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Chapter 1

Whole Genome Sequencing-Based Discovery 
of Structural Variants in Glioblastoma

Kazimierz O. Wrzeszczynski*, Vanessa Felice*, Minita Shah, 
Sadia Rahman, Anne-Katrin Emde, Vaidehi Jobanputra, Mayu O. Frank, 
and Robert B. Darnell

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 variabil-
ity 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 pres-
ent 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 treat-
ment of glioblastoma.

Key words Glioblastoma, Whole genome sequencing, Copy number variation, DNA structure vari-
ant detection, EGFRvIII, RT-PCR, Sanger sequencing, Precision medicine

1 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 vari-
ants 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 unsuc-
cessful [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 chromo-
some and gene structural alterations that are common in glioblas-
toma, 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 signal-
ing and is considered a tumorigenic driving mutation and a pre-
dominant 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 assay-
ing specific regions included in targeted-sequencing panels. Panel 
assays rely on target enrichment through amplification or hybrid-
ization 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 analy-
sis. Several studies have found that for disorders caused by consti-
tutional 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 identi-
fying 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

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

 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.

 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.

 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.

2.1 Patient-Obtained 
Tumor Samples

2.2 DNA and RNA 
Isolation

2.3 DNA Library 
Preparation

2.4 Illumina DNA 
Sequencing

Whole Genome Sequencing of Glioblastoma



4

 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.

 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.

 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.

 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://

2.5 Gene Specific 
PCR and Sanger 
Sequencing

2.6 Laboratory 
Equipment

2.7 Bioinformatics 
Toolbox
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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 visual-
ization 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 com-
piled into an in-house variant database. Some publically avail-
able 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.phar-
mgkb.org), Clinical Trials.gov (clinicaltrials.gov).

3 Methods

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 contain-

ing 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.

3.1 DNA and RNA 
Tissue Extraction

Whole Genome Sequencing of Glioblastoma
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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 buf-

fer 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.

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.

3.2 DNA Extraction 
from Blood

Kazimierz O. Wrzeszczynski et al.



7

 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.

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 pre-
pare your samples for sequencing on Illumina next generation 
sequencing instruments.

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

 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 but-

ton 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.

3.3 DNA Library 
Preparation

3.3.1 DNA Shearing

Whole Genome Sequencing of Glioblastoma
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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 refrig-
erator 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 incu-

bate 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.

Following shearing, the ends of the DNA are of varied lengths and 
have 3′ and 5′ overhangs. The end repair step uses T4 DNA poly-
merase and Klenow DNA polymerase to remove 3′ overhangs and 
fill in the 5′ overhangs. Since the adapter ligation requires the pres-
ence of a 3′ A-base on the double stranded DNA fragments, the 
adenylation step uses dATPs and Exo(−) Klenow to adenylate the 
DNA fragments.

3.3.2 End Repair 
and A-Tailing

Kazimierz O. Wrzeszczynski et al.
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 1. Create an End repair/A-tailing master mix using the guide-
lines 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.

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.

3.3.3 Adapter Ligation

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)

Total volume 10 10 × (N + 1)

Table 2 
Adapter ligation master mix setup

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

Nuclease-free water 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)

Whole Genome Sequencing of Glioblastoma
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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 incu-

bate 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 incu-

bate 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 mul-
tichannel pipette.

 26. Repeat steps 24 and 25 once for a total of two ethanol washes.

Kazimierz O. Wrzeszczynski et al.
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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.

 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 incu-

bate 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.

3.3.4 PCR Enrichment

Table 3 
DNA fragment enrichment master mix setup

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

2× KAPA HiFi HotStart 
ReadyMix

25.0 25 × (N + 1)

10× KAPA library amplification 
primer mix

5.0 5 × (N + 1)

Total volume 30.0 30 × (N + 1)

Whole Genome Sequencing of Glioblastoma
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 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 multi-
channel 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 multi-
channel 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.

The final DNA library is diluted, denatured, and introduced into 
the lanes of the flow cell using the cBot according to the manufac-
turer’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 tem-
plates are captured by the oligonucleotides that are affixed to the 

3.4 DNA Sequencing 
on the Illumina  
HiSeq X

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

Kazimierz O. Wrzeszczynski et al.
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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 dena-
tured, 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 clus-
ter 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).

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 electrophore-
sis. Cycle sequencing PCR is then performed on the purified PCR 
products which incorporate fluorescently labeled dideoxynucleo-
tides that interrupt the extension of the DNA strand when incor-
porated 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.

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

 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.

3.5 Validation 
of EGFRvIII Expression 
Using RT-PCR 
and Sanger 
Sequencing

3.5.1 RT-PCR

Whole Genome Sequencing of Glioblastoma
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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.

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 prim-
ers 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 condi-

tions 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.

3.5.2 Gene Specific PCR
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 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 cap-
tured in the PCR reaction.

 13. Remove the gel from E-Gel IBase and proceed to 
purification.

 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.

3.5.3 Gene Specific PCR 
Purification Using QIAquick 
Gel Extraction Kit

Table 5 
PCR master mix setup

Reagent
Amount per one 
reaction (μl)

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

Whole Genome Sequencing of Glioblastoma
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 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 col-
umn 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.

 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 appropri-
ate wells of the plate (see Note 10).

 3. Add 1 μl of 200 ng/μl DNA to the associated well.

3.5.4 Cycle Sequencing 
with Big Dye Terminator 
v3.1 Kit

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
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 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.

 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 tempera-

ture 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.

3.5.5 Purification 
of Extension Products 
by Ethanol Precipitation

Table 7 
Cycle sequencing master mix

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

Nuclease-free water 12.67 12.67 × (N + 1)

Table 8 
Cycle sequencing PCR program

Temperature, °C Time Number of cycles

96 1 min ×1

96 10 s ×25

50 5 s

60 4 min

4 Hold (∞) ×1
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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.

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).

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.

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

 1. To identify somatic single nucleotide variants (SNV) three call-
ers are used:

muTect v1.1.7 [32]; Strelka v1.0.14 [33]; LoFreq v2.1.3a 
[34].

3.5.6 Analyzing Sanger 
Results

3.6 Bioinformatics 
Sequencing Data: 
Postprocess Data 
Generation 
and Analysis

3.6.1 Sample Identity 
and Integrity

3.6.2 Somatic SNV 
and Indel Identification
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 2. To identify somatic indels (insertions and deletions) three call-
ers are used:

Strelka v1.0.14 [33]; Pindel v0.2.5 [35]; Scalpel v0.5.3 [36] (see 
Note 14).

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

 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 sequenc-
ing is performed by using SV callers listed above and manual 
inspection of all reads contributing to the variant. Further lab-
oratory validation by RT-PCR and Sanger sequencing is per-
formed 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 

3.6.3 Copy Number 
Alteration Discovery

3.6.4 Somatic Structural 
Variant Calling

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

Whole Genome Sequencing of Glioblastoma
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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/514101-
NEXTflex-DNA-Barcodes-6.pdf.

 5. Introduction to next generation sequencing technology can be 
found at: https://www.illumina.com/content/dam/illu-
mina-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 com-
pletely 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 veri-
fication and contamination estimation on a tumor–normal pair.

 14. Benchmarking of all three callers must be performed to iden-
tify 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 strate-
gies 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) proto-
col [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 sam-
ples 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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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 poten-
tially targeting aberrations such MET amplification and focal 

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 homo-
zygous focal deletions in chromosome 9 and 10 affecting CDKN2A and PTEN are also highlighted

Kazimierz O. Wrzeszczynski et al.



23

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 split-
reads supporting the variant in the tumor (but not the nor-
mal). Variant callers identify both intrachromosomal and 
interchromosomal translocation events in GBM and can lead 
to identification of potential double minute/extrachromo-
somal 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 

Fig. 5 Frequency of therapy-associated somatic copy number alterations. Per sample detection of copy num-
ber 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
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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 align-
ments are viewed as pairs and sorted by insert size. Not all SV 

Fig. 6 Structural variations observed in glioblastoma. Circos plots showing extreme intrachromosomal trans-
location 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
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variants detected are attributed to EGFRvIII. Manual inspec-
tion 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 nonampli-
fied 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 iden-
tified by SV callers (Fig. 7c) in which breakpoints between 
exons 24 and 25 paired with 3′ downstream breakpoints were 
observed.

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 bot-
tom track (bottom a and b) shows 99 reads spanning chr7:55171122–55223266. Both samples proved posi-
tive 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)
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