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Abstract
Background.  RNAs within extracellular vesicles (EVs) have potential as diagnostic biomarkers for patients with 
cancer and are identified in a variety of biofluids. Glioblastomas (GBMs) release EVs containing RNA into cer-
ebrospinal fluid (CSF). Here we describe a multi-institutional study of RNA extracted from CSF-derived EVs of 
GBM patients to detect the presence of tumor-associated amplifications and mutations in epidermal growth factor 
receptor (EGFR).
Methods.  CSF and matching tumor tissue were obtained from patients undergoing resection of GBMs. We deter-
mined wild-type (wt)EGFR DNA copy number amplification, as well as wtEGFR and EGFR variant (v)III RNA expres-
sion in tumor samples. We also characterized wtEGFR and EGFRvIII RNA expression in CSF-derived EVs.
Results.  EGFRvIII-positive tumors had significantly greater wtEGFR DNA amplification (P = 0.02) and RNA expres-
sion (P = 0.03), and EGFRvIII-positive CSF-derived EVs had significantly more wtEGFR RNA expression (P = 0.004). 
EGFRvIII was detected in CSF-derived EVs for 14 of the 23 EGFRvIII tissue-positive GBM patients. Conversely, only 
one of the 48 EGFRvIII tissue-negative patients had the EGFRvIII mutation detected in their CSF-derived EVs. These 
results yield a sensitivity of 61% and a specificity of 98% for the utility of CSF-derived EVs to detect an EGFRvIII-
positive GBM.
Conclusion.  Our results demonstrate CSF-derived EVs contain RNA signatures reflective of the underlying 
molecular genetic status of GBMs in terms of wtEGFR expression and EGFRvIII status. The high specificity of the  
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CSF-derived EV diagnostic test gives us an accurate determination of positive EGFRvIII tumor status and is 
essentially a less invasive “liquid biopsy” that might direct mutation-specific therapies for GBMs.
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Importance of the study
In this article we investigate the utility of the EGFRvIII 
mutation as a biomarker in the CSF for patients with 
glioblastomas. This mutation is prevalent in the gli-
oma population, and methods for DNA and RNA iso-
lation from extracellular vesicles have improved our 
ability for detection of genetic alterations in human 
biofluids. The results from our translational investi-
gation into a “liquid biopsy” would allow clinicians 
to not only diagnose EGFRvIII-positive glioblasto-
mas, but also follow patients in the postoperative/

chemotherapy/radiation period for declining levels of 
EGFRvIII in concordance with effective tumor treat-
ment, as well as monitor for increasing EGFRvIII lev-
els upon tumor recurrence. Furthermore, our methods 
may aid in the distinction of tumor necrosis versus 
tumor recurrence found on follow-up radiologic imag-
ing and reduce the need for costly and unnecessary 
biopsy procedures. While EGFRvIII is glioma specific, 
we feel that this approach is applicable to a wide 
range of oncologic conditions.

Extracellular vesicles (EVs) obtained from biofluids, includ-
ing microvesicles and exosomes, can contain tumor-
derived RNAs which may be useful as diagnostic and 
prognostic biomarkers for patients with cancer. These 
EV-derived RNAs are present in many biofluids, includ-
ing serum and cerebrospinal fluid (CSF). Glioblastomas 
(GBMs) are malignant infiltrative primary tumors of the 
central nervous system which release EVs into the serum 
and CSF.1–3 EVs containing RNAs can be readily isolated 
from these biofluids.4 While serum has promise as source 
material for these EV-derived RNAs, CSF analysis offers 
several advantages.3 The CSF biofluid can readily com-
municate with intrinsic brain tumors lying in proximity to 
the ventricular system of brain and its overlying subarach-
noid spaces. Additionally, this fluid generally contains few 
inflammatory or brain-derived cells and is less likely than 
plasma or sera to be co-mixed with EVs of white cell or 
platelet origin, and less likely to contain EVs of non-brain 
tissue origin versus blood EVs. Thus, analyses of CSF-
derived EV RNA offer the potential to detect genetic aber-
rations intrinsic to malignant gliomas.

Two common genetic alterations in glioblasto-
mas are wild-type epidermal growth factor receptor 
(wtEGFR) amplification and EGFR variant (v)III mutation. 
Amplification and overexpression of wtEGFR is present 
in most GBMs and in virtually all of the classical subtype 
GBMs.5 The classical subtype is known to have high-level 
wtEGFR DNA copy number amplifications (97%), as well as 
significant increases (P < 0.01) in wtEGFR RNA expression. 
Furthermore, 23% of classical GBMs harbor the EGFRvIII 
mutation.5 EGFRvIII is the most common mutation of the 
wtEGFR gene and contains a deletion of exons 2 through 
7, resulting in an in-frame deletion of 267 amino acids. 
This deletion leads to a truncated extracellular portion 
of the protein which cannot bind the endothelial growth 
factor ligand. However, the mutation also confers a con-
stitutively active state, and is therefore associated with 

tumor progression through downstream effects separable 
from those of wtEGFR. Amplification of wtEGFR appears 
in about one-third of GBMs, and protein overexpression 
in about one-half of these tumors.5 EGFRvIII expression 
occurs in approximately one-third of GBM.5 Thus, both 
wtEGFR and EGFRvIII have been the subject of targeted 
drug and immunization trials in patients and are of interest 
as GBM-specific diagnostic and prognostic biomarkers.6

Here we assessed whether we could detect, isolate, 
and interrogate CSF-derived EV RNA from patients with 
presumptive GBMs prior to tumor resection. Our multi-
institutional study included the analysis of CSF for EV 
RNA expression of both wtEGFR and EGFRvIII mutation. 
We then compared these CSF data with those of the tis-
sue biopsy “gold standard” to evaluate the sensitivity and 
specificity of this CSF-derived EV RNA as a diagnostic bio-
marker for GBMs.

Materials and Methods

Patient Biospecimens

A consortium of institutions was developed and standard-
ized institutional review board applications and consent 
forms and specimen handling protocols were created for 
the collection of CSF and brain tumor tissue from patients 
scheduled for surgical resection of presumed malignant 
glioma (GBM). All samples were collected with informed 
consent according to the appropriate protocols approved 
by the local institutional review board at each participating 
site. All patients were required to subsequently have con-
firmed pathologic diagnosis of glioblastoma to have tis-
sue and CSF further analyzed in this study. Excluded from 
study were children, patients with presumed GBM who 
were not surgical candidates, patients with recurrent GBM, 
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patients with presumed GBM and intracerebral infections, 
and those with hemorrhagic changes in CSF. CSF sam-
ples from patients diagnosed with de novo primary GBM 
were collected according to surgeon preference and usual 
clinical practice immediately prior to surgery (via lumbar 
puncture) or after opening the dura mater but prior to sur-
gical tumor manipulation. Patients were provided “stand-
ard of care” at participant sites, including fasting prior to 
surgery, and most patients had received (as per practice) 
anti-edema corticosteroids and anticonvulsants, but not 
chemotherapy. A total of 71 patients were included in the 
study.

Pathologic Investigations and Tissue Handling

Two resected pieces of tumor were used from each patient 
as a “gold standard” for amplifications and mutations. 
Multiple tissue samples were used to minimize influence 
of tumor mutation heterogeneity. Tumor samples were col-
lected intraoperatively at the time of tumor manipulation. 
Standard neuropathologic criteria were utilized for tumor 
grading. After frozen section confirmation of glioma and 
confirmation with the pathologist that sufficient material 
had been obtained for clinical diagnostic processing, 2 
additional peanut-sized specimens of tumor were obtained. 
The tumor was accessioned into 1.8 mL cryotubes (Fisher 
Scientific) and stored at −80°C until use. For tumor sam-
ples, 100  ng RNA was analyzed from each resected tis-
sue sample for EGFR and EGFRvIII expression. Genomic 
amplification of EGFR was also characterized in the tissues. 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and 
18S ribosomal RNA (rRNA) were analyzed as controls.

Standard Operating Procedures for CSF EV 
Specimen Handling and Processing

All site investigators received in-person or video train-
ing on tissue and CSF collection and handling proce-
dures. Extracellular vesicles from 4 mL CSF were analyzed 
from each patient. CSF was filtered by slowly passing 
it through a 0.8 μm syringe filter into a 50 mL collection 
tube (Millipore) and aliquoted into each of the specified 
1.8 mL cryotubes (Fisher Scientific), using a transfer pipette 
and stored at −80°C until use. For hemolyzed CSF, CSF 
was transferred to a Centrifuge BD PPT Tube in a balance, 
swing-out rotor type centrifuge at room temperature at 
1500 relative centrifugal force for 10 minutes. Then the CSF 
was filtered through a 0.8 μm syringe filter, aliquoted into 
1.8 mL cryotubes, and stored at −80°C.

Isolation of Extracellular Vesicle RNA

Isolation of RNA from extracellular vesicles was performed 
as previously described with a few modifications.7 Briefly, 
1 mL of serum was transferred to an ultracentrifuge tube, 
diluted 1:3 with cold phosphate buffered saline (PBS) and 
centrifuged at 120 000 g for 80 minutes at 8°C, and the 
supernatant was carefully aspirated without disturbing the 
extracellular vesicle pellet. The pellet was resuspended and 
treated for 15 minutes with 4 U of DNase I  (Ambion) (in 

25 μL of the accompanying buffer). Subsequently, 700 μL 
miRNeasy lysis buffer (Qiazol Reagent) was then added 
to the tube and the RNA was isolated following the man-
ufacturer’s recommendations. After elution of the RNA 
from the column in 30  μL nuclease-free water (Ambion), 
the RNA was precipitated by adding 2.5 volumes of 100% 
ethyl alcohol and 1/10 volume of 3 M sodium acetate (pH 
5.2), and incubated at −20°C for 1 hour. Samples were then 
centrifuged for 20 minutes at 16 000 g and the supernatant 
was removed. The pellet was left to dry at room tempera-
ture and dissolved in 14 μL nuclease-free water and stored 
at −80°C until needed. RNA quality and concentration were 
assessed with the Agilent Bioanalyzer RNA Pico Chip and 
the Nanodrop 2000 (Thermo Scientific). The RNA was 
reverse transcribed and analyzed for EGFRvIII expression 
as well as EGFR, GAPDH, and 18S rRNA.

Tissue Preparation

The RNALater Ice (Ambion) was pre-chilled at −80°C and 
then added to the snap-frozen tumor biopsy (not greater 
than 0.5 cm in thickness) according to the manufacturer’s 
protocol. The biopsy sample (no more than 30 mg) was then 
placed in −20°C for at least 16 hours until ready to isolate.

DNA Extraction from Tissue

The tumor biopsy sample was minced using a motorized 
pestle in a total volume of 800 µL digestion buffer (60 mM 
Tris, pH 8.0, 100 mM EDTA, 0.5% sodium dodecyl sulfate). 
Proteinase K (Qiagen) was then added to a final concentra-
tion of 500 µg/mL, and the sample was mixed by inversion. 
The sample was then incubated at 55°C for approximately 
4 hours with occasional mixing. The sample was subse-
quently transferred to a pre-spun Phase Lock Gel (PLG) 
Heavy tube and one volume of phenol:chloroform (pH 
8) was added. The tube was rapidly inverted for 20 seconds 
and then centrifuged at 16 000 × g for 5 minutes at room 
temperature. The aqueous phase was removed by aspira-
tion and the phenol:chloroform step was performed 2 more 
times. The organic phase was then added to a new pre-
spun PLG Heavy tube, with the addition of one volume of 
pure chloroform to wash off any residual phenol. The tube 
was then rapidly inverted for 20 seconds and subsequently 
centrifuged at 16 000 × g for 5 minutes at room tempera-
ture. The aqueous phase was removed by aspiration and 
the volume of the residual organic phase was noted. One-
tenth of the residual volume of 3M sodium acetate (pH 
5.2) and one volume 100% ethanol was then added, and 
the tube was mixed by inversion at room temperature. The 
sample was then centrifuged at 16 000 × g for 5 minutes 
at room temperature. The aqueous phase was removed by 
aspiration, and the residual pellet was washed once with 
500  µL 70% ethanol and centrifuged again at 16 000  ×  g 
for 5 minutes at room temperature. Residual ethanol was 
removed by aspiration and the pellet was allowed to air-
dry at room temperature before resuspension in Tris/EDTA 
(TE) buffer. The sample was kept at 4°C overnight before 
DNA concentration measurement. Diluted DNA was then 
stored at 100 ng/µL in TE buffer at −80°C.
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25 μL of the accompanying buffer). Subsequently, 700 μL 
miRNeasy lysis buffer (Qiazol Reagent) was then added 
to the tube and the RNA was isolated following the man-
ufacturer’s recommendations. After elution of the RNA 
from the column in 30  μL nuclease-free water (Ambion), 
the RNA was precipitated by adding 2.5 volumes of 100% 
ethyl alcohol and 1/10 volume of 3 M sodium acetate (pH 
5.2), and incubated at −20°C for 1 hour. Samples were then 
centrifuged for 20 minutes at 16 000 g and the supernatant 
was removed. The pellet was left to dry at room tempera-
ture and dissolved in 14 μL nuclease-free water and stored 
at −80°C until needed. RNA quality and concentration were 
assessed with the Agilent Bioanalyzer RNA Pico Chip and 
the Nanodrop 2000 (Thermo Scientific). The RNA was 
reverse transcribed and analyzed for EGFRvIII expression 
as well as EGFR, GAPDH, and 18S rRNA.

Tissue Preparation

The RNALater Ice (Ambion) was pre-chilled at −80°C and 
then added to the snap-frozen tumor biopsy (not greater 
than 0.5 cm in thickness) according to the manufacturer’s 
protocol. The biopsy sample (no more than 30 mg) was then 
placed in −20°C for at least 16 hours until ready to isolate.

DNA Extraction from Tissue

The tumor biopsy sample was minced using a motorized 
pestle in a total volume of 800 µL digestion buffer (60 mM 
Tris, pH 8.0, 100 mM EDTA, 0.5% sodium dodecyl sulfate). 
Proteinase K (Qiagen) was then added to a final concentra-
tion of 500 µg/mL, and the sample was mixed by inversion. 
The sample was then incubated at 55°C for approximately 
4 hours with occasional mixing. The sample was subse-
quently transferred to a pre-spun Phase Lock Gel (PLG) 
Heavy tube and one volume of phenol:chloroform (pH 
8) was added. The tube was rapidly inverted for 20 seconds 
and then centrifuged at 16 000 × g for 5 minutes at room 
temperature. The aqueous phase was removed by aspira-
tion and the phenol:chloroform step was performed 2 more 
times. The organic phase was then added to a new pre-
spun PLG Heavy tube, with the addition of one volume of 
pure chloroform to wash off any residual phenol. The tube 
was then rapidly inverted for 20 seconds and subsequently 
centrifuged at 16 000 × g for 5 minutes at room tempera-
ture. The aqueous phase was removed by aspiration and 
the volume of the residual organic phase was noted. One-
tenth of the residual volume of 3M sodium acetate (pH 
5.2) and one volume 100% ethanol was then added, and 
the tube was mixed by inversion at room temperature. The 
sample was then centrifuged at 16 000 × g for 5 minutes 
at room temperature. The aqueous phase was removed by 
aspiration, and the residual pellet was washed once with 
500  µL 70% ethanol and centrifuged again at 16 000  ×  g 
for 5 minutes at room temperature. Residual ethanol was 
removed by aspiration and the pellet was allowed to air-
dry at room temperature before resuspension in Tris/EDTA 
(TE) buffer. The sample was kept at 4°C overnight before 
DNA concentration measurement. Diluted DNA was then 
stored at 100 ng/µL in TE buffer at −80°C.

RNA Extraction from Tissue

The tumor sample was minced using a motorized pestle 
in a total volume of 700 µL Qiazol (Qiagen). The homogen-
ate was allowed to sit at room temperature for 5 minutes 
to promote dissociation of nucleoprotein complexes. RNA 
was then purified from the sample using the miRNeasy 
extraction kit (Qiagen) according to manufacturer’s rec-
ommendation. Each RNA sample was measured using the 
NanoDrop spectrophotometer and diluted to 100  ng/µL 
prior to storage at −80°C.

Tissue Reverse Transcription

The tissue RNA was reverse transcribed using the VILO 
reverse transcription kit according to manufacturer’s rec-
ommendation. One hundred nanograms of RNA from each 
tissue was reverse transcribed.

CSF Extracellular Vesicle Isolation

Four milliliters of CSF was added to a 13 × 51 mm poly-
allomer tube containing 8 µL RNasin Plus RNase Inhibitor 
(Promega), then adjusted to 5  mL with PBS and incu-
bated for 5 min at room temperature. The samples were 
spun at 120 000 × g for 80 minutes at 8°C (MLS-50 rotor 
in an Optima Max-XP bench top ultracentrifuge; Beckman). 
Deceleration was set to 7. The extracellular vesicle pellet 
was pre-incubated with 8 μL RNase inhibitor in 42 μL PBS. 
Added to each sample was 700 μL Qiazol lysis buffer, and 
RNA was extracted using the miRNeasy micro isolation kit 
(Qiagen) according to manufacturer’s recommendation.

CSF Extracellular Vesicle RNA Reverse 
Transcription

The RNA was reverse transcribed using Sensiscript reverse 
transcriptase (Qiagen) according to manufacturer’s proto-
col and supplemented with 2 μg of T4 gene 32 protein (New 
England Biolabs).

Quantitative PCR for EGFR Amplification and 
EGFRvIII Mutation Detection

Twelve microliters of the RNA isolated from 1 mL of CSF 
were reverse transcribed using the Superscript VILO cDNA 
synthesis kit (Invitrogen), according to manufacturer’s rec-
ommendations. Samples were then preamplified using the 
TaqMan PreAmp Master Mix (Applied Biosystems). Briefly, 
12.5 μL of the cDNA was added to the PreAmp Master Mix 
together with all the genes of interest and preamplified for 
14 cycles, according to the manufacturer’s recommenda-
tions. The samples were then diluted 1:10 and TaqMan 
quantitative reverse transcription PCR was performed on 
all samples for all the selected genes. The amplification 
was performed using ABI PRISM 7500 with the following 
program: 50°C, 2 min; 95°C, 10 min; 40 cycles of 95°C, 15 s, 
60°C, 1 min on standard mode. Logarithmic amplifications 
were interpreted as positive, and relative quantities versus 
GAPDH/18S were reported for each analyzed sample.

Wild-type EGFR primer sequences: 5ʹ-TATGTCCTCATTGC 
CCTCAACA

3ʹ-CTGATGATCTGCAGGTTTTCCA
EGFRvIII primer sequences: 5ʹ-CTGCTGGCTGCGCTCTG
3ʹ-GTGATCTGTCACCACATAATTACCTTTC

Statistical Analysis

Results were analyzed using GraphPad Prism 7.0a and 
R version 3.3.1. All tests were 2-tailed at the 5% signifi-
cance level. For comparison of wtEGFR DNA amplification 
and RNA expression between EGFR-positive and -nega-
tive samples, we used the Wilcoxon signed rank test. For 
comparison of lumbar versus cisternal CSF sensitivity and 
specificity, we used Pearson’s chi-squared test.

Results

Patient Demographics

A total of 71 GBM patients—11 from the UCSD training set, 
60 from the Extracellular RNA Collaborative Testing (ECT) 
validation set—entered the study for analysis, as described 
in Table  1. The median age of the 71 GBM patients was 
61 years, with 51 (72%) being male. These metrics are in 
concordance with the published demographic data for 
glioblastomas.8 Tumor tissue and CSF from the UCSD train-
ing subjects were analyzed for EGFRvIII, while those from 
the ECT validation subjects were analyzed for both wtEGFR 
and EGFRvIII. CSF was collected from one of 2 sites: cister-
nal (40 patients) or lumbar (31 patients). EVs were subse-
quently isolated from the CSF by differential centrifugation 
and visualized by transmission electron microscopy.

Detection of Wild-type EGFR and EGFRvIII

In order to distinguish between wtEGFR and EGFRvIII 
during quantitative (q)PCR analysis, we developed 
primer sequences to target different locations within the 

Table 1  Study demographics for the 71 high-grade glioma patients 
enrolled in the EGFRvIII CSF study

N = 71

Age, median (range) 61 y (21–82)

Gender

  Female 20 (28.2%)

  Male 51 (71.8%)

CSF collection

  Cisternal 40 (56.3%)

  Lumbar 31 (43.7%)

EGFRvIII tissue status

  Positive 23 (32.4%)

  Negative 48 (67.6%)
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protein receptor. Fig. 1 shows that the primer sequence for 
EGFRvIII is at the junction of exons 1 and 8 as a result of 
an in-frame deletion of exons 2–7. This structural change in 
EGFRvIII allows for qPCR analysis distinct from wtEGFR. 
A subject was deemed to have an EGFRvIII-positive tumor 
if either of the 2 tumor samples exhibited logarithmic RNA 
amplification at higher cycle threshold values, as shown 
in Supplementary Figure S1. Of the 71 GBMs analyzed, 23 
(32%) were positive for EGFRvIII in the tumor tissue.

Wild-type EGFR Amplification and Expression in 
Relation to EGFRvIII Tumor Status

We assessed the relative DNA amplification of wtEGFR in 
tissue by qPCR, in relation to EGFRvIII expression in the 
71 GBM patients (4 tissue samples excluded due to no 
DNA analysis). This interrogation revealed that the median 
tumor tissue wtEGFR copy number amplification was 
increased nearly 7.0-fold in EGFRvIII tissue–positive GBMs, 
as depicted in Fig. 2A. When normalized to genomic DNA 
RNaseP, EGFRvIII tissue–positive GBMs (median  =  13.93) 
had significantly greater (P =  0.02, Wilcoxon test) ampli-
fication of wtEGFR DNA, compared with EGFRvIII tissue–
negative GBMs (median  =  2.00). This phenomenon also 
held true when evaluating the relative tissue RNA expres-
sion of wtEGFR in relation to the EGFRvIII tissue status of 
the 71 GBM patients (11 tissue samples excluded due to 
no wtEGFR RNA analysis). EGFRvIII tissue–positive GBMs 
demonstrated nearly a 6.0-fold greater median expres-
sion of wtEGFR mRNA, as depicted in Fig.  2B. When 
normalized to GAPDH mRNA and 18S rRNA, EGFRvIII tis-
sue–positive GBMs (median = 2.2 × 10−2) had significantly 

increased (P = 0.03, Wilcoxon test) expression of wtEGFR 
mRNA, compared with EGFRvIII tissue–negative GBMs 
(median = 3.8 × 10−3). However, despite the large median 
shift, there is considerable overlap in the distributions of 
the wtEGFR expression values between EGFRvIII-positive 
and -negative subjects.

Wild-type EGFR Expression in CSF-Derived EVs 
in Relation to EGFRvIII EV Status

We assessed the relative expression of wtEGFR in CSF-
derived EVs by qPCR, in relation to EGFRvIII RNA expres-
sion in CSF-derived EVs, for the 60 GBM CSF samples 
from the ECT validation cohort (11 patients from the 
UCSD cohort excluded due to no wtEGFR RNA analy-
sis). This investigation revealed that EGFRvIII-positive 
CSF-derived EVs had a 5.5-fold greater median wtEGFR 
mRNA expression, as shown in Fig.  3. When normal-
ized to GAPDH mRNA and 18S rRNA, EGFRvIII-positive 
CSF-derived EVs (median  =  4.2  ×  10−2) had significantly 
increased (P = 0.004, Wilcoxon test) expression of wtEGFR 
mRNA, compared with EGFRvIII-negative CSF-derived EVs 
(median = 7.6 × 10−3).

Correlation Between EGFRvIII Expression in CSF-
Derived EVs and Tumor Tissue

We evaluated the utility of EGFRvIII expression CSF-
derived EVs as a biomarker for tumor EGFRvIII in the 71 
GBM patients (11 tissue samples from the UCSD cohort 
excluded due to no GAPDH and/or 18S cycle thresh-
old values for normalization). This analysis showed that 
EGFRvIII-positive CSF-derived EVs had higher median 
EGFRvIII mRNA expression in their corresponding tis-
sue samples, as seen in Fig.  4. EGFRvIII-positive CSF-
derived EVs (median = 1.2 × 10−2) had significantly greater 
(P = 0.04, Wilcoxon test) expression of EGFRvIII mRNA in 
their matching tumor samples, compared with EGFRvIII-
negative CSF-derived EVs (median = 1.5 × 10−3). Of the 23 
EGFRvIII tissue‒positive GBM samples, 14 demonstrated 
EGFRvIII expression in the EVs of CSF samples, resulting in 
a sensitivity of 61%, as shown in Fig. 5. Of the 48 EGFRvIII 
tissue‒negative GBM samples, only one demonstrated 
expression of EGFRvIII in CSF EVs but not in tissues, result-
ing in a specificity of 98%, as shown in Fig. 5.

Discussion

Here we demonstrate that specific genetic alterations that 
are present in certain high-grade primary glial tumors can 
be detected by analysis of EV RNA. This represents a plat-
form for future analytics using biofluid-derived EVs to pro-
vide a molecular diagnosis of GBMs.

In our study, CSF was obtained shortly before resec-
tion of the primary GBM. The availability of sensitive and 
specific analyses of EGFRvIII in EV-derived RNA from the 
CSF can direct tumor-specific therapies. In this case CSF 
might be obtained from lumbar puncture at the time of MRI 
detection of intracranial mass given that this procedure is 
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Fig.  1  EGFRvIII mutation. Comparison of wtEGFR vs EGFRvIII 
extracellular domains and depiction of target site for EGFRvIII 
PCR primer sequence.
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relatively safe, with appropriate precautions, in patients 
with increased intracranial pressure.9 Importantly, no signif-
icant difference was identified between lumbar and cister-
nal CSF collections with regard to sensitivity (58% and 64%, 
respectively, P =  0.80, chi-squared) and specificity (100% 
and 97%, respectively, P =  0.45, chi-squared) of EGFRvIII 
in EV-derived RNA. This study indicates that EV CSF analy-
sis can be readily performed as part of a standard of care 
approach to glial tumor CSF biofluid sampling. However, 

the relatively low sensitivity of 61% is concerning, given 
the high rate of falsely diagnosing a patient as negative 
for GBM. These results are likely due to the inability of the 
assay to detect such a small amount of EGFRvIII in a pool of 
wtEGFR, and is an area we are continuing to improve upon. 
Notably, the relatively high positive and negative predictive 
values of 93% and 84%, respectively, are more useful to cli-
nicians when screening patients for GBM.

We have concentrated our efforts on the detection of the 
EGFRvIII mutation, which was detected in 21% of CSF sam-
ples and has not been shown to be expressed in normal  
tissue.10 The mutation is produced by an extracellular 
domain deletion of 267 amino acids in exons 2 through 
7 of the EGFR gene. The mutation fails to bind the ligand 
and alters malignancy by downstream signal changes 
seemingly different from those of wtEGFR DNA amplifica-
tion. EGFRvIII is present in 30%‒40% of GBMs and is sel-
dom seen absent wtEGFR amplification.11 Amplification of 
wtEGFR is a unique feature of “primary” de novo GBMs 
but is found in less than 20% of less aggressive anaplas-
tic astrocytoma and is rare in low-grade gliomas.11 Half of 
GBMs contain wtEGFR DNA amplification, and wtEGFR 
RNA overexpression is seen in over three quarters of tis-
sues with amplification.11 This DNA amplification tends to 
be diffusely expressed within the tumor and is more promi-
nent in small cell and oligodendroglial variants of GBM. 
EGFR targeting probes exist for imaging and at least 15 
therapeutic agents are available to target this amplification. 
Although these overexpressions and amplifications have 
been reported, the literature lacks identification and quan-
tification of wtEGFR in tissues or biofluids, for which the 
diagnosis of GBM can be based. This is of great importance, 
as wtEGFR amplification has been shown to be associated 
with a generally poor prognosis and yet amenable to “per-
sonalized” therapies.12,13 This report is the first to provide 
data upon which wtEGFR amplification findings may be 
provided in a fashion less invasive than craniotomy.
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Our study suggests that amplification of wtEGFR can 
be detected in both tissue- and CSF-derived EVs when the 
EGFRvIII mutation is present, but we remain uncertain as 
to whether wtEGFR amplification is an independent or 
codependent diagnostic biomarker of GBM. Tumor wtEGFR 
RNA expression was almost 6.0-fold higher in the EGFRvIII-
expressing tumors. This association between wtEGFR and 
EGFRvIII presence in tissue has been noted by others.14 
A  similar relation was noted between wtEGFR expres-
sion and EGFRvIII expression in CSF, with a 5.5-fold higher 
expression of wtEGFR when the EGFRvIII mutation was 
detected in this biofluid. However, a limitation in our inves-
tigation is the inability to determine the percentage of cells 
within the tumor that have amplified wtEGFR or EGFRvIII, 
which fails to address the degree of heterogeneity.

We note 2 patients who confirmed the known hetero-
geneity of EGFRvIII expression in tumor tissue sampling. 
Patients TUM-0021 and UMH-0021 each contained EGFRvIII 
in only one of 2 biopsy samples. However, patient TUM-
0021 was EGFRvIII positive in CSF-derived EVs, whereas 
UMH-0021 was EGFRvIII negative in CSF-derived EVs. We 
postulate that this inconsistency of EGFRvIII detection in 
tissue reflects sampling error during operative biopsy. This 
issue raises the possibility that EVs in biofluid may provide 
access to a broader representation of tumor genetic altera-
tions compared with point sampling within the tumor. This 
idea was supported by the results of the one patient who 
was deemed false positive for EGFRvIII. Patient UCS-0025 
was noted to be EGFRvIII positive in CSF-derived EVs; how-
ever, both tissue biopsy samples were EGFRvIII negative. 
This patient was noted to have wtEGFR DNA amplifica-
tion in tissue, which correlates with the presence of the 

EGFRvIII mutation, and we suspect there was a sampling 
error resulting in a false negative in tissue instead of a false 
positive in CSF-derived EVs.

Of particular interest was a patient who was categorized 
as a false negative for EGFRvIII but whose CSF-derived EVs 
contained an intriguing finding. Patient UCS-001 was posi-
tive for EGFRvIII in tumor tissue but was negative in CSF-
derived EVs for the classical EGFRvIII mutation. Instead, 
this patient’s CSF-derived EVs were positive for a novel 
EGFR variant which has not yet been reported in the litera-
ture. Sequencing of this new EGFR mutation in both tis-
sue and EV samples demonstrated a unique extracellular 
domain deletion compared with EGFRvIII, and is herein 
referred to as EGFRvVI (see Supplementary Figure S1). 
Interestingly, this patient also had wtEGFR DNA amplifica-
tion in tumor tissue, suggesting that EGFRvVI is also asso-
ciated with an overall amplification of EGFR signaling. This 
highlights the ability to discover de novo mutations in bio-
fluid samples without the need for tissue sampling.

We chose to explore CSF as a source of EVs despite our 
previous experience of EGFRvIII detection in serum-derived 
EVs, as well as the relatively lower diversity of EVs in CSF 
compared with serum. CSF-derived EV studies reflect our 
careful evaluation of extracellular RNA in neurological dis-
eases as part of the NIH Common Fund ExRNA project.15 
Although it may be argued that CSF as a biofluid is not 
“minimally invasive,” both neurosurgeons and neuro-oncol-
ogists are comfortable with the safety of this approach, 
which offers many advantages over brain biopsy. Indeed, for 
malignant brain tumor, CSF-derived EV RNA studies inher-
ently offer distinct advantages over serum-derived EV RNA 
studies, which have been described for other cancers such 
as non‒small cell lung cancer.16 Thus, we envision a path-
way of translation for CSF-derived EV analysis in the clinical 
care of patients with intracranial tumors. A diagnostic bio-
marker from CSF can supplement a clinical exam and MRI 
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EGFRvIII mutation, and we suspect there was a sampling 
error resulting in a false negative in tissue instead of a false 
positive in CSF-derived EVs.

Of particular interest was a patient who was categorized 
as a false negative for EGFRvIII but whose CSF-derived EVs 
contained an intriguing finding. Patient UCS-001 was posi-
tive for EGFRvIII in tumor tissue but was negative in CSF-
derived EVs for the classical EGFRvIII mutation. Instead, 
this patient’s CSF-derived EVs were positive for a novel 
EGFR variant which has not yet been reported in the litera-
ture. Sequencing of this new EGFR mutation in both tis-
sue and EV samples demonstrated a unique extracellular 
domain deletion compared with EGFRvIII, and is herein 
referred to as EGFRvVI (see Supplementary Figure S1). 
Interestingly, this patient also had wtEGFR DNA amplifica-
tion in tumor tissue, suggesting that EGFRvVI is also asso-
ciated with an overall amplification of EGFR signaling. This 
highlights the ability to discover de novo mutations in bio-
fluid samples without the need for tissue sampling.

We chose to explore CSF as a source of EVs despite our 
previous experience of EGFRvIII detection in serum-derived 
EVs, as well as the relatively lower diversity of EVs in CSF 
compared with serum. CSF-derived EV studies reflect our 
careful evaluation of extracellular RNA in neurological dis-
eases as part of the NIH Common Fund ExRNA project.15 
Although it may be argued that CSF as a biofluid is not 
“minimally invasive,” both neurosurgeons and neuro-oncol-
ogists are comfortable with the safety of this approach, 
which offers many advantages over brain biopsy. Indeed, for 
malignant brain tumor, CSF-derived EV RNA studies inher-
ently offer distinct advantages over serum-derived EV RNA 
studies, which have been described for other cancers such 
as non‒small cell lung cancer.16 Thus, we envision a path-
way of translation for CSF-derived EV analysis in the clinical 
care of patients with intracranial tumors. A diagnostic bio-
marker from CSF can supplement a clinical exam and MRI 

images for the diagnosis of GBM while providing molecular 
subclassification of GBM, stratification of patients for tar-
geted therapies, and metrics of response to therapy.

Further CSF studies of EV wtEGFR and EGFRvIII RNA 
expression have the potential to alter the current paradigm 
of GBM diagnosis and treatment. A CSF “liquid biopsy” 
can potentially direct non-operative therapies for specific 
mutations, such as rindopepimut (Celldex) for EGFRvIII-
positive GBMs. Available imaging diagnostic studies are 
relatively limited at providing information necessary for a 
personalized genetic approach to cancer therapy. Although 
imaging studies are improving, MRI is sensitive but of low 
specificity for distinguishing GBM from other intracranial 
lesions, and does not speciate the molecular tumor sub-
type.17 In patients for whom a resection is not planned, a 
positive liquid biopsy may permit directed tumor-specific 
therapy. In some cases, a liquid biopsy may even obviate 
the need for a tissue biopsy by providing sufficient genetic 
information about a tumor for a molecular diagnosis. The 
liquid biopsy approach could also yield an improvement 
over the known morbidity of brain tumor stereotactic tis-
sue biopsy.18 Additionally, future studies may permit bet-
ter understanding of whether EV-based tumor molecular 
genetic sampling may improve upon the known sampling 
error of tissue-based approaches.19

While our methods of centrifuge EV isolation are rela-
tively cumbersome, other approaches, such as precipitation 
and size-exclusion chromatography, are cheaper, faster, and 
nearly as efficient.20 Additionally, we have shown that EVs 
and isolated RNAs are stable enough at room temperature 
for transport prior to analysis.21 This approach suggests the 
potential of EV-based companion diagnostics for personal-
ized medicine approaches to glioma therapy, yielding early 
disease monitoring and treatment assessment via the use 
of “liquid biopsies” to assess drug efficacy.

Our original cohort actually included 81 patients, 10 of 
whom were excluded when final pathology revealed grade 
III glioma. Interestingly, of the 10 grade III glioma patients, 
2 harbored the EGFRvIII mutation in tumor tissue, and 1 of 
these also exhibited EGFRvIII in the CSF. Thus our CSF stud-
ies may ultimately address the issue of grade III gliomas 
with the potential to progress to GBM. Notably, if these 10 
grade III gliomas had been included in the study, the results 
and statistical significance would be relatively unchanged.

In the future there is potential that EV-based RNA analysis of 
CSF could be expanded to develop a diagnostic tool for GBM 
more broadly beyond EGFRvIII positivity. By comparing CSF-
derived EV profiles of miRs and mRNA species that are asso-
ciated with glioma development and progression in the CSF 
of GBM patients and non-oncologic normal controls, we envi-
sion the possibility of a multiplexed extracellular RNA assess-
ment that would improve the sensitivity of the EGFRvIII CSF 
test. Such data could significantly impact the field of neuro-
oncology, as CSF-derived EVs could be utilized not only for 
diagnosing EGFRvIII-positive GBMs, but potentially for distin-
guishing patients with GBM from disease-free patients.
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