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Abstract  
Development of biofluid-based molecular diagnostic tests for cancer is an important step 
towards tumor characterization and real-time monitoring in a minimally invasive fashion. 
Microvesicles are released from tumor cells into body fluids and can provide a powerful 
platform for tumor biomarkers since they carry tumor proteins and nucleic acids. 
BEAMing (beads, emulsion, amplification, magnetics) PCR is substantially more 
sensitive than many other assays for detecting single nucleotide mutations when there is a 
significant background of wild-type sequences. Here, we describe a novel approach that 
uses BEAMing RT-PCR to interrogate mRNA sequences contained within microvesicles 
from serum and cerebrospinal fluid (MV-BEAMing). Using MV-BEAMing, we were 
able to reliably detect and quantify the amount of mutant and wild-type IDH1 transcripts 
in cerebrospinal fluid of patients with gliomas. MV-BEAMing could be used as a 
valuable new tool for cancer diagnostics which can be applied to a variety of biofluids 
and neoplasms. 
 
Introduction 

In cancer diagnostics there has been growing interest in using circulating tumor-derived 
nucleic acids as a source for tumor-specific biomarkers. This approach is attractive 
because it allows detection of genetic mutations in the tumors and measures the 
proportion of mutant sequences in the sample. This analysis done in biofluids instead of 
biopsy tissue would be less invasive and enable longitudinal measurements to monitor 
tumor changes over time. Genetic profiling of mutations and relative abundance of 
certain genes/transcripts in a patient’s tumor can inform choices of targeted molecular 
therapies1, as well as monitor the tumor’s response and/or resistance to treatment in a 
minimally-invasive fashion.  
 
A new promising source of biomarkers for cancer is derived from analysis of 
extracellular vesicles released by the tumor cells into biofluids2. Collectively termed 
microvesicles (MVs) these include several types of membrane-bound vesicles, such as 
exosomes, shed MVs and apoptotic blebs3. They are actively released from normal and 
tumor cells both in vitro and in vivo

4, with upregulated release from many tumor cells as 
compared to normal cells4-7. MVs contain a diverse repertoire of genetic material and 
protect their cargo from the destructive action of enzymes, such as RNases5, thus 
enabling selective enrichment of nucleic acids from biofluids.  RNA from glioblastoma 
(GBM) serum MVs has previously been used to detect the EGFRvIII mutation5. MVs are 
also found in the cerebrospinal fluid (CSF)8, and tumor-derived CSF MVs may also 
provide valuable biomarker information about the tumor. Several diagnostic techniques 
utilize CSF for analysis, however, most of them do not provide any molecular or genetic 
information on malignancies. In vivo techniques, including CSF cytology, clinical 
findings and neuro-imaging, as well as in vitro techniques like immunocytochemistry, 
flow cytometry and PCR have so far only been informative for leptomeningeal cancers, 
in which tumor cells have spread and disseminated into the CSF9. Large gene/transcript 
deletions like EGFRvIII, are relatively easy to detect in the background of wild-type 
sequences using well optimized allele-specific PCR assays5. In contrast, single nucleotide 
mutations are very difficult to pick up when the fraction of mutated transcripts is low, and 
even well optimized allele-specific PCRs can rarely detect mutations at a frequency of 
less than 1% (ref. 10). To increase the sensitivity of MVs for tumor biomarkers, we 
adapted a well established and highly sensitive form of digital PCR known as BEAMing 
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(Beads, Emulsions, Amplification, Magnetics11) to interrogate the mRNA within MVs for 
the presence of tumor specific mutations. BEAMing PCR is a highly sensitive and 
quantitative technique that has been successfully applied to the mutational analysis of 
circulating DNA even when the mutation is as rare as 0.01% (ref 12-14). However, this 
technology has never before been used to quantify rare mutations at the RNA level or 
been tested on MV nucleic acids.  

 

Analysis was carried out for wild-type, G395 and mutant A395 sequences in the isocitrate 
dehydrogenase 1 (IDH1) transcripts, with the latter resulting in a substitution of arginine 
for histidine at amino acid position 132 (R132H). Functional studies have revealed that 
the H132 mutant protein catalyzes the conversion of α-ketoglutarate into 2-
hydroxyglutarate (2-HG), a suspected oncometabolite15,16. Mutant IDH1 was first 
reported in colorectal cancer17 and has been identified in acute myelogenous leukemia 
and in GBM through  genome wide mutational analysis18,19. A subsequent study found 
mutations in IDH1/2 in almost 80% of grades II – III astrocytomas, oligodendrogliomas 
and secondary GBMs20, with the most common mutant being the R132H substitution. 
Microarray RNA profile analysis indicates that IDH1 mutations in gliomas occur 
primarily in the proneural subtype, making them distinctive from the classical, neural, 
and mesenchymal subtypes which rarely show this mutation21 and suggesting that this 
mutation is critical for prognosis correlation and treatment options. Indeed, mutations in 
the IDH1 gene in all glioma grades, as well as secondary GBMs, predict longer survival 
and better response to temozolomide treatment22,23. Although several studies have 
reported that levels of 2-HG increase up to ~100 fold in glioma cell lines expressing 
mutant IDH124, a recent study looking at the serum levels of 2-HG showed that they did 
not correlate with IDH1/2 mutation status or tumor size in glioma patients25, so looking 
directly at the mutation rather than the metabolite should provide more accurate 
information about the tumor.  Using BEAMing PCR on mRNA from MVs we reliably 
identified the mutant IDH1 mRNA in CSF-derived MVs from patients bearing mutant 
IDH1 glioma tumors. We also showed that CSF-derived MVs from tumor patients have 
higher levels of IDH1mRNA when compared to controls. In conclusion, we report that 
CSF-derived MVs provide a platform for detection of brain tumor specific biomarkers.  

 

Results 

BEAMing strategy. In a proof-of-principle demonstration of MV-BEAMing, we isolated 
MVs from frozen biobanked serum and CSF of patients with grades II, III and IV 
gliomas, as well as controls. The MV RNA was extracted and the quality was assessed 
using a Bioanalyzer (Agilent, Santa Clara, CA). MV-derived RNA was then reversed 
transcribed into cDNA, used as input for RT-PCR and MV-BEAMing and analyzed for 
IDH1 mRNA copy number and the G395 or A395sequences in IDH1 (Fig. 1). FACS and 
qPCR results were used to quantify the number of mutant IDH1 mRNA copies present in 
MVs. In parallel the tumor tissue was also typed for the A395 IDH1 mutation by 
sequencing. 
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Figure 1. Overview of MV-BEAMing. MVs from serum or CSF samples were pelleted at 100,000 
x g for 80 minutes and processed as follows:1) RNA was extracted and2) analyzed for total yield 
and quality using the Bioanalyzer (Agilent).3) RNA was then reverse transcribed into cDNA and 
1/2 of the sample was used to determine the IDH1 cDNA copy number inside MVs by 4) qPCR 
analysis. 5) The remaining sample was used as the input for BEAMing PCR and the resulting 
DNA-coated beads were interrogated with sequence-specific fluorescent probes to produce beads 
with wild-type (green) and mutant (red) profiles. 6) The percentage of beads with mutant DNA was 
determined by FACS and used in conjunction with the qPCR data to determine the minimum 
number of copies present to allow reliable detection of the mutant message.  

 
Analysis of CSF-derived MVs and their RNA yields. Blood was collected from 
patients undergoing surgical removal of gliomas using BD Vacutainer SST tube (BD 
Biosciences, San Jose, CA), prior to opening of the dura mater, maintained for 30 
minutes at room temperature and then centrifuged at 1,300 x g for 10 minutes. The serum 
was separated from the coagulated blood cells, filtered through a 0.8 μm filter and stored 
at -80˚C. CSF, also collected at surgery from glioma patients upon opening of the dura 

mater, was centrifuged at 300 x g for 10 minutes to remove cells, and stored at -80˚C. 
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Control CSF samples were collected by lumbar puncture from patients with suspected 
non-malignant, neurological disease whose CSF profile was later found to be normal, and 
stored at -80˚C. At the time of analysis, samples were thawed, centrifuged at 100,000 x g 
for 80 minutes at 4°C to collect MVs and RNA was extracted, as previously described4. 
To minimize any risk of contamination, tumor tissue was extracted and sequenced in one 
laboratory, serum and CSF MV RNA was extracted at a different location in a DNA-free, 
RNA extraction facility, and BEAMing was performed at a third location. The quality of 
the extracted RNA was assessed using the Agilent Bioanalyzer and was confirmed to be 
similar to previously shown profiles4 (see Supplementary Fig.S1). Electron microscopic 
(EM) analysis of pelleted CSF-derived MVs revealed round, cup-shaped structures with 
varying densities and a size range of approximately 30-90 nm in diameter (Fig. 2a). 
Nanosight analysis (NTA) revealed that GBM serum and CSF samples, contained 
particles typically 30 – 300 nm in diameter, with an average of 4.2x1012particles/ml 
±8.9x1011S.D. n=3) particles/ml in serum and 8.7x109±1.7x109  S.D. particles/ml (n=3) in 
CSF, making the particle number in CSF about 300-fold lower than in serum (Fig. 2b). 
 

 
Figure 2. MV-BEAMing of G395A IDH1 in CSF from GBM patients. Cerebrospinal fluid 
(CSF) and serum samples were collected upon or prior to the opening of the dura mater, 

respectively and stored at -80˚C until further processing. (a) EM of CSF MVs adsorbed on a carbon 
coated grid and imaged at 50,000x magnification. MVs were pelleted by ultracentrifugation, 
resuspended in PBS and 2.5 μl was used for negative staining. (b) CSF and serum samples were 
diluted 1:50 and 1:3000 respectively in PBS, and size and concentration of particles were assessed 
using nanoparticle tracking analysis (NanoSight; n=3; ±S.D.). (c) qPCR analysis of the IDH1 copy 
number in CSF and serum samples from GBM patients.  (d) BEAMing FACS plots of beads alone 
(upper left), wild-type IDH1 in CSF MVs (lower left) and two G395A IDH1 positive CSF MV 
samples (right quadrants). (e) Tumor volumes of IDH1 mutant tumors (left panel) and copy number 



120 
 

of IDH1 mRNA/cDNA products in 1 ml CSF (right panel) corresponding to yes or no detection of 

IDH1 mutant transcript in CSF  mRNA (Sample ID 2160; 2199; 2244; 2287). 

 
 

 
Supplementary Figure S1. RNA profiles from CSF and serum MV. Microvesicles were pelleted 
at 100,000 x g for 80 minutes (a) serum and (b) CSF RNA were extracted using the miRNeasy kit 
(Qiagen) according to manufacturer’s recommendations and analyzed using the RNA Pico 6000 kit 
Bioanalyzer (Agilent). 

 

IDH1mRNA copies in serum and CSF-derived MVs.  MV mRNA was reverse 
transcribed into cDNA and used to perform copy number analysis for IDH1 transcripts 
using quantitative PCR. Serum from glioma patients contained an average of 
2,375±1,887 S.D. (n=4) copies of IDH1 message/ml (Fig. 2c), while serum from controls 
had 245±65 S.D. (n=4) copies of IDH1 mRNA/ml (Table 1). Serum IDH1 mRNA levels 
tended to be higher in glioma patients as compared to controls, although not statistically 
significant (p≤0.1). The copies of IDH1 mRNA in CSF from glioma patients tended to be 
higher than in serum from glioma patients, mean 24,085±27,031 S.D. (n=7) copies 
mRNA/ml in CSF  (p≤0.07; Fig. 2c) and were much lower in CSF from non-tumor 
controls (40 copies mRNA/ml; n=2); p≤0.05. Note, that CSF glioma samples were 
collected from the brain during surgery, while controls were collected by lumbar 
puncture and this may partially explain the difference in IDH1mRNA copy number. 
 
CSF MVs from tumor patients carry the mutatedIDH1A395.For MV-BEAMing 
analysis, 50% of the IDH1 cDNA product was PCR amplified and used as input for 
BEAMing PCR, using the methodology previously described11. We interrogated the 
identity of the amp icons attached to each bead using an Alexi Fluor 488-labeled probe 
specific for the wild-type IDH1 sequence, an Alexi Fluor 647-labeled probe specific for 
the A395 mutant sequence, and a Pacific Blue (PB)-labeled control probe specific for a 
sequence common to both the mutant and wild-type sequences. This results in individual 
beads that are co-labeled for PB (blue fluorescence) and either Alexi Fluor 488 (green 
fluorescence) or Alexa Fluor 657 (red fluorescence). FACS analyses were performed by 
initially gating on 100,000 (single bead) events which were PB-positive. Percentage 
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mutant signal was calculated using the PB-positive population, thus excluding beads that 
had no fluorescence and those with both wild-type and mutant fluorescence (Fig. 2d; see 
Methods). We analyzed the CSF of patients with grade II (n = 1) and grade III (n = 3) 
gliomas harboring the A395 mutation in IDH1, as well as that of grade IV gliomas (n = 
3)that possessed only wild-type IDH1 alleles and detected the mutant message in three 
out of four of the mutant tumor samples and none of the wild-type samples (Fig. 

2e;Table 1). qPCR analysis revealed that mutant positive CSF sample ID#s 2244, 2160 
and 2199 had 3,000, 5,000 and 10,000 total copies of IDH1 message/cDNA, respectively, 
in 1 ml CSF.  Mutant signal percentages were 5.0, 1.5 and 0.4%, respectively, suggesting 
that about 150, 75 and 40 amplifiable copies of the mutant message were obtained from 
MVs in 1 ml CSF from these patients. None of the IDH1 wild-type CSF samples (n=2) 
displayed any mutant events (Table 1). We also analyzed serum samples from four 
patients with IDH1 mutant tumors (grades II, III and IV), as well as four healthy control 
serum samples and the mutation was not detected in any of the four IDH1 mutant serum 
samples or control samples (Table 1). 
 

Discussion 

 
In summary, we report here a new technique termed MV-BEAMing, which can reliably 
interrogate the mutational status of tumors in CSF MVs taken from patients with gliomas 
harboring a single base pair mutation in the IDH1 gene, and presumably other genes 
depending on the abundance of their transcripts. In this particular study we isolated the 
total MV fraction from the CSF or serum to evaluate the relative abundance of tumor-
specific transcripts. We found that CSF-derived MVs contained RNA with ribosomal 
peaks, as previously reported for serum and conditioned media derived MVs4, and had 
approximately 300-fold less circulating particles when compared to serum. This may 
partially be due to the lack or specificity of the NanoSight to distinguish types of particles 
in counting, and serum contains many more protein aggregates than CSF26. Interestingly, 
the number of copies of IDH1 mRNA in CSF circulating MVs from tumor patients was 
significantly higher than in controls (Table 1). 
 Noteworthy is the difference in sampling site, CSF samples from tumor patients were 
collected upon opening of the dura mater, near the primary tumor, while CSF control 
samples were collected by lumbar puncture. This may be due to a higher number of MVs 
derived from the tumor as compared to normal cells, or to larger size of tumor MVs 
containing more tumor-specific genetic material. It has previously been shown that the 
amount of MVs in the circulation increases with increased malignancy in ovarian 
cancer27, and the CSFs vicinity to the tumor may more accurately reflect this increase as 
compared to serum.  We successfully report that CSF MVs reflect the genetic status of 
the primary tumor. They carried between 40 and 150 copies of mutant IDH1 mRNA and 
this could be accurately assessed using BEAMing PCR.  
Interestingly, the oligoastrocytoma grade II CSF sample, which corresponded to the 
smallest tumor volume (ID# 2287; Fig. 2e and Table 1), was the only tumor-mutant 
positive CSF sample not detected with MV-BEAMing PCR. Thus in this small patient 
sample size, detection of the IDH1 mutation in CSF trended with tumors with larger mass 
(Fig. 2e). Further studies with a larger number of samples will address this correlation 
more thoroughly. We did not detect the mutant IDH1 mRNA in any of the serum samples 
from tumor mutant positive patients. The copy number of IDH1 was higher in CSF than 
serum suggesting that increasing the volume of serum input may increase the sensitivity 
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of the assay in serum. In addition, all controls were wild-type for IDH1 as analyzed by 
FACS (Table 1). 
 
When 5% of the IDH1 transcripts are mutated, we assume that 10% of all transcripts 
were coming from the tumor since tumor cells are usually heterozygous for this mutation. 
It may also be possible to enrich the tumor MV fraction by immunoaffinity methods 
using antigens specific to the tumor cell surface28 or using magnetic resonance detection 
of mutant proteins which could increase the sensitivity of mutation assays29. When 
analyzing mutations on a DNA level they are expected to have the same copy number of 
one gene as another (unless that gene is amplified or deleted in the tumor tissue), and 
therefore to have similar prevalence for mutant genes in the background of wild-type 
genes. Contrarily, an RNA species that is abundant in tumor MVs (and preferably low in 
the normal MVs in the biofluid being analyzed) will have a large advantage in sensitivity 
compared to an RNA transcript that is not abundant in tumor MVs (or also abundant in 
the normal MVs in that biofluid). 
Information on the mutational profiles of different types of gliomas has increased to the 
point where genomic alterations and expression profiles characteristic of the classical, 
proneural, neural, and mesenchymal glioma subtypes have been identified12. MV-
BEAMing on CSF and serum may have immediate value in monitoring specific subtypes 
of gliomas in a minimally-invasive manner, with extended application for the analysis of 
other cancers, in which defined genetic lesions have been identified and associated with 
more effective treatments. This technology should enable monitoring of a variety of 
mutations and transcript levels in tumors using CSF and serum-derived MVs not only 
when the tumor is located in areas with inherent risk of sampling such as brain, but also 
for tumors in other parts of the body. 
 
This study provides a proof of principle for detection of single base pair mutations in 
tumor RNA using MVs in CSF samples and will require further analysis on a larger set of 
samples to determine statistical specificity and sensitivity, as well as further optimization 
of serum samples to evaluate mutant detection. 

 
Material and Methods 
 

Study design and sample collection. This study was approved by the Institutional Review Boards of 
Massachusetts General Hospital, Beth Israel Deaconess Medical Center, and the University of 
California, Los Angeles. Serum and CSF samples from patients and healthy volunteers were 
collected according to approved IRB protocols. Brain tumors were diagnosed by neurosurgeons at 
the Massachusetts General Hospital and University of California, Los Angeles and confirmed by 
histopathology.  The mutational status of the IDH1 gene in tumor tissue was determined by 
genomic sequencing or SNaPShot analysis by the Molecular Neuropathology Laboratory at UCLA 
and Massachusetts General Hospital, respectively. 
 
Microvesicular RNA isolation. Frozen serum or CSF samples were thawed (1 ml/sample), diluted 
to 2.5 ml with sterile PBS and centrifuged at 100,000 x g for 80 min. External DNA on the MVs 
was removed using 2 µl of DNAse from the Turbo DNA-free kit (Ambion, Foster City, CA) 
according to manufacturer’s recommendations.  RNA was purified using the miRNeasy Qiagen kit 
and eluted in 30 µl RNase-free water. RNA quality was assessed using a 2100 Bioanalyzer 
(Agilent) with an RNA 6000 Pico Chip kit (Agilent).  
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Determination of tumor volume and tumor vascularization. For high grade gliomas with significant 
contrast enhancement, T1-weighted sequences after injection of contrast agent were used to define 
the "tumor volume" as the area of contrast enhancement including central necrotic tissue.  "Tumor 
vascularization" was defined as the area of contrast enhancement excluding the central necrotic 
tissue. This was identified on cerebral blood volume maps and separated into tumors of high versus 
low blood volumes. For low grade tumors and tumors without significant enhancement, volume 
was determined using T2 areas of hyperintensity.  To determine the volume, we measured the 
tumor area in each slice using a region-of-interest method (BrainLAB software).  The volumes 
were calculated by multiplying these resulting areas by the slice thickness.  The total tumor volume 
is the sum of the volumes calculated for each of the multiple parallel slices30. 

 
Nanosight Tracking Analysis (NTA).Nanosight Tracking Analysis (NTA) was used to count and 
size MVs. Serum was processed as above. At the time of the analysis the serum was diluted 1:5000 
and analyzed using the Nanosight. CSF was also stored at -80˚C and diluted 1:50 for Nanosight 
analysis. Both biofluids were diluted in PBS. 
 
Electron Microscopy (EM).CSF samples (500μl) were thawed and ultracentrifuged at 100,000 x g 
for 80 minutes. The MV pellet was then resuspended in 50 μl of PBS and analyzed by EM. 2.5μl of 
the samples was adsorbed for 30 minutes on carbon coated grids that had been made hydrophilic by 
a 30 second exposure to a glow discharge. Excess liquid was removed with a Whatman filterpaper 
(GE Healthcare, Piscataway, NJ) and the samples were stained with 0.75% uranyl formate for 30 
seconds. After removing the excess uranyl formate with a filter paper the grids were examined in a 
JEOL 1200EX Transmission electron microscope or a TecnaiG² Spirit BioTWIN and images were 
recorded with an AMT 2k CCD camera. 
 
qRT-PCR.mRNA was reverse transcribed into cDNA using the SuperScript VILO cDNA synthesis 
kit (Invitrogen, Carlsbad, CA). To determine the copy number of IDH1 transcripts, we performed 
quantitative PCR on the cDNA. Reactions were done in a 25 µl reaction using Power SYBR® 
Green PCR Master Mix (Applied Biosystems, Foster City, CA) and 160 nM of each primer. 
Amplification conditions consisted of: (1) 1 cycle of 50oC, 2 minutes; (2) 1 cycle of 95oC, 10 
minutes; (3) 40 cycles of 95oC, 15 seconds; and 60oC, 1 minute, and (4) a dissociation stage 
consisting of 1 cycle of 95oC, 15 seconds; 60oC, 20 seconds; and 95oC, 15 seconds on the 7000 
ABI Prism PCR system (Applied Biosystems). Ct values were analyzed in auto mode and manually 
inspected for accuracy. Primer dimers were excluded by evaluation of dissociation curve and 
agarose gel electrophoresis. The following IDH1 primers were used: Forward: 
CGGTCTTCAGAGAAGCCATT and Reverse: AGGCCCAGGAACAACAAAAT. 
 
Pre-amplification of IDH1 cDNA. We performed IDH1 PCR on the cDNA derived from 
microvesicular RNA using forward (5’-tcccgcgaaattaatacgacCGGTCTTCAGAGAAGCCATT-3’) 
and reverse (5’-gctggagctctgcagctaAGGCCCAGGAACAACAAAAT-3’) primers flanking 
nucleotide position 395 of the IDH1 transcript, where lower case letters denote universal primer 
sequences and upper case letters denote IDH1 specific primer sequences. 10 μL of cDNA was split 
into two PCR reactions, each performed in 50 μL volumes containing 5 μL cDNA, 1 U of Phusion 
Hot Start II DNA Polymerase (New England Biolabs, Ipswich, MA), 1X Phusion HF buffer (New 
England Biolabs), 0.2 mM dNTP mix (Invitrogen), and 0.2 μM of each primer. Amplification was 
done in a Veriti Thermal Cycler (Applied Biosystems) using the following conditions: 98°C for 3 
minutes; 10 cycles of 98°C for 10 seconds, 68°C for 15 seconds (-0.5°C/cycle), 72°C for 10 
seconds; 30 cycles of 98°C for 10seconds, 62°C for 15 seconds, 72°C for 10 seconds; 1 cycle of 
72°C for 5 minutes. The PCR products for each sample were then pooled and purified using a 
QIAquick PCR purification column (Qiagen, Valencia, CA) and the concentration determined 
using a 2100 Bioanalyzer with a DNA 1000 LabChip kit (Agilent). 
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MV-BEAMing PCR.PCR amplicons from each sample were used as templates for each BEAMing 
analysis. We performed the BEAMing PCR using a protocol slightly modified from that previously 
described[11]. We set up 150 μL PCR reactions containing 10 μL 20 pM template DNA, 2X 
TITANIUM Taq DNA Polymerase (Clontech, Mountain View, CA), 1X TITANIUM Taq buffer 
(Clontech), 1 mM dNTP mix, 8.3 mM MgCl2 (Invitrogen), 0.05 μM universal forward primer (5’-
tcccgcgaaattaatacgac-3’), 8 μM nested reverse primer (5’-AATCAGTTGCTCTGTATTGATCC-
3’), and 6 x 107 magnetic streptavidin beads (MyOne, Invitrogen) coated with a modified universal 
forward primer (5’-dual biotion-T-Spacer18-tcccgcgaaattaatacgac-3’). The aqueous reaction 
mixture was then combined with 600 μL of an oil/emulsifier mixture of 7% w/v ABIL WE09 
(Degussa, Essen, GE), 20% v/v M3516 mineral oil (Sigma-Aldrich) and 73% v/v Tegosoft DEC 
(Degussa), and one 5 mm steel bead (Qiagen) in one well of a 96-deep-well plate (Abgene, 
Lafayette, CO). The plate was shaken in a TissueLyser (Qiagen) for 10 seconds at 15 Hz and then 7 
seconds at 17 Hz, and 80 μL of the emulsions were distributed into each well of a MicroAmp 96-
well PCR plate (PE Biosystems, Carslbad, CA). The emulsion PCR was done in a Veriti Thermal 
Cycler set to a 20% temperature ramp rate to prevent disruption of the emulsions, with the 
following cycling conditions: 94°C for 3 minutes; 12 cycles of 94°C for 10 seconds, 65°C for 45 
seconds (-0.5°C/cycle), 70°C for 75 seconds; 50 cycles of 94°C for 10 seconds, 59°C for 45 
seconds, 70°C for 75 seconds; 1 cycle of 70°C for 5 minutes. We broke the emulsions by adding 
150 μL breaking buffer (10 mM Tris-HCl, pH 7.5, 1% Triton X-100, 1% SDS, 100 mM NaCl, 1 
mM EDTA) to each well and mixing the samples with a TissueLyser (Qiagen) at 20 Hz for 30 
seconds. The samples were then centrifuged at 3200 x g for 2 minutes and the oil phase was 
removed. We performed this breaking procedure twice and then combined and resuspended all of 
the beads for each respective sample in 100 μL wash buffer (20 mM Tris-HCl, pH 8.4, 50 mM 
KCl). The beads were incubated with 0.1 M NaOH to remove non-biotinylated DNA, and then 
washed and resuspended in 100 μL wash buffer. 
 
Mutational analysis. We interrogated the mutational status of the bead-bound DNA using three 
fluorescent oligonucleotides: an Alexa Fluor 488 (AF488)-labeled oligonucleotide (5’-AF488-
ATAAGCATGACGACCTATGAT-3’) specific to the wild-type IDH1 sequence, an Alexa Fluor 
647 (AF647)-labeled oligonucleotide (5’-AF647-ATAAGCATGATGACCTATGAT-3’) specific to 
the A395 IDH1 variant, and a PB-labeled control oligonucleotide (5’-PB-
TTTTACCCATCCACTCACAA-3’) specific to a sequence region shared by both wild-type and 
mutant IDH1 variants. The oligohybridization was in a 100 μL hybridization mixture of 30 μL 
beads, 66 μL hybridization buffer (3 M tetramethylammonium chloride (Sigma-Aldrich, St. Louis, 
MO), 50 mM Tris-HCl, pH 7.5, 4 mM EDTA) and 4 μL of a mixture of the oligonucleotides, each 
at 5 μM. Samples were heated to 70°C for 10 seconds, cooled to 35°C at 0.1°C/second, incubated at 
35°C for 2 minutes, and finally cooled to 25°C at 0.1°C/second using a Veriti Thermal Cycler. The 
beads were collected, washed in 100 μL hybridization buffer at 48°C for 5 minutes, and then 100 
μL wash buffer at room temperature, before a final resuspension in 400 μL wash buffer. We 
analyzed all oligohybridized beads using an LSR II flow cytometer (BD Biosciences) and 
processed the data using FACSDiva software (BD Biosciences). Events were gated to exclude 
doublets, aggregates, and beads without IDH1 amplicons. At least 100,000 events were counted 
and the mutant signal was calculated using events that had either wild-type or mutant fluorescence, 
but not both. 
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Table 1. CSF and serum samples characteristics. 
 
ID Sampl

e type 

Tumor 

Diagnosis 

Tumor 

Location 

Tumo

r 

IDH1 

status 

Tumor 

Vascularizatio

n (cm3) 

Tumo

r 

volum

e 

(cm3) 

Mutant 

BEAMin

g 

Total 

IDH1 

copy 

numbe

r 

%  

mutan

t 

          

2251 CSF GBM,  WHO 

Grade IV 

Right 

Frontal 

Lobe 

Wild- 

type 

49.7 65.93 Neg 30,000 0 

2231 CSF GBM, Left 

Tempora

l 

Wild- 

type 

28.08 39.6 Neg   0 

WHO Grade IV 10,240 

2163 CSF GBM, Right 

Tempora

l 

Wild- 

type 

47.16 55.28 Neg   0 

WHO Grade IV 80,000 

2199 CSF Oligoastrocytoma

, 

Left 

Frontal, 

near 

Broca's 

area 

G395

A 

0 26.02 Pos   0.4 

WHO Grade III 10,240 

2160 CSF Anaplastic Right 

Frontal 

Lobe 

G395

A 

0.338 147.6 Pos   1.5 

oligodendrogliom

a, 

  

WHO Grade III 5,120 

2244 CSF Anaplastic Right 

Frontal 

Lobe 

G395

A 

0 35.2 Pos   5 

oligodendrogliom

a, 

  

WHO Grade III 3,000 

2287 CSF Oligoastrocytoma

, WHO Grade II 

Right 

Tempora

l 

G395

A 

0 7.9 Neg 30,000 0 

Contro

l 

CSF Healthy ---- Wild- 

type 

---- ---- Neg 40 0 

Contro

l 

CSF Healthy ---- Wild- 

type 

---- ---- Neg 40 0 

1104 Serum Anaplastic 

astrocytoma, 

Left 

Tempora

l lobe 

G395

A 

3.5 37.5 Neg   0 

WHO Grade 

III/IV 

1,000 

698 Serum GBM, 

WHO Grade IV 

Right 

Posterior  

G395

A 

3.2 9.93 Neg 5,000 0 
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Frontal 

lobe 

3775† Serum Oligoastrocytoma

, WHO grade II 

Right 

Frontal 

G395

A 

1.6 20 Neg 1,000 0 

1093 Serum Recurrent high 

grade glioma 

Left 

Tempora

l 

G395

A 

0.34 13.2 Neg 2,500 0 

Contro

l 

Serum Healthy ---- Wild 

–type 

---- ---- Neg 250 0 

Contro

l 

Serum Healthy ---- Wild- 

type 

---- ---- Neg 160 0 

Contro

l 

Serum Healthy ---- Wild- 

type 

---- ---- Neg 320 0 

Contro

l 

Serum Healthy ---- Wild 

–type 

---- ---- Neg 250 0 

†
2000092 

 

 

 

 

 

 

 

 

 

 

 

 

 



127 
 

References 

 
1. Klein, S and Levitzki, A (2007). Targeted cancer therapy: promise and reality. Adv Cancer 

Res;97: 295-319.  
2. Lee, TH, D'Asti, E, Magnus, N, Al-Nedawi, K, Meehan, B and Rak, J (2011). Microvesicles as 

mediators of intercellular communication in cancer-the emerging science of cellular 
'debris'. Semin Immunopathol33: 455-467.  

3. Cocucci, E, Racchetti, G and Meldolesi, J (2009). Shedding microvesicles: artefacts no more. 

Trends Cell Biol19:43-51.  
4. Balaj, L, Lessard, R, Dai, L, Cho, YJ, Pomeroy, SL, Breakefield, XO et al (2011). Tumour 

microvesicles contain retrotransposon elements and amplified oncogene sequences. Nat 

Commun 2: 180.  
5. Skog, J, Wurdinger, T, van Rijn, S, Meijer, DH, Gainche, L, Curry, WT  et al (2008). 

Glioblastoma microvesicles transport RNA and proteins that promote tumour growth and 
provide diagnostic biomarkers. Nat Cell Biol10: 1470-1476.  

6. Noerholm, M, Balaj, L, Limperg, T, Salehi, A, Zhu, LD, Hochberg, FH et al (2012). RNA 
expression patterns in serum microvesicles from patients with glioblastoma multiforme 
and controls. BMC Cancer12: 22.  

7. Hong, BS, Cho, JH, Kim, H, Choi, EJ, Rho, S, Kim, J et al (2009). Colorectal cancer cell-derived 
microvesicles are enriched in cell cycle-related mRNAs that promote proliferation of 
endothelial cells. BMC Genomics 10: 556.  

8. Street, JM, Barran, PE, Mackay, CL, Weidt, S, Balmforth, C, Walsh, TS et al (2012). 
Identification and proteomic profiling of exosomes in human cerebrospinal fluid. J Transl 

Med10: 5.  
9. Weston, CL, Glantz, MJ and Connor, JR (2011).Detection of cancer cells in the cerebrospinal 

fluid: current methods and future directions. Fluids Barriers CNS8: 14.  
10. Thelwell, N, Millington, S, Solinas, A, Booth, J and Brown, T (2000). Mode of action and 

application of Scorpion primers to mutation detection. Nucleic Acids Res28: 3752-3761.  
11. Diehl, F, Li, M, He, Y, Kinzler, KW, Vogelstein, B, Dressman, D et al (2006). BEAMing: 

single-molecule PCR on microparticles in water-in-oil emulsions. Nat Methods3: 551-
559.  

12. He, Y, Wu, J, Dressman, DC, Iacobuzio-Donahue, C, Markowitz, SD, Velculescu, VE et al 
(2010). Heteroplasmic mitochondrial DNA mutations in normal and tumour cells. 

Nature464: 610-614.  
13. Li, M, Chen, WD, Papadopoulos, N, Goodman, SN, Bjerregaard, NC, Laurberg, S et al (2009). 

Sensitive digital quantification of DNA methylation in clinical samples. Nat 

Biotechnol27: 858-863.  
14. Diehl, F, Schmidt, K, Durkee, KH, Moore, KJ, Goodman, SN, Shuber, AP et al (2008). 

Analysis of mutations in DNA isolated from plasma and stool of colorectal cancer 
patients. Gastroenterology135: 489-498.  

15. Dang, L, White, DW, Gross, S, Bennett, BD, Bittinger, MA, Driggers, EM et al (2009). Cancer-
associated IDH1 mutations produce 2-hydroxyglutarate. Nature462: 739-744.  

16. Figueroa, ME, Abdel-Wahab, O, Lu, C, Ward, PS, Patel, J, Shih, A et al (2010). Leukemic 
IDH1 and IDH2 mutations result in a hypermethylation phenotype, disrupt TET2 
function, and impair hematopoietic differentiation. Cancer Cell18: 553-567.  

17. Sjoblom, T, Jones, S, Wood, LD, Parsons, DW, Lin, J, Barber, TD et al (2006). The consensus 
coding sequences of human breast and colorectal cancers. Science314: 268-274.  

18. Parsons, DW, Jones, S, Zhang, X, Lin, JC, Leary, RJ, Angenendt, P et al (2008). An integrated 
genomic analysis of human glioblastoma multiforme. Science321: 1807-1812.  

19. Cancer Genome Atlas Research Network (2008). Comprehensive genomic characterization 
defines human glioblastoma genes and core pathways. Nature455: 1061-1068.  

20. Yan, H, Parsons, DW, Jin, G, McLendon, R, Rasheed, BA, Yuan, W et al (2009). IDH1 and 
IDH2 mutations in gliomas. N Engl J Med360: 765-773.  



128 
 

21. Verhaak, RG, Hoadley, KA, Purdom, E, Wang, V, Qi, Y, Wilkderson, MD et al (2010). 
Integrated genomic analysis identifies clinically relevant subtypes of glioblastoma 
characterized by abnormalities in PDGFRA, IDH1, EGFR, and NF1. Cancer Cell17: 98-
110.  

22. Labussiere, M, Idbaih, A, Wang, XW, Marie, Y, Boissselier, B, Falet, C et al (2010). All the 
1p19q codeleted gliomas are mutated on IDH1 or IDH2. Neurology74: 1886-1890.  

23. SongTao, Q, Lei, Y, Si, G, Yanqing, D, HuiXia, H, XueLin, A et al (2011). IDH mutations 
predict longer survival and response to temozolomide in secondary glioblastoma. Cancer 

Sci103: 269-273.  
24. Yen, KE, Bittinger, MA, Su, SM and Fantin, VR (2010). Cancer-associated IDH mutations: 

biomarker and therapeutic opportunities. Oncogene29: 6409-6417.  
25. Capper, D, Simon, M, Langhans, CD, Okun, JG, Tonn, JC, Weller, M et al (2011). 2-

Hydroxyglutarate concentration in serum from patients with gliomas does not correlate 
with IDH1/2 mutation status or tumor size. Int J Cancer Sept 12: [Epub ahead of print].  

26. Yetkin, F, Kayabas, U, Ersoy, Y, Bayindir, Y, Toplu, SA and Tek, I (2010). Cerebrospinal fluid 
viscosity: a novel diagnostic measure for acute meningitis. South Med J103: 892-895.  

27. Taylor, DD and Gercel-Taylor, C (2008). MicroRNA signatures of tumor-derived exosomes as 
diagnostic biomarkers of ovarian cancer. Gynecol Oncol110: 13-21.  

28. Chen, C, Skog, J, Hsu, CH, Lessard, RT, Balaj, L, Wurdinger, T et al (2010). Microfluidic 
isolation and transcriptome analysis of serum microvesicles. Lab Chip10: 505-511.  

29. Shao, H, Chung, J, Balaj, L, Charest, A, Bigner, DD, Hochberg, FH et al (2010). Protein typing 
of circulating microvesicles allows real-time monitoring of glioblastoma therapy. Nature 

Med, in press.  
30. Shi, WM, Wildrick, DM and Sawaya, R (1998). Volumetric measurement of brain tumors from 

MR imaging. J Neurooncol37: 87-93.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 


