.; Santos, M.; Matafora, V.; Richichi, C.; Faletti, S.; Beznoussenko, G.V.; Mironov, A;
Bachi, A.; et al. Clinical Significance of Extracellular Vesicles in Plasma from Glioblastoma Patients. Clin. Cancer Res. 2019, 25,
266-276. [CrossRef]

Garcia-Romero, N.; Carrién-Navarro, J.; Esteban-Rubio, S.; Lazaro-Ibafiez, E.; Peris-Celda, M.; Alonso, M.M.; Guzman-De-Villoria,
J.; Fernandez-Carballal, C.; de Mendivil, A.O.; Garcia-Duque, S.; et al. DNA sequences within glioma-derived extracellular
vesicles can cross the intact blood-brain barrier and be detected in peripheral blood of patients. Oncotarget 2017, 8, 1416-1428.
[CrossRef] [PubMed]

Akers, ].C.; Ramakrishnan, V.; Kim, R.; Skog, ].; Nakano, I; Pingle, S.; Kalinina, J.; Hua, W.; Kesari, S.; Mao, Y.; et al. MiR-21 in
the extracellular vesicles (EVs) of cerebrospinal fluid (CSF): A platform for glioblastoma biomarker development. PLoS ONE
2013, 8, €78115. [CrossRef]

Manda, S.V,; Kataria, Y.; Tatireddy, B.R.; Ramakrishnan, B.; Ratnam, B.G.; Lath, R.; Ranjan, A.; Ray, A. Exosomes as a biomarker
platform for detecting epidermal growth factor receptor-positive high-grade gliomas. J. Neurosurg. 2018, 128, 1091-1101.
[CrossRef]

Chandran, VI; Welinder, C.; Mansson, A.S.; Offer, S.; Freyhult, E.; Pernemalm, M.; Lund, S.M.; Pedersen, S.; Lehtio, J;
Marko-Varga, G.; et al. Ultrasensitive Inmunoprofiling of Plasma Extracellular Vesicles Identifies Syndecan-1 as a Potential Tool
for Minimally Invasive Diagnosis of Glioma. Clin. Cancer Res. 2019, 25, 3115-3127. [CrossRef] [PubMed]

Manterola, L.; Guruceaga, E.; Gallego Perez-Larraya, J.; Gonzalez-Huarriz, M.; Jauregui, P; Tejada, S.; Diez-Valle, R.; Segura, V.;
Sampron, N.; Barrena, C.; et al. A small noncoding RNA signature found in exosomes of GBM patient serum as a diagnostic tool.
Neuro Oncol. 2014, 16, 520-527. [CrossRef] [PubMed]

Vestad, B.; Llorente, A.; Neurauter, A.; Phuyal, S.; Kierulf, B.; Kierulf, P.; Skotland, T.; Sandvig, K.; Haug, K.B.F,; Qvstebg, R. Size
and concentration analyses of extracellular vesicles by nanoparticle tracking analysis: A variation study. J. Extracell. Vesicles
2017, 6, 1344087. [CrossRef] [PubMed]

Théry, C.; Witwer, KW.; Aikawa, E.; Alcaraz, M.].; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F;
Atkin-Smith, G.K.; et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): A position statement of the
International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 2018, 7, 1535750.
[CrossRef] [PubMed]

Ray, A. Liquid Biopsy in Gliomas—A Review. Neurol. India 2020, 68, 1295-1300.

Siravegna, G.; Marsoni, S.; Siena, S.; Bardelli, A. Integrating liquid biopsies into the management of cancer. Nat. Rev. Clin. Oncol.
2017, 14, 531-548. [CrossRef]

Sareen, H.; Garrett, C.; Lynch, D.; Powter, B.; Brungs, D.; Cooper, A.; Po, J.; Koh, E.S.; Vessey, ].Y.; McKechnie, S.; et al. The Role of
Liquid Biopsies in Detecting Molecular Tumor Biomarkers in Brain Cancer Patients. Cancers 2020, 12, 1831. [CrossRef] [PubMed]
Figueroa, ].M.; Skog, ]J.; Akers, J.; Li, H.; Komotar, R.; Jensen, R.; Ringel, F; Yang, I.; Kalkanis, S.; Thompson, R.; et al. Detection of
wild-type EGFR amplification and EGFRVIII mutation in CSF-derived extracellular vesicles of glioblastoma patients. Newuro Oncol.
2017, 19, 1494-1502. [CrossRef] [PubMed]

Maire, C.L.; Fuh, M.M.; Kaulich, K,; Fita, K.D.; Stevic, I.; Heiland, D.H.; Welsh, ]J.A.; Jones, J.C.; Gorgens, A.; Ricklefs, T.; et al.
Genome-wide methylation profiling of glioblastoma cell-derived extracellular vesicle DNA allows tumor classification. Newuro
Oncol. 2021, 23, 1087-1099. [CrossRef]

Shao, H.L.; Chung, J.; Lee, K.; Balaj, L.; Min, C.; Carter, B.S.; Hochberg, FH.; Breakefield, X.O.; Lee, H.; Weissleder, R. Chip-based
analysis of exosomal mRNA mediating drug resistance in glioblastoma. Nat. Commun. 2015, 6, 6999. [CrossRef] [PubMed]
Zeng, A.L.; Wei, Z.Y,; Yan, W.; Yin, ].X.; Huang, X.X.; Zhou, X; Li, R.; Shen, E; Wu, W.N.; Wang, X.E,; et al. Exosomal transfer of
miR-151a enhances chemosensitivity to temozolomide in drug-resistant glioblastoma. Cancer Lett. 2018, 436, 10-21. [CrossRef]
[PubMed]

Lewis, J.; Alattar, A.A.; Akers, ]J.; Carter, B.S.; Heller, M.; Chen, C.C. A Pilot Proof-of-Principle Analysis Demonstrating
Dielectrophoresis (DEP) as a Glioblastoma Biomarker Platform. Sci. Rep. 2019, 9, 10279. [CrossRef]

Galanis, E.; Wen, PY.; de Groot, J.E.; Weller, M. Isocitrate Dehydrogenase Wild-type Glial Tumors, Including Glioblastoma.
Hematol. Oncol. Clin. N. Am. 2022, 36, 113-132. [CrossRef]

Solomon, D.A.; Wood, M.D.; Tihan, T.; Bollen, A.W.; Gupta, N.; Phillips, ].J.; Perry, A. Diffuse Midline Gliomas with Histone
H3-K27M Mutation: A Series of 47 Cases Assessing the Spectrum of Morphologic Variation and Associated Genetic Alterations.
Brain Pathol. 2016, 26, 569-580. [CrossRef]

Andrews, L.J.; Thornton, Z.A.; Saincher, S.S.; Yao, L.Y.; Dawson, S.; McGuinness, L.A.; Jones, H.E.; Jefferies, S.; Short, S.C.;
Cheng, H.Y,; et al. Prevalence of BRAFV600 in glioma and use of BRAF Inhibitors in patients with BRAFV600 mutation-positive
glioma: Systematic review. Neuro Oncol. 2022, 24, 528-540. [CrossRef]

Baller, J.; Kono, T.; Herman, A.; Zhang, Y. CHURP: A Lightweight CLI Framework to Enable Novice Users to Analyze Sequencing
Datasets in Parallel. In Proceedings of the Practice and Experience in Advanced Research Computing on Rise of the Machines
(Learning) (PEARC "19); Association for Computing Machinery: New York, NY, USA, 2019; pp. 1-5. [CrossRef]

Andrews, S. FastQC: A Quality Control Tool for High Throughput Sequence Data. 0.11.2, Released 6/6/14.


https://doi.org/10.1038/s41698-018-0071-0
https://doi.org/10.1158/1078-0432.CCR-18-1941
https://doi.org/10.18632/oncotarget.13635
https://www.ncbi.nlm.nih.gov/pubmed/27902458
https://doi.org/10.1371/journal.pone.0078115
https://doi.org/10.3171/2016.11.JNS161187
https://doi.org/10.1158/1078-0432.CCR-18-2946
https://www.ncbi.nlm.nih.gov/pubmed/30679164
https://doi.org/10.1093/neuonc/not218
https://www.ncbi.nlm.nih.gov/pubmed/24435880
https://doi.org/10.1080/20013078.2017.1344087
https://www.ncbi.nlm.nih.gov/pubmed/28804597
https://doi.org/10.1080/20013078.2018.1535750
https://www.ncbi.nlm.nih.gov/pubmed/30637094
https://doi.org/10.1038/nrclinonc.2017.14
https://doi.org/10.3390/cancers12071831
https://www.ncbi.nlm.nih.gov/pubmed/32650387
https://doi.org/10.1093/neuonc/nox085
https://www.ncbi.nlm.nih.gov/pubmed/28453784
https://doi.org/10.1093/neuonc/noab012
https://doi.org/10.1038/ncomms7999
https://www.ncbi.nlm.nih.gov/pubmed/25959588
https://doi.org/10.1016/j.canlet.2018.08.004
https://www.ncbi.nlm.nih.gov/pubmed/30102952
https://doi.org/10.1038/s41598-019-46311-8
https://doi.org/10.1016/j.hoc.2021.08.007
https://doi.org/10.1111/bpa.12336
https://doi.org/10.1093/neuonc/noab247
https://doi.org/10.1145/3332186.3333156

Cancers 2023, 15, 3782 16 of 16

42.

43.

44.

45.

46.

47.

48.

49.

Bolger, A.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114-2120.
[CrossRef]

Kim, D.; Langmead, B.; Salzberg, S. HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 2015, 12, 357-360.
[CrossRef]

Liao, Y.; Smyth, G.K,; Shi, W. The R package Rsubread is easier, faster, cheaper and better for alignment and quantification of
RNA sequencing reads. Nucleic Acids Res. 2019, 47, e47. [CrossRef]

Bahin, M.; Noél, B.F.; Murigneux, V.; Bernard, C.; Bastianelli, L.; Le Hir, H.; Lebreton, A.; Genovesio, A. ALFA: Annotation
landscape for aligned reads. BMC Genom. 2019, 20, 250. [CrossRef]

Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. edgeR: A Bioconductor package for differential expression analysis of digital gene
expression data. Bioinformatics 2010, 26, 139-140. [CrossRef] [PubMed]

Friedman, J.; Hastie, T.; Tibshirani, R. Regularization Paths for Generalized Linear Models via Coordinate Descent. J. Stat. Softw.
2010, 33, 1-22. [CrossRef] [PubMed]

R Core Team. R: A Language and Environment for Statistical Computing, R Version 4.0.4; R Foundation for Statistical Computing:
Vienna, Austria, 2022. Available online: https:/ /www.Rproject.org/ (accessed on 14 February 2021).

Robin, X.; Turck, N.; Hainard, A.; Tiberti, N.; Lisacek, F,; Sanchez, J.C.; Miiller, M. pROC: An open-source package for R and S+ to
analyze and compare ROC curves. BMC Bioinform. 2011, 12, 77. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1093/nar/gkz114
https://doi.org/10.1186/s12864-019-5624-2
https://doi.org/10.1093/bioinformatics/btp616
https://www.ncbi.nlm.nih.gov/pubmed/19910308
https://doi.org/10.18637/jss.v033.i01
https://www.ncbi.nlm.nih.gov/pubmed/20808728
https://www.Rproject.org/
https://doi.org/10.1186/1471-2105-12-77
https://www.ncbi.nlm.nih.gov/pubmed/21414208

	Introduction 
	Materials and Methods 
	Sample Collection 
	Isolation and Characterization of EVs 
	EV and RNA Isolation 
	Nanoparticle Tracking Analysis (NTA) 

	Western Blotting 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	cDNA Synthesis 
	DNA Preparation 
	Pyrosequencing 
	IDH1 and IDH2 
	BRAF and H3F3A 
	TERT 
	MGMT 
	RNA Extraction from Serum EVs 
	Total RNA Sequencing 
	Analysis of RNA-seq Data 

	Results 
	Demographic and Clinical Features of the Study Cohort and Transcriptome Analyses of EVs Derived from Glioblastoma Patient Serum 
	RNA Sequencing of Circulating EVs 
	Serum-Derived EVs from Patients with IDH1-wt Glioblastoma Have Distinct Transcriptomic Features 

	Discussion 
	Potential Significance 
	Limitations 

	Conclusions 
	References



