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Abstract
Next-generation DNA sequencing (NGS) technologies are currently being applied in both research and
clinical settings for the understanding and management of disease. The goal is to use high-throughput
sequencing to identify specific variants that drive tumorigenesis within each individual’s tumor genomic
profile. The significance of copy number and structural variants in glioblastoma makes it essential to
broaden the search beyond oncogenic single nucleotide variants toward whole genome profiles of genetic
aberrations that may contribute to disease progression. The heterogeneity of glioblastoma and its variability of cancer driver mutations necessitate a more robust examination of a patient’s tumor genome. Here,
we present patient whole genome sequencing (WGS) information to identify oncogenic structural variants
that may contribute to glioblastoma pathogenesis. We provide WGS protocols and bioinformatics
approaches to identify copy number and structural variations in 41 glioblastoma patient samples. We present how WGS can identify structural diversity within glioblastoma samples. We specifically show how to
apply current bioinformatics tools to detect EGFR variants and other structural aberrations from DNA
whole genome sequencing and how to validate those variants within the laboratory. These comprehensive
WGS protocols can provide additional information directing more precise therapeutic options in the treatment of glioblastoma.
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Introduction
Next-generation sequencing (NGS) technology is being applied to
identify tumor specific genomic profiles in patients with various
types of cancers including glioblastoma [1–5]. The goal is to use
high-throughput sequencing to identify specific variants within
each tumor and recommend personalized treatment approaches or
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clinical trials tailored to the individual’s disease and genomic
profile. These assays are comprised of either predefined sequencing
panels, where a handpicked set of clinically significant genes are
examined within each patient or relative to a particular cancer type,
or whole exome platforms covering only the coding region of the
patient’s genome. Whole genome sequencing (WGS) allows
hypothesis-free interrogation of both coding and noncoding
regions of the genome revealing more potential therapeutic variants than examining a small set of genes or genomic loci. Recent
work has shown that many more potentially clinically actionable
direct and indirect mutations exist in already known cancer genes,
in other genes not yet confidently identified as cancer drivers and
in noncoding elements [6–8].
The complexity and heterogeneity specific to glioblastoma
(GBM) [9–13] makes it an appropriate cancer type for whole
genome sequencing. Known targeted therapies have been unsuccessful [14] in broad GBM patient populations, therefore tumor-
specific analysis of somatically altered cancer pathways and the
identification of potential combinatorial therapies [4, 10, 15] will
likely be necessary to provide the best treatment options for
patients with glioblastoma. Furthermore, specific somatic chromosome and gene structural alterations that are common in glioblastoma, such as EGFR amplifications and variants or chromosome 4
FIP1L1-PDGFRA alterations, are potential oncogenic drivers and
potential therapeutic targets [11, 16–20]. Specifically, GBM copy
number variants (CNVs) and structural variants (SVs) are often
observed in chromosomes 4, 7, 9, 10, 12, and 17 affecting cancer
genes such as EGFR, CDKN2A, PTEN, PDGFRA, NF1, MET,
and MDM2. The most common EGFR structural variant is known
as EGFRvIII. This is an in-frame deletion of EGFR exons 2
through 7, which exhibits dysregulated activity of receptor signaling and is considered a tumorigenic driving mutation and a predominant therapeutic target in glioblastoma [17–19, 21–23].
Accurate identification of this variant is essential in the diagnosis
and treatment of glioblastoma.
Aside from the obvious increase and uniformity in genomic
coverage, there may be technical advantage to WGS even for assaying specific regions included in targeted-sequencing panels. Panel
assays rely on target enrichment through amplification or hybridization capture of specific genes, which introduces intrinsic bias for
each gene as a function of GC/AT content, while WGS relies more
simply on mechanical shearing of samples prior to sequence analysis. Several studies have found that for disorders caused by constitutional mutations, WGS is more sensitive for variant detection
than whole exome sequencing (WES), which also relies on
hybridization-capture [24, 25]. These studies show detection of
additional CNVs captured by WGS with more sensitivity in identifying smaller CNV events (10–40 kb) in WGS than those detected
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by WES. Furthermore, capturing CNVs that extend beyond the
coding regions can only be performed with WGS. Identification of
specific breakpoints within noncoding regions can point to known
or novel structural variants in cancer driving genes.
Here, we provide laboratory and bioinformatics methods for
WGS of matched tumor tissue and blood normal samples from
glioblastoma patients. We specifically discuss the use of WGS in the
identification of significant copy number alterations and structural
variations that may provide an additional choice for therapeutic
targeting beyond the standard of care.

2

Materials

2.1 Patient-Obtained
Tumor Samples

1. Resected tumor tissue samples (N=41) and normal blood were
collected from patients with consent and under IRB guidelines
(see Note 1).

2.2 DNA and RNA
Isolation

1. AllPrep DNA/RNA Mini Kit, Qiagen.
2. QIAamp DNA Blood Mini Kit, Qiagen.
3. Reagent DX, Qiagen.
4. β-mercaptoethanol (β-ME).
5. Ethanol, 200 proof for molecular biology.
6. Sterile, nuclease-free water.
7. Stainless steel beads 5 mm, Qiagen.

2.3 DNA Library
Preparation

1. KAPA Hyper Prep Kit, KAPABiosystems.
2. NEXTflex-96 DNA Barcodes, Bioo Scientific.
3. Agencourt AMPure XP Kit, Beckman Coulter.
4. Ethanol, 200 proof for molecular biology.
5. Sterile, nuclease-free water.
6. EB Buffer (Elution Buffer), Omega Biotek.
7. TE Buffer pH 8.0.
8. DNA 1000 CHiP Kit, Agilent.
9. Dynal DynaMag-2 magnetic stand, Life Technologies.
10. Covaris microTUBE plate, Covaris.

2.4 Illumina DNA
Sequencing

1. HiSeq X Ten Reagent Kit v2, 300 cycles, Illumina.
2. HiSeq X Accessories Kit, Illumina.
3. HiSeq X Ten v2.5 Patterned Flow Cell, Illumina.
4. cBot HiSeq v4 Manifold, Illumina.
5. cBot Cluster Plate HiSeq X v2, Illumina.
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6. 1.0 N Sodium Hydroxide, JT Baker 200 mM Tris–HCl,
pH 8.0.
7. 200 mM Tris–HCl, pH 8.0.
8. Laboratory-grade water.
2.5 Gene Specific
PCR and Sanger
Sequencing

1. BigDye Terminator v3.1 Cycle Sequencing Kit, Applied
Biosystems.
2. Superscript III Reverse Transcriptase, Invitrogen.
3. Gene-specific forward and reverse primers, Integrated DNA
Technologies.
4. REDTaq® ReadyMix™ PCR Reaction Mix, Sigma-Aldrich.
5. OmniPur Formamide, VWR.
6. Ethanol, 200 proof for molecular biology.
7. E-Gel® EX Agarose Gels, 4%, Life Technologies.
8. E-Gel® 1 kb Plus DNA ladder, Life Technologies.
9. E-Gel® iBase™ Power System, Life Technologies.
10. QIAquick Gel Extraction Kit, Qiagen.
11. Ethylenediaminetetraacetic acid (EDTA) solution.
12. Hi-Di™ Formamide, Life Technologies.
13. 96-Well Septa for 3500 Genetic Analyzer, Life Technologies.
14. M13 Forward sequencing primer TGTAAAACGACGGCCAGT,
Life Technologies.
15. M13 Reverse sequencing primer CAGGAAACAGCTATGACC,
Life Technologies.

2.6 Laboratory
Equipment

1. Thermo Mixer C 5382, Eppendorf.
2. TissueLyser LT, Qiagen.
3. Agilent Technologies 2100 Bioanalyzer, Agilent.
4. PCR Thermal cycler, Eppendorf.
5. Covaris LE-220 Sample Preparation System, Covaris.
6. Centrifuge, Eppendorf.
7. HiSeq X, Illumina.
8. cBot, Illumina.
9. ABI 3500 Dx, Applied Biosystems.

2.7 Bioinformatics
Toolbox

1. All bioinformatics analysis is performed using a combination of
Python, Perl and R (http://www.r-project.org/).
2. Due to the scope of this method, full sequencing preprocess
protocols are not presented here. Prior to somatic variant
calling, tumor and matched normal DNA sequencing data are
processed using “GATK Best Practices” protocols (https://
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www.broadinstitute.org/gatk/guide/best-practices).
Read
alignment is performed using Burrows-Wheeler Aligner (BWA)
aln v.0.6.2 [26], marking of duplicate reads using Picard tools
(http://picard.sourceforge.net), local indel realignment
(jointly for all samples derived from one individual) using the
GATK IndelRealigner tool [27, 28] and Base Quality
Recalibration (BQSR) via GATK BaseRecalibrator. Sequencing
metrics are computed with Picard tools (http:/broadinstitute.
github.io/picard/), GATK and bedtools.
3. The Integrative Genomic Viewer (IGV v2.3) is used for visualization of sequencing data from aligned BAM files (https://
software.broadinstitute.org/software/igv).
4. In-house scripts are used to plot the copy-number profile and
the Circos software package [29] is used to visualize copy-
number and structural variant data together.
5. Annotation and therapeutic associations of all variants is compiled into an in-house variant database. Some publically available databases used for the curation of variants are: Civic—Clinical
interpretations of variants in cancer (civic.genome.wustl.edu),
Precision Cancer Therapy-MD Anderson (pct.danserson.org),
OncoKB (oncokb.org), cBioPortal (www.cbioportal.org), The
Pharmacogenomics Knowledgebase—PharmGKB (www.pharmgkb.org), Clinical Trials.gov (clinicaltrials.gov).

3

Methods

3.1 DNA and RNA
Tissue Extraction

The AllPrep DNA/RNA Mini Kit is designed for purifying both
genomic DNA and total RNA from a single cell or tissue sample.
Since there is no need to divide the sample into two for separate
purification procedures, maximum yields of DNA and RNA can be
achieved. The purified DNA and RNA are eluted separately and
ready to use in any downstream application.
1. Approximately 10 mg of tissue should be used per extraction.
2. Add one stainless steel 5 mm bead to a 2 ml tube with <10 mg
of tissue.
3. Make a mix of 700 μl buffer RLT and 7 μl β-ME for each
sample needed.
4. Add 700 μl buffer RLT/β-ME Mix to the 2 ml tube containing the tissue.
5. Add 3.5 μl reagent DX.
6. Place tube in the TissueLyser for 1 min at 40 oscillations.
7. Spin tube down at max speed for 3 min.
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8. Transfer the supernatant to the DNA spin column and spin at
8000 × g for 30 s.
9. Transfer the DNA column to a new tube and save until after
you finish the RNA extraction.
10. Add 700 μl 70% ethanol to the RNA flow-through and pipette
up and down several times.
11. Transfer 700 μl RNA flow-through to an RNA spin column
and spin down at 8000 × g for 15 s.
12. Repeat with the remaining RNA flow-through. Discard the
flow-through.
13. Transfer the column to new tube and add 700 μl of RW1
buffer.
14. Spin at 8000 × g for 15 s. Transfer the column to new tube and
discard flow-through.
15. Add 500 μl of buffer RPE and spin at 8000 × g for 15 s.
Transfer the column to new tube. Discard flow-through.
16. Add 500 μl of buffer RPE and spin at 8000 × g for 2 min.
Transfer the column to new tube. Discard flow-through.
17. Spin down the column to dry for 1 min at 8000 × g. Discard
flow-through.
18. Transfer the column to final 1.5 ml tube and add 50 μl RNAse-
free water. Spin for 1 min at 8000 × g.
19. Place eluted RNA flow-through on ice.
20. Add 500 μl of Buffer AW1 to the column bound with
DNA. Spin at 8000 × g for 15 s. Discard flow-through.
21. Transfer the column to a new tube and add 500 μl buffer AW2
and spin at max speed for 2 min. Discard flow-through.
22. Transfer the column to a new tube and spin at max speed for
30 s to dry. Discard flow-through.
23. Transfer the column to a final 1.5 ml tube and add 100 μl buffer EB.
24. Let sit for 1 min. Spin at 8000 × g for 1 min. Store DNA short
term at 4 °C.
25. For DNA long-term storage, store DNA at −20 or −80 °C.
26. For RNA short and long-term storage, store at −80 °C.
3.2 DNA Extraction
from Blood

QIAamp DNA Blood Mini Kit provides fast and easy methods for
purification of total DNA for reliable PCR. Total genomic DNA
can be purified from whole blood and bone marrow specimens.
1. Invert blood several times to mix and aliquot 200 μl to a 1.5 ml
tube.
2. Add 180 μl buffer AL to aliquoted blood.
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3. Add 20 μl of Proteinase K.
4. Vortex for 10 s and heat at 56–60 °C for 10 min.
5. Add 200 μl of 100% ethanol.
6. Vortex and transfer to a spin column.
7. Spin down at 6000 × g for 1 min and transfer column to a new
tube. Discard the flow-through.
8. Add 500 μl of AW1 and spin at 6000 × g for 1 min and transfer
column to new tube. Discard the flow-through.
9. Add 500 μl of AW2 and spin at max speed for 2 min. Discard
the flow-through.
10. Transfer column to new tube and spin down for 1 min at max
speed to air dry. Discard the flow-through.
11. Transfer column to final 1.5 ml tube and add 200 μl buffer
AE. Let sit for 1 min.
12. Spin down at 6000 × g for 1 min. Discard the column.
3.3 DNA Library
Preparation

The KAPA manual library process includes shearing the DNA,
repairing the ends of the fragments, adding an A-base to the 3′
ends, ligating Illumina adapters and amplifying the DNA to prepare your samples for sequencing on Illumina next generation
sequencing instruments.

3.3.1

The shearing process uses sonication to break up DNA into smaller
fragments, which will be selected out based on size in the subsequent steps.

DNA Shearing

1. Normalize 100 ng of DNA in 130 μl of TE and transfer to a
Covaris plate.
2. Cover the plate with Covaris foil tape and spin down briefly
(see Note 2).
3. Turn on the Covaris LE220 instrument.
4. Chill the water to 7 °C and degas the instrument for at least
45 min prior to starting fragmentation.
5. Select load Samples to bring the sample tray to the front of the
instrument.
6. When the green “Open” button is illuminated, press the button and gently pull on the handle to open the instrument door.
7. Place the Covaris plate containing the samples to be sheared
onto the sample platform.
8. Close the door and select the following conditions:
Time = 120 s, Duty Cycle = 10%, PIP = 450, Cycles Per
Burst = 200.
9. Ensure that the positions of the samples on the software setup
page are correct and press Start to begin the fragmentation.
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10. Once the fragmentation is complete, open the door and
remove the plate.
11. Transfer the sheared samples from the Covaris plate to a new
96-well plate.
12. Be sure the AMPure beads have been removed from the refrigerator and have acclimated to room temperature for at least
30 min prior to proceeding.
13. Make 80% Ethanol just prior to starting this procedure.
14. Vortex the AMPure XP beads until they are well dispersed.
15. Add 104 μl of the AMPure XP beads to each well of the plate
containing sample and pipette up and down 15 times.
16. Incubate the plate at room temperature for 15 min.
17. Place the plate on the appropriate magnetic stand and let incubate at room temperature for an additional 5 min.
18. Remove and discard all the solution of the supernatant from
each well.
19. With the plate still on the magnetic stand, add 200 μl of freshly
prepared 80% ethanol to each well without disturbing the beads.
20. Incubate the plate at room temperature for 30 s, then remove
and discard all the supernatant from each well.
21. Repeat steps 19 and 20 once for a total of two ethanol washes.
22. Following the last ethanol wash, use a p10 to remove any
residual ethanol from the bottom of the wells while keeping
the plate on the magnetic stand.
23. Keep the plate on the magnetic stand for no more than 5 min
to dry the beads (see Note 3).
24. Remove the plate from the magnet and add 55 μl of elution
buffer to resuspend the beads by gently pipetting up and down
ten times.
25. Incubate the plate with the resuspended samples for 2 min at
room temperature.
26. Place the plate on the magnetic stand and let the plate incubate
at room temperature for an additional 5 min.
27. With the plate still on the magnetic stand, transfer 50 μl of the
supernatant to a new plate.
3.3.2 End Repair
and A-Tailing

Following shearing, the ends of the DNA are of varied lengths and
have 3′ and 5′ overhangs. The end repair step uses T4 DNA polymerase and Klenow DNA polymerase to remove 3′ overhangs and
fill in the 5′ overhangs. Since the adapter ligation requires the presence of a 3′ A-base on the double stranded DNA fragments, the
adenylation step uses dATPs and Exo(−) Klenow to adenylate the
DNA fragments.
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1. Create an End repair/A-tailing master mix using the guidelines in Table 1.
2. Add 10 μl of End Repair/A-Tail Mix to each sample of the
plate and pipette up and down ten times to mix.
3. Seal the plate and spin down briefly.
4. Place the plate in the thermal cycler and run for 30 min at
20 °C followed by 30 min at 65 °C.
5. Proceed immediately to the next step.
3.3.3

Adapter Ligation

In this step, the NEXTflex-96 DNA adapters are attached to the 3′
ends using DNA ligase. The index and flow cell binding sequence
is incorporated into the adapter sequence (see Note 4).
1. Create an adapter ligation master mix using the guidelines in
Table 2.
2. Obtain the post-A-tailing plate from the thermal cycler and
add 47.5 μl of the master mix to each sample.
3. Add 2.5 μl from each well of the NEXTflex 96-adapter plate to
the corresponding sample.
4. Incubate the samples for 15 min at 20 °C.
5. Proceed immediately to next step.
Table 1
End repair master mix setup

Reagent

Vol. for 1 lib. (μl)

Vol. for N lib.
(μl)

End repair and A-tailing buffer

7

7 × (N + 1)

End repair and A-tailing enzyme
mix

3

3 × (N + 1)

10

10 × (N + 1)

Total volume

Table 2
Adapter ligation master mix setup

Reagent
Nuclease-free water

Vol. for 1 library (μl)

Vol. for N
libraries (μl)

7.5

7.5 × (N + 1)

Ligation buffer

30.0

30.0 × (N + 1)

DNA ligase

10.0

10.0 × (N + 1)

Total volume

47.5

47.5 × (N + 1)
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6. Vortex the AMPure XP beads until they are well dispersed.
7. Add 88 μl of the AMPure XP beads to each sample.
8. Incubate the plate at room temperature for 15 min.
9. Place the plate on the appropriate magnetic stand and let incubate at room temperature for an additional 5 min.
10. Remove and discard all of the solution of the supernatant from
each well.
11. With the plate still on the magnetic stand, add 200 μl of freshly
prepared 80% ethanol to each well without disturbing the
beads.
12. Incubate the plate at room temperature for 30 s, then remove
and discard all the supernatant from each well.
13. Repeat steps 11 and 12 once for a total of two ethanol washes.
14. Following the last ethanol wash, use a p10 to remove any
residual ethanol from the bottom of the wells while keeping
the wells on the magnetic stand.
15. Keep the plate on the magnetic stand for no more than 5 min
to dry the beads.
16. Add 105 μl of elution buffer to each well of the plate using a
multichannel pipette. Resuspend the beads gently by pipetting
ten times.
17. Incubate the plate with the resuspended samples for 2 min at
room temperature.
18. Place the plate on the magnetic stand and let the plate incubate
at room temperature for an additional 5 min.
19. With the plate still on the magnetic stand, transfer 100 μl of
the supernatant (adapter-ligated DNA) to a new well for
another cleanup.
20. Add 70 μl of the AMPure XP beads to each well of the plate
containing sample and pipette up and down ten times to mix.
21. Incubate the plate at room temperature for 15 min.
22. Place the plate on the appropriate magnetic stand and let incubate at room temperature for an additional 5 min.
23. Remove and discard all the solution of the supernatant from
each well.
24. With the plate still on the magnetic stand, add 200 μl of freshly
prepared 80% ethanol to each well without disturbing the
beads.
25. Incubate the plate at room temperature for 30 s, then remove
and discard all of the supernatant from each well using a multichannel pipette.
26. Repeat steps 24 and 25 once for a total of two ethanol washes.
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27. Following the last ethanol wash, use a p10 to remove any
residual ethanol from the bottom of the wells while keeping
the wells on the magnetic stand.
28. Keep the plate on the magnetic stand for no more than 5 min
to dry the beads.
29. Add 25 μl of elution buffer to each well of the plate using a
multichannel pipette. Resuspend the beads gently by pipetting
ten times.
30. Incubate the plate with the resuspended samples for 2 min at
room temperature.
31. Place the plate on the magnetic stand and let the plate incubate
at room temperature for an additional 5 min.
32. With the plate still on the magnetic stand, transfer 20 μl of the
supernatant to a new plate.
3.3.4

PCR Enrichment

1. Create a PCR master mix for the samples using the guidelines
in Table 3 and keep the master mix on ice until ready to use.
2. Pipette 30 μl of enrichment master mix to the appropriate wells
of the plate containing the 20 μl of ligated DNA and mix by
pipetting up and down at least ten times.
3. Seal the plate and spin down briefly.
4. Place the plate in the thermal cycler and run the following
Enrichment program (Table 4).
5. Vortex the AMPure XP beads until they are well dispersed.
6. Add 100 μl of the AMPure XP beads to each sample.
7. Incubate the plate at room temperature for 15 min.
8. Place the plate on the appropriate magnetic stand and let incubate at room temperature for an additional 5 min.
9. Remove and discard all the solution of the supernatant from
each well without disturbing the beads.

Table 3
DNA fragment enrichment master mix setup

Reagent
2× KAPA HiFi HotStart
ReadyMix
10× KAPA library amplification
primer mix
Total volume

Vol. for N
Vol. for 1 library (μl) libraries (μl)
25.0

25 × (N + 1)

5.0

5 × (N + 1)

30.0

30 × (N + 1)
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Table 4
PCR conditions for DNA fragment enrichment.
Temperature, °C

Time

Number of cycles

98

45 s

×1

98

15 s

×4

60

30 s

72

30 s

72

1 min

×1

10. With the plate still on the magnetic stand, add 200 μl of freshly
prepared 80% ethanol to each well without disturbing the
beads.
11. Incubate the plate at room temperature for 30 s, then remove
and discard all the supernatant from each well using a multichannel pipette.
12. Repeat steps 10 and 11 once for a total of two ethanol washes.
13. Following the last ethanol wash, use a p10 to remove any
residual ethanol from the bottom of the wells while keeping it
on the magnetic stand.
14. Keep the plate on the magnetic stand for 5 min to dry the
beads.
15. Add 32 μl of EB buffer to each well of the plate using a multichannel pipette. Resuspend the beads gently through pipetting
ten times.
16. Incubate the plate with the resuspended samples for 2 min at
room temperature.
17. Place the plate on the magnetic stand and let the plate incubate
at room temperature for an additional 5 min.
18. With the plate still on the magnetic stand, transfer 30 μl of the
supernatant from the plate to a new PCR plate.
19. Run the final libraries on the Agilent 2100 Bioanalyzer using
the DNA 1000 chip.
20. Final libraries that pass QC have a concentration >2 ng/μl and
a library size >200 bp.
3.4 DNA Sequencing
on the Illumina
HiSeq X

The final DNA library is diluted, denatured, and introduced into
the lanes of the flow cell using the cBot according to the manufacturer’s protocol. The libraries are loaded at a 2:1 tumor–normal
ratio to reach coverage (average read depth) of 80X for the tumor
sample and 40X for the normal sample. The DNA library templates are captured by the oligonucleotides that are affixed to the
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surface of the flow cell. Templates bound to the oligonucleotides
on the flow cell are 3′ extended, producing covalently attached
discrete single molecules. The double-stranded molecule is denatured, and the original template is washed away. The free ends of
the bound templates hybridize to the adjacent lawn primers to
form U-shaped bridges. The DNA bridge is then copied from the
primer to create a double-stranded DNA bridge. The resulting
dsDNA is denatured, hybridized to lawn-primers to form new
bridges and extended again. This process of isothermal bridge
amplification is repeated 35 times to create a dense cluster of over
2000 molecules. The reverse strands in the cluster are removed by
cleavage at the reverse strand-specific lawn primers, leaving a cluster with forward strands only. The free 3′-OH ends are blocked to
prevent nonspecific priming. Sequencing primers are hybridized to
the free ends of the DNA templates. The flow cell is now ready to
be sequenced on the Illumina HiSeq X and is loaded onto the
sequencer according to manufacturer protocol (see Note 5).
3.5 Validation
of EGFRvIII Expression
Using RT-PCR
and Sanger
Sequencing

Gene-specific primers are designed to flank the region of interest in
the cDNA sample. The cDNA is then amplified through PCR
using these primers and purified through agarose-gel electrophoresis. Cycle sequencing PCR is then performed on the purified PCR
products which incorporate fluorescently labeled dideoxynucleotides that interrupt the extension of the DNA strand when incorporated during elongation. Lastly, the cycle sequencing PCR
products are precipitated out with EDTA and ethanol, resuspended
in formamide and loaded onto the ABI 3500 Genetic Analyzer to
be read.

3.5.1

In this step, mRNA is converted to first strand cDNA by using
Invitrogen’s SuperScript reverse transcriptase. By combining random hexamers and dNTPs with denatured RNA, the hexamers
randomly bind and provide a priming template for cDNA synthesis
using SuperScript enzyme.

RT-PCR

1. Add the following components to a nuclease-free tube:
–– 1 μl of Random Hexamer(50 μM).
–– 10 pg to 5 μg total RNA.
–– 1 μl 10 mM dNTP Mix.
–– Sterile, distilled water up to 13 μl.
2. Heat mixture to 65 °C for 5 min and incubate on ice for at
least 1 min.
3. Collect the contents of the tube by brief centrifugation and
add the following:
–– 4 μl 5X First-Strand Buffer.
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–– 1 μl 0.1 M DTT.
–– 1 μl RNaseOUT™ Recombinant RNase Inhibitor (see
Note 6).
–– 1 μl of SuperScript™ III RT (see Note 7).
4. Mix by pipetting gently up and down and incubate tube at
25 °C for 5 min followed by 50 °C for 60 min and 70 °C for
15 min.
5. To remove the RNA complementary to the cDNA add 1 μl of
RNase H and incubate at 37 °C for 20 min.
6. The cDNA is now ready for PCR amplification.
3.5.2

Gene Specific PCR

In this step, the cDNA fragments are enriched by PCR using
primer sequences designed to amplify out the region spanning
from exon 1 to exon 8 of EGFR. As a control, a primer designed
to amplify exon 7 to exon 8 is used to ensure that the cDNA was
synthesized properly. An M13 forward and reverse tail is also added
to the primer sequences in order to have one set of universal primers that can be used during cycle sequencing. The forward and
reverse sequences are as follows:
Exon1 Forward: 5′-TGTAAAACGACGGCCAGTGGGCTCT
GGAGGAAAAGAAA -3′.
Exon7 Forward: 5′-TGTAAAACGACGGCCAGTGTCTG
CCGCAAATTCCGAGACGAAG-3′.
Exon 8 Reverse: 5′-CAGGAAACAGCTATGACCAGGCCCT
TCGCACTTCTTAC-3′.
1. Remove REDTaq® ReadyMix™ PCR Reaction Mix from
−20 °C and place on ice.
2. Prepare PCR master mix for each primer set according to
Table 5.
3. Normalize 200 ng of cDNA in a total of 5 μl of water in a
96-well plate.
4. Add 20 μl of the master mix prepared in Table 5 to the DNA
samples.
5. Seal and spin down plate.
6. Place the plate in the thermal cycler according to the conditions listed in Table 6.
7. Place one precast 2.0% agarose E-gel onto the E-gel iBase.
8. Carefully remove the comb from the top of the cartridge and
discard (see Note 8).
9. Add 10 μl of E-gel 1 kb + ladder to the first well of your gel.
10. Add 10 μl of each PCR product to the subsequent wells of the
gel.
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Table 5
PCR master mix setup
Amount per one
reaction (μl)

Reagent
2X JumpStart REDTaq ReadyMix

12.5

20 μM Exon 1 Forward Primer

1.0

20 μM Exon 8 Reverse Primer

1.0

Formamide (1% volume:volume)

0.25

Nuclease-free water

5.25

Table 6
Thermal cycler parameters for PCR with gene specific primers

Temperature, °C

Time

Number of
cycles

94

2 min

×1

94

30 s

×33

55–68 (based on primers)

30 s

72

30 s

72

5 min

×1

4

Hold (∞)

×1

11. Choose a 10-min run time and press “start.”
12. Once the gel is finished running, if EGFRvIII
(c.335_1135delinsggt, p.V30_R297delinsG) is positive you
will see a band at 164 bp (Fig. 1). The EGFR exon 7 to exon
8 PCR control will produce a band at 285 bp. The band at
965 bp will be any EGFR full exon 1 to exon 8 product captured in the PCR reaction.
13. Remove the gel from E-Gel IBase and proceed to
purification.
3.5.3 Gene Specific PCR
Purification Using QIAquick
Gel Extraction Kit

1. Using a razor, excise the 164 bp band from the gel and put in
a 1.5 ml tube.
2. Add 3 volumes of Buffer QG to 1 volume of gel (100 mg to
100 μl).
3. Incubate at 50 °C for 10 min until the gel slice has dissolved
(see Note 9).
4. Add 1 gel volume of isopropanol to the sample and mix.
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Fig. 1 RT-PCR identifying the expression of EGFRvIII in glioblastoma tumor samples. Three GBM samples
(samples 1, 2 and 3) identified as positive for EGFRvIII based on WGS analysis and one GBM sample (sample
4) identified as positive for EGFR amplification with no evidence of EGFR structural variants are selected for
validation. Samples 1, 2, and 3 contain 164-bp band corresponding to EGFRvIII exon 2–7 deletion, whereas
Sample 4 contains a 965-bp band corresponding to wild type exon 1 to exon 8 EGFR. The control (Ctrl) for each
sample shows the amplification of exon 7 to exon 8 (285 bp) and is used to ensure that cDNA synthesis and
PCR worked properly

5. Apply the sample to the QIAquick column and centrifuge for
1 min.
6. Discard flow-through and place QIAquick column back in the
same collection tube.
7. To wash, add 0.75 μl of Buffer PE to QIAquick column and
centrifuge for 1 min.
8. Discard the flow-through and centrifuge the QIAquick column for an additional 1 min at 17,900 × g.
9. Place QIAquick column into a clean 1.5 ml microcentrifuge
tube.
10. To elute DNA, add 50 μl of Buffer EB (10 mM Tris–HCl,
pH 8.5) to the center of the QIAquick membrane and let sit
for 1 min.
11. Centrifuge for 1 min to elute off column.
3.5.4 Cycle Sequencing
with Big Dye Terminator
v3.1 Kit

1. Prepare two separate master mixes using the M13 Forward
and M13 Reverse primers according to Table 7.
2. Aliquot 19 μl of cycle sequencing master mix to the appropriate wells of the plate (see Note 10).
3. Add 1 μl of 200 ng/μl DNA to the associated well.
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Table 7
Cycle sequencing master mix

Reagent

Vol. for N
Vol. for 1 library (μl) libraries (μl)

2.5× Ready reaction mix

4.0

4 × (N + 1)

5× BigDye sequencing buffer

2.0

2 × (N + 1)

10 μM M13 Fwd/Rvs primer

0.33

0.33 × (N + 1)

12.67

12.67 × (N + 1)

Nuclease-free water

Table 8
Cycle sequencing PCR program
Temperature, °C

Time

Number of cycles

96

1 min

×1

96

10 s

×25

50

5s

60

4 min

4

Hold (∞)

×1

4. Add 1 μl of 200 ng/μl pGEM control DNA to the appropriate
well (see Note 11).
5. Add 1 μl of nuclease-free water to both NTC wells.
6. Seal the plate and place in the cycler set to the conditions in
Table 8.
3.5.5 Purification
of Extension Products
by Ethanol Precipitation

1. Turn on the refrigerated centrifuge and set to 4 °C.
2. Remove the sample plate from the thermal cycler and pulse
centrifuge.
3. Remove the seal from the plate and add 5 μl of 125 mM EDTA
to the bottom of each well.
4. Add 60 μl of 100% ethanol to the bottom each well.
5. Seal the plate and mix by vigorously vortexing the plate for
10 s.
6. Incubate the sealed plate in a closed drawer at room temperature for 15 min.
7. Place the plate into centrifuge and spin down at 2204 × g for
45 min at 4 °C.
8. Remove the plate seals and invert the plate onto a paper towel
in order to remove the ethanol.
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9. Place the inverted plate on a folded Kimwipes and centrifuge
up to 185 × g.
10. Remove the plate from the centrifuge and add 60 μl of freshly
made 70% ethanol to each well.
11. Seal the plate and vortex for 10 s.
12. Place the plate into centrifuge and spin down at 1650 × g for
15 min at 4 °C.
13. Remove the plate seals and invert the plate onto a paper towel
in order to remove the ethanol.
14. Place the inverted plate on a folded Kimwipes and centrifuge
the plate while inverted up to 185 × g.
15. Remove the plate from the centrifuge and allow to air dry for
10 min.
16. Once all wells are dry, add 15 μl of Hi-Di ™ formamide to each
of the sample wells (see Note 12).
17. Seal the plate using a 96-well septum and load the plate onto
the ABI 3500dx sequencer according to its user guide.
3.5.6 Analyzing Sanger
Results

Data that comes off the ABI 3500dx sequencer is analyzed and
aligned using Mutation Surveyor software.
1. Open the mutation surveyor software and click the folder icon
located on the top left of the window.
2. Click “add” next to the “Sample Files” box to upload sample
AB1 files.
3. Once the desired traces are added, click “ok” to add them to
the current project and return to the main window.
4. Click the run icon on the top of the screen to analyze the
selected samples.
5. The samples that are confirmed positive for the EGFRvIII
mutation will show the exon 2–7 deletion and evidence of the
insertion of the known glycine GGT codon [30] (Fig. 2).

3.6 Bioinformatics
Sequencing Data:
Postprocess Data
Generation
and Analysis

Variant callers are applied to sequencing data to identify somatic
single nucleotide variants (SNV), insertion and deletions (Indels),
somatic copy number alterations (SCNA) and structural
variations.

3.6.1 Sample Identity
and Integrity

1. Tumor and normal concordance and contamination is checked
using the in-house tool Conpair [31] (see Note 13).

3.6.2 Somatic SNV
and Indel Identification

1. To identify somatic single nucleotide variants (SNV) three callers are used:
muTect v1.1.7 [32]; Strelka v1.0.14 [33]; LoFreq v2.1.3a
[34].
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Fig. 2 Sanger results identifying EGFRvIII. The top trace shows the exon 7 to exon 8 junction of the normal
reference sequence NM_005228. The bottom traces show the exon 1 to exon 8 junction of the EGFRvIII
mutated sample that contains the exon 2–7 deletion and the production of the GGT (glycine) codon

2. To identify somatic indels (insertions and deletions) three callers are used:
Strelka v1.0.14 [33]; Pindel v0.2.5 [35]; Scalpel v0.5.3 [36] (see
Note 14).
3.6.3 Copy Number
Alteration Discovery

1. Somatic copy number alterations (SCNA) are identified using
NBIC-Seq [37] (see Notes 15 and 16).

3.6.4 Somatic Structural
Variant Calling

1. A combination of three callers is used to identify structural
variants:
Delly v1.0 [38]; Crest v0.6.1 [39]; BreakDancer v1.4.0 [40]
(see Note 17).
2. Identification of EGFRvIII from DNA whole genome sequencing is performed by using SV callers listed above and manual
inspection of all reads contributing to the variant. Further laboratory validation by RT-PCR and Sanger sequencing is performed as detailed above (see Note 18).

4

Notes
1. Institutions that utilize patient samples to generate WGS data
use protocols that are approved through their local Institutional
Review Boards (IRB) or a central IRB.
2. Visually check each sample well to ensure that there are no air
bubbles present prior to shearing and that the metal rod is in
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the center of the Covaris tube. Air bubbles can cause variable
shearing. If air bubbles are present, briefly centrifuge the plate
and then check again. Oxidative damage can result in artificial
transversion artifacts in the final sequencing output due to
8-oxoG lesions [41].
3. Over drying the beads can lead to significant sample loss.
4. The list of NEXTflex adapters can be obtained at: http://
www.biooscientific.com/Portals/0/Manuals/NGS/514101NEXTflex-DNA-Barcodes-6.pdf.
5. Introduction to next generation sequencing technology can be
found at: https://www.illumina.com/content/dam/illumina-marketing/documents/products/illumina_sequencing_
introduction.pdf.
6. When using less than 50 ng of starting RNA, the addition of
RNaseOUT™ is essential.
7. If generating cDNA longer than 5 kb at temperatures above
50 °C using gene-specific primers, the amount of SuperScript™
III RT may be raised to 400 U (2 μl) to increase yield.
8. E-gel cartridges contain all the components necessary to run a
gel, including buffer. Do not add running buffer to the
cartridge.
9. For >2% gels, increase incubation time until the gel is completely dissolved.
10. Be sure to add the forward master mix to two extra wells, one
for the positive control and one for the forward negative
control. For the reverse master mix, only a reverse negative
control is needed.
11. A positive pGEM®-3Zf(+) double –stranded DNA control is
included in each BigDye Terminator v3.1 Cycle Sequencing
Kit. pGEM is added to the forward primer master mix and
included in every sequencing run to determine whether a failed
reaction is the result of poor quality template DNA or the
sequencing reaction itself.
12. Be sure to add 15 μl of Hi-Di formamide to all wells in the
column even if they do not contain sample. The capillaries
must be submerged in formamide while on the machine. Do
not place a plate on the machine with partially filled columns
because the air may ruin the capillary.
13. Conpair takes as input tumor and normal bam files, reference
genome (GRCh37) and a short list of 7387 preselected highly
informative exonic markers in order to run both concordance verification and contamination estimation on a tumor–normal pair.
14. Benchmarking of all three callers must be performed to identify optimal performance at reasonable tumor and normal
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sequencing depth. Since a matched normal is used to identify
variants in the tumor, normal sequencing coverage will affect
the total precision and recall of variants identified. Additional
validation must be performed to calculate limit of detection
and ensure sufficient reproducibility. Current validation strategies are based on past benchmarking studies of high coverage
whole exome sequencing [42, 43], but must be redeveloped to
apply for whole genome sequencing. Benchmarking can be
performed using a HapMap “virtual tumor” (in silico) protocol [43]. We currently employ a mean sequencing depth of
coverage of 80X (80 reads) for tumor and 40X (40 reads) for
normal. The total number of variants in 39 of our GBM samples called within a padded exonic 84 Mb region by two callers
ranges from approximately 40 to 280 SNVs (Fig. 3).

Fig. 3 Sample mutational burden. The total count of SNVs per patient sample obtained over a padded exonic
region of 84 Mb across the genome as derived by two callers (mutect and strelka) with no VAF filtering. Patient
TMZ treatment status prior to tumor resection is colored (N = null, Y = positive). Two samples with extreme
mutational burden of 1954 SNV count (TMZ null) and 5717 SNV count (TMZ positive) are not shown for better
resolution of remaining samples
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Fig. 4 Copy number profile example in glioblastoma. The copy number profile across all chromosomes as a
log2 (T/N) ratio is presented for a single GBM sample (top). B-allele frequencies (middle) and somatic variant
allele frequencies (bottom) are shown across corresponding chromosomes. Focal amplifications of MDM4 on
chromosome 1 (log2 = 3.9, >35 copies) and EGFR (log2 = 4.7, >70 copies) are selected. Copy number homozygous focal deletions in chromosome 9 and 10 affecting CDKN2A and PTEN are also highlighted

Additionally, two of our patient samples show evidence of
hypermutation with 1954 and 5717 somatic variants called.
Hypermutation profiles have previously been observed in
GBM [44, 45]. Somatic variants in mismatch repair genes were
observed in these two samples.
15. Copy number variant callers can be used to calculate overall
tumor purity and ploidy. NBIC-seq, TitanCNA [46], ASCAT
[47] (from genotyping chip) and Absolute [48] results are
manually checked to generate purity and ploidy estimates.
Both TitanCNA and Absolute output multiple solutions based
on their estimation of tumor heterogeneity.
16. Simply stated, CNV callers employ read depth and B-allele
frequencies to determine differences between tumor/normal
read depth within spanning genomic windows producing log2
ratio values of segment alterations calculated across the
genome (Fig. 4). Majority of the SCNA found in GBM are
those previously reported in large scale sequencing studies [9,
49] such as PTEN heterozygous deletion, CDKN2A focal
loss, and EGFR focal gain (>5 copies) or part of whole arm
chromosome 7 amplification. Of interest however are those
SCNA mainly associated with therapeutic options or clinical
trials. Whole genome sequencing at NYGC identified potentially targeting aberrations such MET amplification and focal
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Fig. 5 Frequency of therapy-associated somatic copy number alterations. Per sample detection of copy number alterations and structural variations observed across 41 patient samples. Reported genes are clinically
significant or related to therapy. Deletions and amplifications refer to arm-scale events. Gains and loss refer to
focal events mainly homozygous loss or gains >5 copies

gains in EGFR, MDM2, CDK4, PIK3CA and PDGFRA. Other
potential oncogenic deletions were discovered in RB1, TSC2
and NF1 (Fig. 5).
17. An additional structural variant caller currently used for
research analysis purposes is Manta [50]. All structural variant
callers are benchmarked using the DREAM challenge dataset
[51]. To add confidence and improve sensitivity in structural
variant calling, we use SpalzerS [52] determining copy number
change points close to structural variant breakpoints and splitreads supporting the variant in the tumor (but not the normal). Variant callers identify both intrachromosomal and
interchromosomal translocation events in GBM and can lead
to identification of potential double minute/extrachromosomal structures [53–55] (Fig. 6a, b). In our hands, variant
callers identified several chromosome 7 and EGFR breakpoints
in one NYGC GBM sample (Fig. 6c). Variant callers also
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Fig. 6 Structural variations observed in glioblastoma. Circos plots showing extreme intrachromosomal translocation on chromosome 4 (a) which may suggest the presence of chromosome 4 double minute structures
and interchromosomal translocations between chromosomes 17 and 11 (b) both identified in one NYGC GBM
sample. Chromosome 7 and EGFR structural variants visualized by Circos plot in another NYGC GBM sample
(c). Intrachromosomal variants are found in an amplified locus of PDGFRA/KIT/KDR/FIP1L1 of chromosome 4
(d) disrupting the PDGFRA region

identified inversions and translocation in the FIP1L1 locus
(structural variant breakpoints include: chr4:54,562,321,
chr4:54,723,608,
chr4:55,203,431,
chr4:54,821,216,
chr4:54,900,288) in another NYGC GBM sample potentially
disrupting the PDGFRA enhancer and insulator locus [20]
(Fig. 6d).
18. Examination of all EGFR SV is performed by IGV and alignments are viewed as pairs and sorted by insert size. Not all SV
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Fig. 7 Identification of EGFR variants EGFRvIII and C-terminal deletion from the detection of structural variants
in EGFR. Deletion events spanning exon 2 to exon 7 of EGFR can indicate the presence of EGFRvIII. IGV screen
shots of these events are depicted for two samples at low (a) and (b) high coverage tracks. Top track (top a
and b) shows three reads spanning chr7:55092018–55223291 in a nonamplified EGFR sample while the bottom track (bottom a and b) shows 99 reads spanning chr7:55171122–55223266. Both samples proved positive for EGFRvIII via RT-PCR and Sanger sequencing analysis (see Figs. 1 and 2 and Subheadings 3.5.3 and
3.5.4). (c) Read pairs identifying C-terminal deletions in EGFR (breakpoints identified by callers chr7:55268727–
755812091 and chr7:55270461-chr7:55810724 represent an intronic region between exons 24 and 25 and
3′ downstream noncoding region)

variants detected are attributed to EGFRvIII. Manual inspection of each variant call is performed. DNA variants specifically
in intron 1 (between exons 1 and 2) and after exon 7 (intron
8) can suggest the presence of EGFRvIII in the sample. For
example, two separate GBM samples, one with three reads
spanning positions 7:55,092,018–55,223,291 in a nonamplified EGFR and the other with 99 reads spanning positions
7:55,171,122–55,223,266, tested positive for EGFRvIII (see
Fig. 7a, b and Subheadings 3.5.3 and 3.5.4). Other variants
especially EGFR C-terminal truncating variants are also identified by SV callers (Fig. 7c) in which breakpoints between
exons 24 and 25 paired with 3′ downstream breakpoints were
observed.

26

Kazimierz O. Wrzeszczynski et al.

Acknowledgments
We greatly thank all patients for their consent and donation of tissue specimens for this work.
References
1. Good BM, Ainscough BJ, McMichael JF, Su
AI, Griffith OL (2014) Organizing knowledge
to enable personalization of medicine in cancer.
7.
Genome Biol 15(8):438. https://doi.
org/10.1186/s13059-014-0438-7
2. Griffith M, Miller CA, Griffith OL, Krysiak K,
Skidmore ZL, Ramu A, Walker JR, Dang HX,
Trani L, Larson DE, Demeter RT, Wendl MC,
McMichael JF, Austin RE, Magrini V, McGrath
SD, Ly A, Kulkarni S, Cordes MG, Fronick
CC, Fulton RS, Maher CA, Ding L, Klco JM,
8.
Mardis ER, Ley TJ, Wilson RK (2015)
Optimizing cancer genome sequencing and
analysis. Cell Syst 1(3):210–223. https://doi.
org/10.1016/j.cels.2015.08.015
9.
3. Hyman DM, Solit DB, Arcila ME, Cheng DT,
Sabbatini P, Baselga J, Berger MF, Ladanyi M
(2015) Precision medicine at Memorial Sloan
Kettering Cancer Center: clinical next-
generation
sequencing
enabling
next-
generation targeted therapy trials. Drug Discov
Today
20(12):1422–1428.
https://doi.
org/10.1016/j.drudis.2015.08.005
4. Prados MD, Byron SA, Tran NL, Phillips JJ,
Molinaro AM, Ligon KL, Wen PY, Kuhn JG,
Mellinghoff IK, de Groot JF, Colman H,
Cloughesy TF, Chang SM, Ryken TC, Tembe
WD, Kiefer JA, Berens ME, Craig DW, Carpten
JD, Trent JM (2015) Toward precision medicine in glioblastoma: the promise and the challenges. Neuro-Oncology 17(8):1051–1063.
https://doi.org/10.1093/neuonc/nov031
5. Wrzeszczynski KO, Robine N, Vacic V, Emde
AK, Chen BJ, Liao C, Arora K, Shah M, 10.
Grabowska EA, Felice V, Dikoglu E, Reeves C,
Frank M, Jobanputra V, Zody MC, Bloom T,
Darnell RB (2016) NYGC glioblastoma clinical outcomes pilot study: discovering therapeutic potential in glioblastoma through integrative 11.
genomics. Cancer Res 76(14: Suppl):Abstract:
4497. Proceedings of the 107th annual meeting of the American Association for Cancer
Research, New Orleans, LA, 16–20 Apr 2016
6. Kandoth C, McLellan MD, Vandin F, Ye K,
Niu B, Lu C, Xie M, Zhang Q, McMichael JF,
Wyczalkowski MA, Leiserson MD, Miller CA, 12.
Welch JS, Walter MJ, Wendl MC, Ley TJ,
Wilson RK, Raphael BJ, Ding L (2013)
Mutational landscape and significance across

12 major cancer types. Nature 502(7471):333–
339. https://doi.org/10.1038/nature12634
Zack TI, Schumacher SE, Carter SL, Cherniack
AD, Saksena G, Tabak B, Lawrence MS, Zhsng
CZ, Wala J, Mermel CH, Sougnez C, Gabriel
SB, Hernandez B, Shen H, Laird PW, Getz G,
Meyerson M, Beroukhim R (2013) Pan-cancer
patterns of somatic copy number alteration.
Nat Genet 45(10):1134–1140. https://doi.
org/10.1038/ng.2760
Wright JB, Sanjana NE (2016) CRISPR screens
to discover functional noncoding elements.
Trends Genet 32(9):526–529. https://doi.
org/10.1016/j.tig.2016.06.004
Brennan CW, Verhaak RG, McKenna A,
Campos B, Noushmehr H, Salama SR, Zheng
S, Chakravarty D, Sanborn JZ, Berman SH,
Beroukhim R, Bernard B, Wu CJ, Genovese G,
Shmulevich I, Barnholtz-Sloan J, Zou L,
Vegesna R, Shukla SA, Ciriello G, Yung WK,
Zhang W, Sougnez C, Mikkelsen T, Aldape K,
Bigner DD, Van Meir EG, Prados M, Sloan A,
Black KL, Eschbacher J, Finocchiaro G,
Friedman W, Andrews DW, Guha A, Iacocca
M, O'Neill BP, Foltz G, Myers J, Weisenberger
DJ, Penny R, Kucherlapati R, Perou CM,
Hayes DN, Gibbs R, Marra M, Mills GB,
Lander E, Spellman P, Wilson R, Sander C,
Weinstein J, Meyerson M, Gabriel S, Laird PW,
Haussler D, Getz G, Chin L, Network TR
(2013) The somatic genomic landscape of glioblastoma. Cell 155(2):462–477. https://doi.
org/10.1016/j.cell.2013.09.034
Furnari FB, Cloughesy TF, Cavenee WK,
Mischel PS (2015) Heterogeneity of epidermal
growth factor receptor signalling networks in
glioblastoma. Nat Rev Cancer 15(5):302–310.
https://doi.org/10.1038/nrc3918
Ozawa T, Riester M, Cheng YK, Huse JT,
Squatrito M, Helmy K, Charles N, Michor F,
Holland EC (2014) Most human non-GCIMP
glioblastoma subtypes evolve from a common
proneural-like precursor glioma. Cancer Cell
26(2):288–300. https://doi.org/10.1016/j.
ccr.2014.06.005
Alcantara Llaguno SR, Wang Z, Sun D, Chen
J, Xu J, Kim E, Hatanpaa KJ, Raisanen JM,
Burns DK, Johnson JE, Parada LF (2015)

Whole Genome Sequencing of Glioblastoma

13.

14.

15.

16.

17.

18.

19.

20.

21.

Adult lineage-restricted CNS progenitors specify distinct glioblastoma subtypes. Cancer Cell
28(4):429–440. https://doi.org/10.1016/j.
ccell.2015.09.007
Patel AP, Tirosh I, Trombetta JJ, Shalek AK,
Gillespie SM, Wakimoto H, Cahill DP, Nahed
BV, Curry WT, Martuza RL, Louis DN,
Rozenblatt-Rosen O, Suva ML, Regev A,
Bernstein BE (2014) Single-cell RNA-seq highlights intratumoral heterogeneity in primary
glioblastoma. Science 344(6190):1396–1401.
https://doi.org/10.1126/science.1254257
Omuro A, DeAngelis LM (2013) Glioblastoma
and other malignant gliomas: a clinical review.
JAMA 310(17):1842–1850. https://doi.
org/10.1001/jama.2013.280319
Theeler BJ, Gilbert MR (2015) Advances in
the treatment of newly diagnosed glioblastoma. BMC Med 13:293. https://doi.
org/10.1186/s12916-015-0536-8
Park AK, Francis JM, Park WY, Park JO, Cho
J (2015) Constitutive asymmetric dimerization
drives oncogenic activation of epidermal
growth factor receptor carboxyl-terminal deletion mutants. Oncotarget 6(11):8839–8850.
10.18632/oncotarget.3559
Gan HK, Cvrljevic AN, Johns TG (2013) The
epidermal growth factor receptor variant III
(EGFRvIII): where wild things are altered.
FEBS J 280(21):5350–5370. https://doi.
org/10.1111/febs.12393
Padfield E, Ellis HP, Kurian KM (2015) Current
therapeutic advances targeting EGFR and
EGFRvIII in glioblastoma. Front Oncol 5:5.
https://doi.org/10.3389/fonc.2015.00005
Zadeh G, Bhat KP, Aldape K (2013) EGFR
and EGFRvIII in glioblastoma: partners in
crime. Cancer Cell 24(4):403–404. https://
doi.org/10.1016/j.ccr.2013.09.017
Flavahan WA, Drier Y, Liau BB, Gillespie SM,
Venteicher AS, Stemmer-Rachamimov AO,
Suva ML, Bernstein BE (2016) Insulator dysfunction and oncogene activation in IDH
mutant gliomas. Nature 529(7584):110–114.
https://doi.org/10.1038/nature16490
Johnson LA, Scholler J, Ohkuri T, Kosaka A,
Patel PR, McGettigan SE, Nace AK, Dentchev
T, Thekkat P, Loew A, Boesteanu AC, Cogdill
AP, Chen T, Fraietta JA, Kloss CC, Posey AD
Jr, Engels B, Singh R, Ezell T, Idamakanti N,
Ramones MH, Li N, Zhou L, Plesa G, Seykora
JT, Okada H, June CH, Brogdon JL, Maus
MV (2015) Rational development and characterization of humanized anti-EGFR variant III
chimeric antigen receptor T cells for
glioblastoma. Sci Transl Med 7(275):275ra222.
https://doi.org/10.1126/scitranslmed.
aaa4963

27

22. Alshami J, Guiot MC, Owen S, Kavan P,
Gibson N, Solca F, Cseh A, Reardon DA,
Muanza T (2015) Afatinib, an irreversible
ErbB family blocker, with protracted temozolomide in recurrent glioblastoma: a case
report.
Oncotarget
6(32):34030–34037.
10.18632/oncotarget.5297
23. Nathanson DA, Gini B, Mottahedeh J, Visnyei
K, Koga T, Gomez G, Eskin A, Hwang K,
Wang J, Masui K, Paucar A, Yang H, Ohashi
M, Zhu S, Wykosky J, Reed R, Nelson SF,
Cloughesy TF, James CD, Rao PN, Kornblum
HI, Heath JR, Cavenee WK, Furnari FB,
Mischel PS (2014) Targeted therapy resistance
mediated by dynamic regulation of extrachromosomal mutant EGFR DNA. Science
343(6166):72–76. https://doi.org/10.1126/
science.1241328
24. Belkadi A, Bolze A, Itan Y, Cobat A, Vincent
QB, Antipenko A, Shang L, Boisson B,
Casanova JL, Abel L (2015) Whole-genome
sequencing is more powerful than whole-exome
sequencing for detecting exome variants. Proc
Natl Acad Sci U S A 112(17):5473–5478.
https://doi.org/10.1073/pnas.1418631112
25. Turner TN, Hormozdiari F, Duyzend MH,
McClymont SA, Hook PW, Iossifov I, Raja A,
Baker C, Hoekzema K, Stessman HA, Zody
MC, Nelson BJ, Huddleston J, Sandstrom R,
Smith JD, Hanna D, Swanson JM, Faustman
EM, Bamshad MJ, Stamatoyannopoulos J,
Nickerson DA, McCallion AS, Darnell R,
Eichler EE (2016) Genome sequencing of
autism-affected families reveals disruption of
putative noncoding regulatory DNA. Am
J Hum Genet 98(1):58–74. https://doi.
org/10.1016/j.ajhg.2015.11.023
26. Li H, Durbin R (2009) Fast and accurate short
read alignment with Burrows-Wheeler transform.
Bioinformatics 25(14):1754–1760. https://doi.
org/10.1093/bioinformatics/btp324
27. DePristo MA, Banks E, Poplin R, Garimella
KV, Maguire JR, Hartl C, Philippakis AA, del
Angel G, Rivas MA, Hanna M, McKenna A,
Fennell TJ, Kernytsky AM, Sivachenko AY,
Cibulskis K, Gabriel SB, Altshuler D, Daly MJ
(2011) A framework for variation discovery
and genotyping using next-generation DNA
sequencing data. Nat Genet 43(5):491–498.
https://doi.org/10.1038/ng.806
28. McKenna A, Hanna M, Banks E, Sivachenko
A, Cibulskis K, Kernytsky A, Garimella K,
Altshuler D, Gabriel S, Daly M, DePristo MA
(2010) The genome analysis toolkit: a
MapReduce framework for analyzing next-generation DNA sequencing data. Genome Res
20(9):1297–1303. https://doi.org/10.1101/
gr.107524.110

28

Kazimierz O. Wrzeszczynski et al.

29. Krzywinski M, Schein J, Birol I, Connors J,
Gascoyne R, Horsman D, Jones SJ, Marra MA
(2009) Circos: an information aesthetic for
comparative
genomics.
Genome
Res
19(9):1639–1645. https://doi.org/10.1101/
gr.092759.109
30. Sugawa N, Ekstrand AJ, James CD, Collins VP
(1990) Identical splicing of aberrant epidermal
growth factor receptor transcripts from amplified rearranged genes in human glioblastomas.
Proc Natl Acad Sci U S A 87(21):8602–8606
31. Bergmann EA, Chen BJ, Arora K, Vacic V,
Zody MC (2016) Conpair: concordance and
contamination estimator for matched tumor-
normal pairs. Bioinformatics. https://doi.
org/10.1093/bioinformatics/btw389
32. Cibulskis K, Lawrence MS, Carter SL,
Sivachenko A, Jaffe D, Sougnez C, Gabriel S,
Meyerson M, Lander ES, Getz G (2013)
Sensitive detection of somatic point mutations
in impure and heterogeneous cancer samples.
Nat Biotechnol 31(3):213–219. https://doi.
org/10.1038/nbt.2514
33. Saunders CT, Wong WS, Swamy S, Becq J,
Murray LJ, Cheetham RK (2012) Strelka:
accurate somatic small-variant calling from
sequenced tumor-normal sample pairs.
Bioinformatics 28(14):1811–1817. https://
doi.org/10.1093/bioinformatics/bts271
34. Wilm A, Aw PP, Bertrand D, Yeo GH, Ong
SH, Wong CH, Khor CC, Petric R, Hibberd
ML, Nagarajan N (2012) LoFreq: a sequence-
quality aware, ultra-sensitive variant caller for
uncovering cell-population heterogeneity from
high-throughput sequencing datasets. Nucleic
Acids Res 40(22):11189–11201. https://doi.
org/10.1093/nar/gks918
35. Ye K, Schulz MH, Long Q, Apweiler R, Ning Z
(2009) Pindel: a pattern growth approach to
detect break points of large deletions and medium
sized insertions from paired-end short reads.
Bioinformatics 25(21):2865–2871. https://doi.
org/10.1093/bioinformatics/btp394
36. Narzisi G, O'Rawe JA, Iossifov I, Fang H, Lee
YH, Wang Z, Wu Y, Lyon GJ, Wigler M, Schatz
MC (2014) Accurate de novo and transmitted
indel detection in exome-capture data using
microassembly. Nat Methods 11(10):1033–
1036. https://doi.org/10.1038/nmeth.3069
37. Xi R, Hadjipanayis AG, Luquette LJ, Kim TM,
Lee E, Zhang J, Johnson MD, Muzny DM,
Wheeler DA, Gibbs RA, Kucherlapati R, Park
PJ (2011) Copy number variation detection in
whole-genome sequencing data using the
Bayesian information criterion. Proc Natl Acad
Sci U S A 108(46):E1128–E1136. https://
doi.org/10.1073/pnas.1110574108
38. Rausch T, Zichner T, Schlattl A, Stutz AM,
Benes V, Korbel JO (2012) DELLY: structural
variant discovery by integrated paired-end and

39.

40.

41.

42.

43.

44.

split-read analysis. Bioinformatics 28(18):i333–
i339. https://doi.org/10.1093/bioinformatics/bts378
Wang J, Mullighan CG, Easton J, Roberts S,
Heatley SL, Ma J, Rusch MC, Chen K, Harris
CC, Ding L, Holmfeldt L, Payne-Turner D,
Fan X, Wei L, Zhao D, Obenauer JC, Naeve C,
Mardis ER, Wilson RK, Downing JR, Zhang
J (2011) CREST maps somatic structural variation in cancer genomes with base-pair resolution. Nat Methods 8(8):652–654. https://
doi.org/10.1038/nmeth.1628
Chen K, Wallis JW, McLellan MD, Larson DE,
Kalicki JM, Pohl CS, McGrath SD, Wendl MC,
Zhang Q, Locke DP, Shi X, Fulton RS, Ley TJ,
Wilson RK, Ding L, Mardis ER (2009)
BreakDancer: an algorithm for high-resolution
mapping of genomic structural variation. Nat
Methods
6(9):677–681.
https://doi.
org/10.1038/nmeth.1363
Costello M, Pugh TJ, Fennell TJ, Stewart C,
Lichtenstein L, Meldrim JC, Fostel JL, Friedrich
DC, Perrin D, Dionne D, Kim S, Gabriel SB,
Lander ES, Fisher S, Getz G (2013) Discovery
and characterization of artifactual mutations in
deep coverage targeted capture sequencing data
due to oxidative DNA damage during sample
preparation. Nucleic Acids Res 41(6):e67.
https://doi.org/10.1093/nar/gks1443
Cheng DT, Mitchell TN, Zehir A, Shah RH,
Benayed R, Syed A, Chandramohan R, Liu ZY,
Won HH, Scott SN, Brannon AR, O'Reilly C,
Sadowska J, Casanova J, Yannes A, Hechtman
JF, Yao J, Song W, Ross DS, Oultache A,
Dogan S, Borsu L, Hameed M, Nafa K, Arcila
ME, Ladanyi M, Berger MF (2015) Memorial
Sloan Kettering-integrated mutation profiling
of actionable cancer targets (MSK-IMPACT): a
hybridization capture-based next-generation
sequencing clinical assay for solid tumor molecular oncology. J Mol Diagn 17(3):251–264.
https://doi.org/10.1016/j.jmoldx.
2014.12.006
Cottrell CE, Al-Kateb H, Bredemeyer AJ,
Duncavage EJ, Spencer DH, Abel HJ,
Lockwood CM, Hagemann IS, O'Guin SM,
Burcea LC, Sawyer CS, Oschwald DM,
Stratman JL, Sher DA, Johnson MR, Brown JT,
Cliften PF, George B, McIntosh LD, Shrivastava
S, Nguyen TT, Payton JE, Watson MA, Crosby
SD, Head RD, Mitra RD, Nagarajan R,
Kulkarni S, Seibert K, HWt V, Milbrandt J,
Pfeifer JD (2014) Validation of a next-generation sequencing assay for clinical molecular
oncology. J Mol Diagn 16(1):89–105. https://
doi.org/10.1016/j.jmoldx.2013.10.002
Johnson BE, Mazor T, Hong C, Barnes M,
Aihara K, McLean CY, Fouse SD, Yamamoto S,
Ueda H, Tatsuno K, Asthana S, Jalbert LE,
Nelson SJ, Bollen AW, Gustafson WC, Charron
E, Weiss WA, Smirnov IV, Song JS, Olshen AB,

Whole Genome Sequencing of Glioblastoma

45.

46.

47.

48.

49.

Cha S, Zhao Y, Moore RA, Mungall AJ, Jones
SJ, Hirst M, Marra MA, Saito N, Aburatani H,
Mukasa A, Berger MS, Chang SM, Taylor BS,
Costello JF (2014) Mutational analysis reveals
the origin and therapy-driven evolution of
recurrent glioma. Science 343(6167):189–193.
https://doi.org/10.1126/science.1239947
Hunter C, Smith R, Cahill DP, Stephens P,
Stevens C, Teague J, Greenman C, Edkins S,
Bignell G, Davies H, O'Meara S, Parker A, Avis
T, Barthorpe S, Brackenbury L, Buck G, Butler
A, Clements J, Cole J, Dicks E, Forbes S,
Gorton M, Gray K, Halliday K, Harrison R,
Hills K, Hinton J, Jenkinson A, Jones D,
Kosmidou V, Laman R, Lugg R, Menzies A,
Perry J, Petty R, Raine K, Richardson D,
Shepherd R, Small A, Solomon H, Tofts C,
Varian J, West S, Widaa S, Yates A, Easton DF,
Riggins G, Roy JE, Levine KK, Mueller W,
Batchelor TT, Louis DN, Stratton MR, Futreal
PA, Wooster R (2006) A hypermutation phenotype and somatic MSH6 mutations in recurrent human malignant gliomas after alkylator
chemotherapy. Cancer Res 66(8):3987–3991.
https://doi.org/10.1158/0008-5472.
CAN-06-0127
Ha G, Roth A, Khattra J, Ho J, Yap D, Prentice
LM, Melnyk N, McPherson A, Bashashati A,
Laks E, Biele J, Ding J, Le A, Rosner J,
Shumansky K, Marra MA, Gilks CB, Huntsman
DG, McAlpine JN, Aparicio S, Shah SP (2014)
TITAN: inference of copy number architectures in clonal cell populations from tumor
whole-genome sequence data. Genome Res
24(11):1881–1893.
https://doi.
org/10.1101/gr.180281.114
Van Loo P, Nordgard SH, Lingjaerde OC,
Russnes HG, Rye IH, Sun W, Weigman VJ,
Marynen P, Zetterberg A, Naume B, Perou CM,
Borresen-Dale AL, Kristensen VN (2010) Allelespecific copy number analysis of tumors. Proc
Natl Acad Sci U S A 107(39):16910–16915.
https://doi.org/10.1073/pnas.1009843107
Carter SL, Cibulskis K, Helman E, McKenna
A, Shen H, Zack T, Laird PW, Onofrio RC,
Winckler W, Weir BA, Beroukhim R, Pellman
D, Levine DA, Lander ES, Meyerson M, Getz
G (2012) Absolute quantification of somatic
DNA alterations in human cancer. Nat
Biotechnol
30(5):413–421.
https://doi.
org/10.1038/nbt.2203
Cancer Genome Atlas Research N (2008)
Comprehensive genomic characterization
defines human glioblastoma genes and core
pathways. Nature 455(7216):1061–1068.
https://doi.org/10.1038/nature07385

29

50. Chen X, Schulz-Trieglaff O, Shaw R, Barnes B,
Schlesinger F, Cox AJ, Kruglyak S, Saunders
CT (2015) Manta: rapid detection of structural
variants and indels for clinical sequencing applications.
Bioinformatics.
https://doi.
org/10.1101/024232
51. Ewing AD, Houlahan KE, Hu Y, Ellrott K,
Caloian C, Yamaguchi TN, Bare JC, P'ng C,
Waggott D, Sabelnykova VY, participants
I-TDSMCC, Kellen MR, Norman TC, Haussler
D, Friend SH, Stolovitzky G, Margolin AA,
Stuart JM, Boutros PC (2015) Combining
tumor genome simulation with crowdsourcing
to benchmark somatic single-nucleotide-variant
detection. Nat Methods 12(7):623–630.
https://doi.org/10.1038/nmeth.3407
52. Emde AK, Schulz MH, Weese D, Sun R,
Vingron M, Kalscheuer VM, Haas SA, Reinert
K (2012) Detecting genomic indel variants with
exact breakpoints in single- and paired-end
sequencing data using SplazerS. Bioinformatics
28(5):619–627.
https://doi.org/10.1093/
bioinformatics/bts019
53. Favero F, McGranahan N, Salm M, Birkbak
NJ, Sanborn JZ, Benz SC, Becq J, Peden JF,
Kingsbury Z, Grocok RJ, Humphray S, Bentley
D, Spencer-Dene B, Gutteridge A, Brada M,
Roger S, Dietrich PY, Forshew T, Gerlinger M,
Rowan A, Stamp G, Eklund AC, Szallasi Z,
Swanton C (2015) Glioblastoma adaptation
traced through decline of an IDH1 clonal
driver and macro-evolution of a double-minute
chromosome. Ann Oncol 26(5):880–887.
https://doi.org/10.1093/annonc/mdv127
54. Lee JC, Vivanco I, Beroukhim R, Huang JH,
Feng WL, DeBiasi RM, Yoshimoto K, King JC,
Nghiemphu P, Yuza Y, Xu Q, Greulich H,
Thomas RK, Paez JG, Peck TC, Linhart DJ,
Glatt KA, Getz G, Onofrio R, Ziaugra L,
Levine RL, Gabriel S, Kawaguchi T, O'Neill K,
Khan H, Liau LM, Nelson SF, Rao PN, Mischel
P, Pieper RO, Cloughesy T, Leahy DJ, Sellers
WR, Sawyers CL, Meyerson M, Mellinghoff IK
(2006) Epidermal growth factor receptor activation in glioblastoma through novel missense
mutations in the extracellular domain. PLoS
Med 3(12):e485. https://doi.org/10.1371/
journal.pmed.0030485
55. Nikolaev S, Santoni F, Garieri M, Makrythanasis
P, Falconnet E, Guipponi M, Vannier A,
Radovanovic I, Bena F, Forestier F, Schaller K,
Dutoit V, Clement-Schatlo V, Dietrich PY,
Antonarakis SE (2014) Extrachromosomal
driver mutations in glioblastoma and low-grade
glioma. Nat Commun 5:5690. https://doi.
org/10.1038/ncomms6690

