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Abstract

Next generation sequencing (NGS) can globally interrogate the genetic composition of biological samples in an
unbiased yet sensitive manner. The objective of this study was to utilize the capabilities of NGS to investigate the
reported association between glioblastoma multiforme (GBM) and human cytomegalovirus (HCMV). A large-scale
comprehensive virome assessment was performed on publicly available sequencing datasets from the Cancer
Genome Atlas (TCGA), including RNA-seq datasets from primary GBM (n = 157), recurrent GBM (n = 13), low-grade
gliomas (n = 514), recurrent low-grade gliomas (n = 17), and normal brain (n = 5), and whole genome sequencing
(WGS) datasets from primary GBM (n = 51), recurrent GBM (n = 10), and normal matched blood samples (n = 20). In
addition, RNA-seq datasets from MRI-guided biopsies (n = 92) and glioma stem-like cell cultures (n = 9) were
analyzed. Sixty-four DNA-seq datasets from 11 meningiomas and their corresponding blood control samples were
also analyzed. Finally, three primary GBM tissue samples were obtained, sequenced using RNA-seq, and analyzed.
After in-depth analysis, the most robust virus findings were the detection of papillomavirus (HPV) and hepatitis B
reads in the occasional LGG sample (4 samples and 1 sample, respectively). In addition, low numbers of virus reads
were detected in several datasets but detailed investigation of these reads suggest that these findings likely
represent artifacts or non-pathological infections. For example, all of the sporadic low level HCMV reads were
found to map to the immediate early promoter intimating that they likely originated from laboratory expression
vector contamination. Despite the detection of low numbers of Epstein-Barr virus reads in some samples, these
likely originated from infiltrating B-cells. Finally, human herpesvirus 6 and 7 aligned viral reads were identified in
all DNA-seq and a few RNA-seq datasets but detailed analysis demonstrated that these were likely derived from
the homologous human telomeric-like repeats. Other low abundance viral reads were detected in some samples
but for most viruses, the reads likely represent artifacts or incidental infections. This analysis argues against
associations between most known viruses and GBM or mengiomas. Nevertheless, there may be a low percentage
association between HPV and/or hepatitis B and LGGs.
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Introduction
Glioblastoma multiforme (GBM) is the most common ma-
lignant primary brain tumor in adults. An estimated 77,670
new cases of primary CNS tumors are expected to be diag-
nosed in the United States in 2016 [1]. Of these, 24,790 will
be diagnosed as malignant [1]. Although the incidence of
primary brain tumors is low compared to other cancer
types, primary brain tumors give rise to a disproportionate
amount of morbidity and mortality, often robbing patients
of basic and critical functions such as movement and
speech [2]. The median survival of newly diagnosed pa-
tients is only 12–15 months, making it one of the most
devastating types of cancers [3]. In fact, the five-year sur-
vival rate for primary malignant brain and central nervous
system tumors is the sixth lowest among all types of can-
cers after pancreatic, liver & intrahepatic bile duct, lung,
esophageal, and stomach [2]. Unfortunately, despite sub-
stantial investigations into disease mechanisms and at least
some advances in currently available treatment options,
the outcomes for GBM patients remain dismal [3].
Although an association between human cytomegalovirus

(HCMV) and GBM was first observed in 2002 [4], there is
still a high degree of discordance in the literature regarding
the detection of viral agents in CNS tumors [4–28]. These
discrepancies have been attributed to a number of issues
including the use of different cohorts, differences in sensi-
tivities of different PCR assays for low levels of viral gene
expression, and the exquisite sensitivities of assays such as
IHC to slight differences in experimental conditions.
In an attempt to remedy the high degree of discord-

ance regarding the detection of HCMV in CNS tumors,
an HCMV and glioma symposium was convened in
Washington, DC on April 17, 2011. At the conclusion of
this workshop, a summary paper was published reporting
the consensus position in 4 major areas: 1) the existence
of HCMV in gliomas, 2) the role of HCMV in gliomas, 3)
HCMV as a therapeutic target, and 4) key future investiga-
tive directions [29]. Based on the evidence presented at
the workshop, it was concluded that HCMV sequences
and viral gene expression exist in many malignant gliomas
and that in vitro studies support the idea that HCMV can
modulate key signaling pathways in glioblastomas [29].
Next generation sequencing (NGS) has the ability to

globally interrogate the genetic composition of biological
samples in an unbiased manner and with relatively high
sensitivity. Applying this technology to pathogen discov-
ery has already shown promise, resulting in the discov-
ery of a novel Merkel cell polyomarvirus in Merkel cell
carcinoma [30], for example. In our laboratory, we have
utilized NGS technology in the interrogation of Epstein-
Barr virus (EBV) in diffuse large B-cell lymphomas [31]
and gastric carcinoma [32]. The goal for the study pre-
sented here was to help resolve the lingering controversy
pertaining to the presence of HCMV in GBM while at

the same time providing a comprehensive and unbiased
assessment of the viral genetic composition of brain
tumor biopsies. This analysis failed to find convincing
evidence for an association between HCMV or other
known viruses and GBM or mengiomas. Nevertheless,
we detected human papillomavirus (HPV) and hepatitis
B in some low-grade gliomas (LGG). In addition, we
expand on our previous reporting of potential contami-
nation and/or interpretational artifacts that need to be
considered in next generation sequencing based metage-
nomic and metatranscriptomic studies [33, 34].

Materials and methods
Clinical tumor sample and sequence data acquisition
All human specimens were de-identified prior to acquisi-
tion. Fresh frozen tissue from 1 GBM sample was obtained
from the Louisiana Cancer Research Consortium (LCRC)
Biospecimen Core. Additionally, RNA isolated from 2 GBM
samples were obtained from BioServe. An RNA-seq dataset
from a lymphoblastoid cell line immortalized with EBV (JY)
was used as a control for downstream analysis [35].
Publically available sequence datasets were obtained

from various sources. Next generation sequencing datasets
from The Cancer Genome Atlas (TCGA) initiative were
downloaded from the Cancer Genomics Hub (CGHub;
https://cghub.ucsc.edu) and included RNA-seq datasets
(unaligned fastq files) from primary GBM tumors [36–38]
(n = 157), recurrent GBM tumors (n = 13), low grade
gliomas [39] (LGG; n = 514), recurrent low grade gliomas
(n = 17), and normal brain (n = 5), and TCGA whole gen-
ome sequencing datasets (aligned bam files) from primary
GBM tumors (n = 51), recurrent GBM tumors (n = 10),
and normal matched blood samples (n = 20) (Additional
file 1: Table S1). The aligned bam files were converted to
fastq files using bam2fastq (https://gsl.hudsonalpha.org/
information/software/bam2fastq, default parameters).
Additional brain tissue sequencing datasets were ob-

tained from the NCBI Sequence Read Archive (Additional
file 1: Table S1). RNA-seq datasets from tumor and per-
ipheral brain tissue of a GBM patient were obtained using
accession number SRP009144 [40]. Normal brain tissue
RNA-seq dataset from the Illumina Human Body Map
2.0 project was obtained using (NCBI GEO accession
GE30611). RNA-seq datasets from a cohort of short-
term cultures of glioma stem-like cells freshly isolated
from nine patients diagnosed with primary GBM were
downloaded using accession number SRP016798 [41,
42]. A cohort of RNA-seq datasets from MRI-localized
biopsies of the tumor core and margins from multiple
glioma patients and non-neoplastic brain tissue speci-
mens were downloaded using accession number
SRP044668 analyzed [43]. Non-neoplastic brain tissue
samples were obtained from multiple patients undergo-
ing procedures to alleviate epilepsy symptoms or to
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place shunts to treat normal pressure hydrocephalus. In
total, RNA-seq datasets from 39 contrast-enhancing gli-
oma core samples, 36 non-enhancing FLAIR glioma
margin samples, and 17 non-neoplastic brain tissue
samples were analyzed. A cohort of 64 whole genome
sequencing datasets from 11 Grade I meningiomas and
11 matched blood samples were obtained using acces-
sion number SRP016129 [44]. Finally, RNA-seq datasets
from HCMV infected fibroblasts were downloaded
using accession number SRP016143 [45].

Sample preparation and next generation RNA sequencing
Total RNA was extracted from 3 primary GBM biopsies
(00RTS3 – from the LCRC biospecimen core; and
CAURPRVE and H8CPFRSJ – from Bioserve) using Tri-
zol (Invitrogen, Carlsbad, CA) according to manufac-
turer’s instructions. Total RNA from sample 00RTS3
was subjected to polyA selection, and the library was pre-
pared using the ScriptSeq Protocol (Epicentre, Madison,
WI) and subjected to 2x101 base paired-end sequencing
on an Illumina Hi-seq 2000 machine. Total RNA from
samples CAURPRVE, H8CPFRSJ, and JY were subjected
to ribosomal RNA depletion using the Ribo-Zero kit
(Epicentre, Madison, WI) and cDNA libraries were pre-
pared using the Illumina Truseq Stranded Total RNA
Sample Prep Kit and subjected to 1x101 base single-
end multiplexed sequencing on an Illumina Hi-seq
2000 machine. The RNA-seq data used in this publica-
tion is available through GEO Series accession number
(in process).

Metatranscriptomic analysis using RNA CoMPASS
Metatranscriptome analysis was performed by running
single-end or one pair from paired-end sequencing data
through our automated RNA-seq exogenous organism
analysis software, RNA CoMPASS [46]. Within RNA
CoMPASS, reads were aligned to the human reference
genome, hg19 (UCSC), plus a splice junction database
(which was generated using the make transcriptome
application from Useq [47]; splice junction radius set to
the read length minus 4) using Novoalign V3.00.05
(www.novocraft.com) [−o SAM, default options]. Non-
mapped reads were subjected to a BLAST V2.2.30
search against the Human RefSeq RNA database to iden-
tify and remove human reads that fail to be identified
through the Novoalignment. Remaining non-human reads
were then subjected to a BLAST V2.2.30 search against
the NCBI NT database to identify reads corresponding to
known exogenous organisms [48]. Results from the NT
BLAST searches were filtered to eliminate matches with
an E-value of greater than 10e−6. The results were then
fed into MEGAN 4 V4.70.4 for visualization of taxonomic
classifications [49]. RNA CoMPASS was run in parallel on

three 2x2.66 GHz 12 core Intel Xeon Mac Pro computers
with 64-96GBs of memory each.

Virome analysis
Raw sequence data from RNA-seq and DNA-seq were
aligned to a reference containing a human genome
(hg19; Genome Reference Consortium GRCH37) plus a
library of 740 virus genomes (including sequences from
all known human viruses documented by NCBI) [50].
The alignments were performed using Spliced Tran-
scripts Alignment to a Reference (STAR) aligner version
2.3.0 [−−clip5pNbases 6 (only used if reads were longer
than 36 base pairs), default options] [51]. Uniquely mapped
viral and human reads were quantified using in-house
computational pipelines. Signal maps (i.e. the total number
of reads covering each nucleotide position) from viruses of
interest were generated using IGV tools and were sub-
jected to manual visual inspection using the IGV genome
browser [52].

Quantitative RT-PCR
Total RNA was reverse-transcribed using the Super-
Script III First-Strand Synthesis System for RT-PCR
(Invitrogen, Carlsbad, CA). Random hexamers were used
with 1 ug total RNA in a 20 μl reaction volume accord-
ing to manufacturer’s instructions. For the incubation
steps (25 °C for 10 min followed by 50 °C for 50 min) a
Mastercycler ep (Eppendorf, Hamburg, Germany) was
used. For real-time PCR, 1 μl of the resulting cDNA
(diluted to 10 ng/ul) was used in a 10 μl reaction mix-
ture that included 5 μl of 2x iQ SYBR Green Supermix
(Bio-Rad, Hercules, CA), 1 μl of 10 μM forward and
reverse primer mix (Integrated DNA Technologies,
Coralville, IA), and 3 μl of PCR grade water.
A list of PCR primer oligos can be found in Additional

file 2: Table S2. Each sample was PCR’ed in triplicate.
No-template controls and no-reverse transcription con-
trols were also included in each PCR run. Thermal cycling
was performed on a CFX96 Real Time System (Bio-Rad,
Hercules, CA) and data analysis was performed using the
CFX Manager 3.0 software. Cycling conditions included
an initial incubation at 95 °C for 3 min followed by 40 -
cycles consisting of 95 °C for 15 s, and 60 °C for 60 s.
Melting curve analysis was performed at the end of every
qRT-PCR run.

Results
Lack of virus association in the cancer genome atlas GBM
RNA-seq datasets
Previous studies have used human read subtraction-
based approaches to assess the metatranscriptomic pro-
file of primary and recurrent glioma RNA-seq datasets
from The Cancer Genome Atlas (TCGA) where a lack
of association with HCMV was reported [10, 14, 26, 27].
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To investigate this issue further, we first performed a
global virome analysis on these samples (as well as 5
normal brain tissue samples), using a more directed,
non-subtraction based approach that we have reported
previously [33, 50, 53]. For this analysis, we directly
aligned all reads from these datasets to an alignment
index containing the human genome plus a library of
740 virus genomes (including sequences from all known
human viruses documented by NCBI) using the Spliced
Transcripts Alignment to a Reference (STAR) aligner.
Running this virome pipeline on a known EBV-associated
gastric cancer tissue biopsy cohort from TCGA [54]
showed EBV read levels which ranged from 7–400 viral
Reads Per Mapped Human reads (RPMH) [53]. Like PCR,
next generation sequencing is susceptible to low level con-
tamination issues [34]. Nevertheless, in an attempt to cap-
ture potential low abundance infections, we set a viral
read threshold that was 10 times lower than the lowest
viral RPMH value for EBV in the gastric cancer cohort
[53, 54]. Based on this requirement of at least 0.7 viral
RPMH, no virus associations were called in 157 primary
and 13 recurrent gliomas or in 5 normal brain RNA-seq
datasets analyzed except for the finding of 2.1 human her-
pesvirus (HHV) -6 or HHV-7 RPMH (note: HHV-6 and
HHV-7 reads are considered together here due to all reads
mapping to a homologous region of these two viruses) in
one recurrent glioma (Fig. 1, Additional file 3: File S1).
Notably, all HHV6/7 reads in this sample were found
to contain the simple sequence, TAACCC, a repeat
found in both of these virus genomes and in human
telomeric repeats. Since no HHV6/7 assigned reads
mapped outside of the TAACCC repeat region of the
viral genomes, we conclude that these reads likely origi-
nated from contaminating genomic sequences from
human telomeric repeats.
Analysis of RNA-seq data from a cohort of time

course HCMV infected fibroblasts [45] demonstrated
robust numbers of HCMV reads (ranging from 68,875 –
578,635 RPMH) that escalated roughly proportionally to
the length of infection (Additional file 4: File S2). Since
our detection cutoff of 0.7 RPMH for TCGA cohort is
about 5 to 6 orders of magnitude less than these read
numbers, this data supports a lack of association between
HCMV and GBMs.

Assessment of sequence library preparation strategies
Although the bulk of viral RNAs are polyadenylated,
some viral transcripts are not. To assess whether we
were missing viral infections because of a lack of detect-
ing non-polyadenylated viral transcripts, we wanted to
test whether sequencing of ribodepleted RNAs (versus
polyA selected RNAs as per the TCGA cohort) might
yield the detection of viral reads. HCMV has been re-
ported to have a high penetrance in GBM with some
studies reporting as high as 90–100 % positivity [4, 17,
19, 24, 29]. We sequenced two of our own GBM samples
using ribosomal depleted RNA as well as an additional
sample using poly-A selected RNA. Because virome ana-
lysis was not previously performed on these samples, we
implemented two virus detection approaches. First we
analyzed each of these samples through our custom
subtraction based pathogen detection pipeline, RNA
CoMPASS, which analyzes the entire metatranscriptome.
For a more focused virome analysis, we then imple-
mented the STAR aligner approach.
No associations were found with any known viruses in

the polyA selected RNA sample (00RTS3) (Fig. 1) using
either RNA CoMPASS (Additional file 5: Figure S1) or
the STAR/virome analysis approach (Additional file 6:
File S3). Additional publically available poly-A selected
RNA datasets from a GBM study, in which they se-
quenced one primary GBM and the matched normal
brain, and a normal brain sample from the BodyMap
project were obtained and analyzed. Assessing these
public poly-A selected RNA datasets similarly showed
no association with any known virus (Fig. 1, Additional
file 5: Figures S2, S3 and S4).
Analysis of the ribosomal depleted RNA samples

(CAUPRVE and H8CPFRSJ) revealed reads from the
murine leukemia virus (MuLV) family (2.4 and 4.3 RPMH,
respectively) and a low abundance of EBV reads (0.8 and
1.9 RPMH, respectively) (Additional file 6: File S3 and
Additional file 5: Figures S5 and S6). Further analysis of
the viral read coverage for MuLV and EBV demonstrated
near identical coverage patterns to another sample (JY –
an EBV-immortalized B cell lymphoblastoid cell line,
which we have previously shown to be infected with
MuLV [35]) that was sequenced in the same sequencing
lane (Additional file 5: Figure S7). Our suspicion of

Fig. 1 Heat map showing the number of viral reads per million human mapped (RPHM) reads for brain tissue RNA-seq datasets. Color intensity
represents relative viral RPHM across all datasets
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contamination across barcodes was confirmed by real-
time PCR for samples CAUPRVE and H8CPFRSJ, in
which neither MuLV nor EBV transcripts were detected
(Additional file 5: Figure S8). Real-time RT-PCR for
HCMV transcripts were similarly negative in these sam-
ples, thus confirming the lack of RNA-seq based HCMV
findings in these datasets.

Analysis of tumor tissue sampling
Since GBM is a very heterogeneous solid tumor, differen-
tial sampling of the tumor mass may result in different
transcriptomic and metatranscriptomic profiles. To take
this issue into account for the detection of HCMV, we
took advantage of a well-designed study in which the
authors sequenced MRI-localized biopsies of the tumor
core and margins from multiple GBM patients. The
authors also sequenced several non-neoplastic brain tissue
samples [43]. Virome assessment of this cohort using
RNA CoMPASS detected no viruses (Additional file 5:
Figures S9 – S102). Assessment of this cohort using the
STAR/virome approach detected Human Immunodefi-
ciency virus type 1 (HIV-1) at levels greater than 0.7 viral
RPMH in 2 glioma samples (5.3 and 5.5 RPMH) taken
from the non-enhancing FLAIR portion (margins) of the
tumor and 2 glioma samples (3.1 and 4.2 RPMH) taken
from the contrast enhancing portion (core) of the tumor
(Additional file 6: File S3). To investigate these findings
further, we analyzed the genome coverage of HIV reads in
these samples plus three samples that showed HIV read
levels that are below our 0.7 RPMH threshold (1 non-
neoplastic sample (0.37 RPMH) and 2 additional contrast
enhancing core samples (0.04 and 0.16 RPMH)). Inspec-
tion of the HIV-1 read coverage from all seven glioma
samples revealed that the majority of the HIV-1 reads
aligned to the long terminal repeat regions and additional
homologous regions of the expression vector pH1TO, as
shown in Additional file 5: Figure S103. MuLV reads were
also detected in 33 out of the 36 glioma samples (0.03 –
5.74 RPMH) taken from the non-enhancing FLAIR
portion of the tumor, 35 out of the 39 glioma samples
(0.03 – 12.72 RPMH) taken from the contrast enhancing
portion of the tumor, and 15 out of the 17 non-neoplastic
samples (0.03 – 3.33 RPMH) (Additional file 6: File S3).
Inspection of the MuLV read coverage showed a sporadic
genomic coverage pattern that was similar across the
tumor samples (Additional file 5: Figures S104-S106). The
observed similar coverage profiles, the finding of low read
numbers, and our previous observations of sample cross
contamination of human samples with MuLV, lead us to
suspect that the MuLV read findings here are most likely
due to cross contamination. Finally, although the level
of HCMV reads did not exceed 0.7 viral RPMH in any
given sample, for completeness, all detected HCMV
reads including those from 14 glioma samples from

non-enhancing FLAIR portions (0.03 – 0.21 RPMH)
and 12 glioma samples from contrast enhancing por-
tions (0.04 – 0.25 RPMH) were analyzed further. All
HCMV reads were found to align to the HCMV imme-
diate early promoter (Additional file 5: Figures S107
and S108). As mentioned above for the HCMV findings
in the TCGA cohort, this is suggestive of sample contam-
ination with laboratory expression plasmids bearing the
HCMV promoter. After accounting for the artifactual viral
reads, we conclude that this cohort shows no likely associ-
ation with any known viruses (Fig. 1).

Analysis of GBM stem cell subpopulations
Due to the low abundance and limited detection of HCMV
in GBMs reported in the literature, some groups have pro-
posed that HCMV is harbored in only a small number of
tumor cells, specifically the CD133+ tumor stem cells
[55–57]. To address this possibility, we analyzed RNA-seq
datasets generated from a cohort of short-term glioma
stem-like cell cultures freshly isolated from nine patients
diagnosed with primary GBM. Analysis of these datasets
using our STAR/virome pipeline showed the detection of
human Adenovirus C (HAdV-C) in 9 out of the 24 samples
with the remaining 15 samples showing low abundance
HAdV-C read levels Additional file 6: File S3 and Add-
itional file 5: Figures S109-S132. HAdV-C was also detected
in the same 9 samples using RNA CoMPASS (Additional
file 5: Figures S112-S132). Despite detecting HAdV-C in
these samples, viral read coverage was primarily limited to
the same three small regions of the genome in the majority
of samples (Additional file 5: Figure S133). Further manual
blast analysis of the HAdV-C reads demonstrated hom-
ology with laboratory adenovirus vectors (data not shown).
Although we detected only low level HCMV reads in 3 gli-
oma stem-like cell culture samples (0.03 – 0.1 RPMH), we
further analyzed these reads due to the historical signifi-
cance of this virus with GBM. Similar to our previous
HCMV findings discussed above, viral read coverage ana-
lysis again showed that all reads aligned with the HCMV
IE1 promoter (Additional file 5: Figure S134). RNA CoM-
PASS analysis did not identify HCMV reads in these sam-
ples (Additional file 5: Figures S112-S113 and S131).

Virome analysis of TCGA low-grade gliomas
To study the virome of low-grade gliomas (LGG), RNA-
seq datasets from 514 primary and 17 recurrent LGGs
from the TCGA were analyzed [39]. Due to the magnitude
of the sample number, we exclusively used the sensitive
yet rapid approach of our STAR/virome method. Based on
this analysis, Human Papillomavirus (HPV) 16 was de-
tected in 3 out of the 514 samples (1.5 – 2.4 RPMH), al-
though lower HPV-16 read numbers were observed in 22
additional samples (Fig. 1 and Additional file 7: File S4).
Inspection of HPV-16 read coverage for the 3 positive
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samples showed expression of the HPV-16 E6 and E7 onco-
genes with lower coverage of the E1, E2 and E4 regions
(Additional file 5: Figure S135). The lack of any coverage of
the right half of the HPV-16 genome is consistent with de-
letion of this region which is frequently observed in onco-
genic HPV genome integrations (where viral integration
and the concomitant deletion of these negative regulatory
genes results in increased expression of the oncogenic E6
and E7 genes while at the same time preventing productive
viral infection and host cell destruction). We also detected
HPV-58 in 1 sample (1.9 RPMH) with lower HPV-58 reads
in 2 additional samples (Fig. 1 and Additional file 7: File
S4). Inspection of viral read coverage for the HPV-58 posi-
tive samples showed that the single sample with read levels
above the 0.7 RPMH threshold had good read coverage of
the E6, E7, and the E2/E4/E5 region (Additional file 5:
Figure S136). Finally, Hepatitis B reads were detected in 1
sample (13 RPMH), although below threshold Hepatitis B
reads were detected in 2 additional samples (Fig. 1 and
Additional file 7: File S4). Inspection of Hepatitis B read
coverage for the above threshold sample showed good
read coverage within the HBVgp1/HBVgp2/HBVgp3 re-
gion where coverage abruptly stops. Furthermore, the
majority of HBV reads align to the HBVgp3 gene, which
encodes the regulatory HBx protein (Additional file 5:
Figure S137). Like the above findings of read mapping
being primarily limited to viral HPV oncogenes, the HBV
mapping data are suggestive of oncogenic viral integra-
tion. No virus associations were observed with the 17
recurrent LGGs (Fig. 1 and Additional file 7: File S4).

Lack of virus association in the cancer genome atlas GBM
whole genome datasets
To explore the possibility that viruses infecting brain tissue
become transcriptionally dormant, resulting in the lack of
virus detection in RNA-seq datasets, we subjected the
TCGA GBM whole genome sequencing (WGS) datasets to
our virome analysis pipeline.
Analysis of viruses at the DNA level was relatively un-

remarkable with the highest read numbers in the pri-
mary (TP) GBM WGS datasets being derived from EBV
and HAdV-C (Fig. 2 and Additional file 8: File S5). The
highest viral read numbers identified in a recurrent (TR)
GBM WGS datasets was derived from EBV with 1,454
total viral reads (Fig. 2). Two HCMV viral reads were de-
tected in 1 TP GBM WGS dataset (TCGA-14-1823) but
not the corresponding blood matched normal (N) con-
trol. Manual blast of these HCMV reads from the tumor
demonstrated homology to HCMV laboratory expres-
sion vector sequences (Additional file 9: File S6), which
was also demonstrated by Tang et al. [27].
EBV reads were detected in 9 TP GBM WGS datasets

for which 6 out of 9 samples analyzed had correspond-
ing blood matched samples (Additional file 8: File S5).

We detected EBV in 4 additional normal blood samples
and 3 TR GBM WGS datasets (Additional file 8: File
S5). Upon further analysis of the raw EBV reads from
the TP GBM datasets, the viral reads were found to be
homologous to the EBV genome based on blasting ana-
lysis (Additional file 9: File S6). EBV read coverage
analysis for the 3 TR GBM samples displayed viral gen-
ome coverage across the entire genome for 2 of the sam-
ples (Additional file 5: Figure S138). Torque Teno Virus
reads were incidentally identified in three normal blood
samples. Finally, although a high level of HHV- 6 and 7
reads were detected in all WGS samples, manual inspec-
tion of the raw sequence reads showed that they are
likely derived from human chromosomal telomeric-like
repeats, TAACCC (data not shown).

Lack of virus association in meningioma whole genome
datasets
To determine if other brain tumors are associated with
viruses, we analyzed 64 WGS datasets from 11 patients
with grade I meningiomas and their matched blood con-
trol samples. Analysis of the WGS datasets from the
meningioma samples demonstrated no confirmed associ-
ation with viruses (Fig. 2 and Additional file 10: File S7).
Similar to our analysis of the TCGA GBM WGS data-
sets, a low abundance of EBV reads were detected in 3
tumor samples and 4 normal blood samples, raising the
possibility that these reads came from infiltrating B-cells.
Furthermore, HHV-6 and HHV-7 reads were detected in
all 22 samples but consisted of the simple sequence re-
peat, TAACCC suggesting that these reads likely origi-
nated from human telomeric repeats (data not shown).

Discussion
Although there was an agreement reached from the
HCMV/GBM symposium in 2011, emerging studies
using NGS to assess the viral association with GBM has
been unable to recapitulate this association [9, 10, 14,
26, 27]. In line with these previous studies, our data fur-
ther supports no direct viral association with GBM.
There may be a possible association of HPV-16, HPV-
58, and Hepatitis B with LGGs, however additional val-
idation studies are required before any conclusions can
be drawn from our initial assessment. Furthermore,
based on the low abundance of viral reads that were
identified in these cases, whether these viruses are truly
associated with LGGs and not derived from sequencing
contamination is unclear. Finally, although the viral
detection threshold that we set for the RNA-seq datasets
is relatively low (0.07 RPMH), all HCMV read findings
were analyzed further irrespective of how low the HCMV
read level and were found to be likely derived from labora-
tory plasmid contamination.
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The hallmark of herpesviruses, and their key to per-
sistence within their host, is their ability to switch to
highly restricted gene expression patterns that allow
avoidance of the immune system. To overcome the po-
tential problem of missing viral infections due to this
type of viral adaptation, WGS datasets were analyzed.
Nevertheless, this approach also failed to identify any
meaningful virus associations in the analyzed samples.
This is in contrast to a report by Amirian et al. in which
they identified HHV-6A and HHV-6B in the WGS data-
sets from TCGA [5]. Another study conducted by Cimino
et al. also identified HHV-6 and EBV DNA when they an-
alyzed unmapped reads from a NGS-based comprehensive
oncology panel [9]. Although our initial investigation de-
tected the presence of HHV-6 and HHV-7 viruses, further
analysis of these viral reads revealed all reads consisted of
human chromosomal telomeric-like repeats, TAACCC.
Although HHV 6 and 7 have sequences homologous to
this region, no other regions of the viral genome were rep-
resented in the sequence datasets. This is highly suggestive
that these reads originated from the telomeric region of
human chromosomes rather than representing bona fide
HHV6 or HHV7 infection.
EBV DNA reads were identified in a number of the

TCGA DNA-seq datasets including 9 TP GBM WGS
samples, 6 normal matched blood WGS samples plus 4
additional normal blood WGS samples, and 3 TR GBM
WGS samples. In addition, we identified EBV DNA reads
in 3 grade I meningioma samples and 4 normal blood
samples. All EBV DNA reads identified were low in abun-
dance with 1 – 39 reads detected in primary GBM
samples, 1–5 reads detected in normal blood samples, and
1 – 15 reads detected in grade 1 meningiomas, a result
similar to the findings of Cimino et al. in which they iden-
tified 1 – 18 EBV reads in 5 GBM samples [9]. We identi-
fied 3 TR GBM samples using WGS datasets that were
EBV positive, with 1 of these datasets showing moderate
EBV levels (1454 viral reads), another showing minimal
EBV levels (80 viral reads), and the last dataset had 1 EBV
viral read. Although these three TR GBM WGS datasets
were positive for EBV, the corresponding RNA-seq

datasets for these samples failed to validate these findings.
Without tissue to confirm these findings, it is impossible
to determine the origin of these viral reads and we do not
feel confident in associating EBV with these TR GBM
samples. In addition, based on our past experience in the
field of EBV, if EBV was truly associated, we would likely
see greater than 10 viral RPMH for RNA-seq and thou-
sands of viral reads for DNA-seq [32, 53]. Finally, given
the ubiquitous nature of EBV, the low viral read counts,
and the presence of EBV in both tumor and blood samples
in relatively equal proportions, we postulate that the EBV
reads that were detected likely originated from EBV
infected B-cells localized in the tumor stroma and/or from
library or sequencing sample cross-contamination.
Due to the nature of GBM, there is a possibility for a

preponderance of necrotic tissue within the tumor bulk,
resulting in the effective dilution of tumor cells and
tumor associated viruses; which could be argued as an
explanation for the lack of strong viral detection. How-
ever, given the large number of samples analyzed and
the careful procurement protocols utilized by TCGA, it
is unlikely that the majority of samples fall within this
scenario. Further supporting this contention, our ana-
lysis of the MRI-localized GBM biopsies from Gill et al.
[43] did not detect any known viruses and there were no
differences between samples obtained from the core
(presumably more necrotic) and those samples obtained
from the tumor margin (presumably less necrotic, with
active tumor growth and neoangiogenesis).
The identification of HPV-16, HPV-58 and HBV in a

small portion of LGG RNA-seq datasets is a potentially in-
teresting finding. Analysis of the clinical data from these
patients using cBioPortal [58, 59] demonstrated that the
majority of virus positive samples were oligodendrogliomas
(3 out of the 5 samples) from White males with an average
age of 42 (Additional file 11: File S8). The demographics
are relatively consistent with the whole LGG cohort (55 %
males, 92 % White, and average age 43). Tumor type varied
slightly from the whole cohort, which consisted of 193 as-
trocytomas (38), 130 oligoastrocytomas (25), and 191
oligodendrogliomas (37 %). In addition, although the

Fig. 2 Heat map showing the total reads for brain tissue whole genome sequencing datasets. Color intensity represents relative viral reads across
all datasets
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genetic profile of these patients demonstrates a variety of
alterations, some of the more common alterations ob-
served in the entire cohort (e.g., IDH1, IDH2, ATRX, and
TP53) were not observed in these patients with HPV or
HBV reads (see reference [39] for additional details regard-
ing LGG samples). The lack of mutation of one or more of
these in tumors with detected virus could be due to viral
subversion of the corresponding pathways, obviating the
need for somatic mutations (for example, through HPV E6
mediated inhibition of the p53 pathway). Nevertheless,
further investigation into the association between viruses,
HPV and HBV and LGGs is warranted.
Both HPV-16 and HPV-58 are considered high-risk

HPV types, which are causative agents in the develop-
ment of cervical carcinoma. The likely mechanism of
action for both HPV-16 and HPV-58 is viral integration
into the host genome [60, 61]. Coverage analysis of the
HPV positive LGG datasets indicate that some of the sam-
ples display evidence of integration with disruption of the
viral E1 gene (Additional file 5: Figures S135-136) with all
samples with HPV reads showing the majority of read
coverage mapping to viral E6 and E7 oncogenes. Due to the
low viral read numbers detected in our study, additional
validation experiments are warranted to determine if there
is truly an association between LGGs and HPV or whether
these findings represent sample cross-contamination with
true HPV associated samples.
Like HPV, the mechanism of action for HBV is also in-

tegration into the host genome. Visual analysis of the
HBV positive LGG datasets demonstrated robust gene
coverage within the HBVgp1/HBVgp2/HBVgp3 region
with an abrupt termination of gene coverage after HBVgp3
(Additional file 5: Figure S137). Further, the majority of
reads align within the HBVgp3 gene, which encodes the
regulatory HBx protein. Previous studies have shown that
HBx plays a critical role in the pathogenesis of hepatocellu-
lar carcinoma [62, 63]. While this observation is also of po-
tential interest, given the fact that adequate HBV reads
were detected in only 1 sample out of 514 LGG datasets
(0.19 %), further analysis is necessary to validate this
observation.
The RNA CoMPASS analysis of the auxiliary brain tis-

sue sequencing datasets provided a full metatranscrip-
tomic profile including bacterial, fungal, and viral reads.
Although we only presented data on the virome in this
study, a complete metatranscriptomic analysis was per-
formed. Although reads for several bacterial species were
identified in the datasets, it has been our experience that
the source of many of these reads are from environmen-
tal contamination [33, 34, 64] and do not represent true
associations.
Due to reports of an association between HCMV and

GBM, immunotherapy treatments against HCMV were
considered a logical next step as an exhilarating new

avenue for cancer therapy. There are several clinical tri-
als in the United States in various stages of completion
focused on targeted HCMV therapy in GBM patients.
While we await the results of these clinical trials, the re-
sults from the valganciclovir treatment of glioblastoma
patients in Sweden (VIGAS) study, a randomized, double-
blinded, placebo-controlled trial was recently published
showing trends but no significant differences in tumor
volumes between the valganciclovir (an anti-CMV drug)
and placebo groups at 3 and 6 months [65]. However, in a
retrospective analysis of the same cohort with additional
patients taking valganciclovir for compassionate reasons,
the rate of survival of treated patients at 2 years was 62 %
as compared with 18 % of contemporary controls with a
similar disease stage, surgical-resection grade, and baseline
treatment [66]. Although these are remarkable results,
questions have been raised as to the interpretation of the
data and whether this survival rate is misleading [67].

Conclusions
Several recent publications have highlighted the lack of
association between viruses, specifically HCMV, and GBM
[6, 10, 14, 15, 18, 26–28, 68]. Based on our comprehensive
analysis, we substantiate these claims. Given the austerity of
recent evidence against a HCMV etiology for GBM, moving
forward, we caution against the use of anti-CMV therapy
for GBM patients until this issue is completely resolved.

Additional files

Additional file 1: Table S1. Sequencing Datasets. (DOC 45 kb)

Additional file 2: Table S2. List of PCR primers. (DOC 36 kb)

Additional file 3: File S1. TCGA GBM RNA. (XLS 374 kb)

Additional file 4: File S2. HCMV analysis. (XLSX 28 kb)

Additional file 5: Supplementary Figures 1-138. (PDF 17.9 mb)

Additional file 6: File S3 Other studies. (XLS 3154 kb)

Additional file 7: File S4 TCGA LGG RNA. (XLSX 546 kb)

Additional file 8: File S5 TCGA GBM DNA. (XLS 2545 kb)

Additional file 9: File S6 Viral Blast analysis. (XLS 110 kb)

Additional file 10: File S7 WGS meningioma. (XLS 61 kb)

Additional file 11: File S8 LGG clinical data. (XLSX 38 kb)

Acknowledgements
The authors would like to thank TCGA, all tissue donors, and the investigators
for acquiring and sequencing the samples analyzed in this study. The authors
would also like to thank BioServe Biotechnologies and Teresa A. Lehman and,
Michael B. Seddon for providing brain tumor RNA samples used in this study.
The bioinformatics analysis was carried out in the Tulane Cancer Center NGS
Analysis Core.

Funding
This work was supported by National Institutes of Health (NIH) grants
R01AI101046, and R01AI106676 to EKF; a Ruth L. Kirschstein National
Research Service Award F30CA177267 from the National Cancer Institute
to MJS; a Louisiana Clinical and Translational Science Center Pilot grant
(U54GM104940 from NIH) to ZL, and NIH grant P20GM103518 to Prescott
Deininger.

Strong et al. Acta Neuropathologica Communications  (2016) 4:71 Page 8 of 10

dx.doi.org/10.1186/s40478-016-0338-z
dx.doi.org/10.1186/s40478-016-0338-z
dx.doi.org/10.1186/s40478-016-0338-z
dx.doi.org/10.1186/s40478-016-0338-z
dx.doi.org/10.1186/s40478-016-0338-z
dx.doi.org/10.1186/s40478-016-0338-z
dx.doi.org/10.1186/s40478-016-0338-z
dx.doi.org/10.1186/s40478-016-0338-z
dx.doi.org/10.1186/s40478-016-0338-z
dx.doi.org/10.1186/s40478-016-0338-z
dx.doi.org/10.1186/s40478-016-0338-z


Authors' contributions
MJS, ZL, MLW, and EKF conceived and designed the experiments. MJS and
ZL performed the molecular experiments. MJS, EB, ZL, and MB participated in
the sequence alignment. MJS, ZL, CAM, CMT, MLW, and EKF analyzed the
data. EB, CAM, and CMT contributed reagents/materials/analysis tools. MJS,
MLW, and EKF wrote the paper. All authors read and approved the final
manuscript.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Pathology, Tulane University, New Orleans, LA 70112, USA.
2Tulane Cancer Center, New Orleans, LA 70112, USA. 3Department of
Microbiology, Immunology & Parasitology, Louisiana State University School
of Medicine, New Orleans, LA 70112, USA. 4Department of Microbiology and
Immunology, Tulane University School of Medicine, New Orleans, LA 70112,
USA. 5Department of Neurological Surgery, Ochsner Clinic Foundation, New
Orleans, LA 70112, USA.

Received: 14 June 2016 Accepted: 15 June 2016

References
1. Ostrom QT, Gittleman H, Fulop J, Liu M, Blanda R, Kromer C, Wolinsky Y,

Kruchko C, Barnholtz-Sloan JS. CBTRUS statistical report: primary brain and
central nervous system tumors diagnosed in the united states in 2008–2012.
Neuro-Oncology. 2015;17:iv1–iv62. doi:10.1093/neuonc/nov189.

2. Society AC. Cancer Facts & Figures 2015. Atlanta: American Cancer Society; 2015.
3. Wen PY, Kesari S. Malignant gliomas in adults. N Engl J Med. 2008;359:492–507.

doi:10.1056/NEJMra0708126.
4. Cobbs CS, Harkins L, Samanta M, Gillespie GY, Bharara S, King PH, Nabors LB,

Cobbs CG, Britt WJ. Human cytomegalovirus infection and expression in
human malignant glioma. Cancer Res. 2002;62:3347–50.

5. Amirian ES, Bondy ML, Mo Q, Bainbridge MN, Scheurer ME. Presence of viral
DNA in whole-genome sequencing of brain tumor tissues from the cancer
genome atlas. J Virol. 2014;88:774. doi:10.1128/jvi.02725-13.

6. Baumgarten P, Michaelis M, Rothweiler F, Starzetz T, Rabenau HF, Berger A,
Jennewein L, Braczynski AK, Franz K, Seifert V. Human cytomegalovirus
infection in tumor cells of the nervous system is not detectable with
standardized pathologico-virological diagnostics. Neuro-Oncology. 2014;16:
1469–77. doi:10.1093/neuonc/nou167.

7. Bhattacharjee B, Renzette N, Kowalik TF. Genetic analysis of cytomegalovirus
in malignant gliomas. J Virol. 2012;86:6815–24. doi:10.1128/jvi.00015-12.

8. Bianchi E, Roncarati P, Hougrand O, Guérin-El Khourouj V, Boreux R, Kroonen J,
Martin D, Robe P, Rogister B, Delvenne P. Human cytomegalovirus and primary
intracranial tumors: frequency of tumor infection and lack of correlation with
systemic immune anti-viral responses. Neuropathol Appl Neurobiol. 2014.
doi:10.1111/nan.12172.

9. Cimino PJ, Zhao G, Wang D, Sehn JK, Lewis Jr JS, Duncavage EJ.
Detection of viral pathogens in high grade gliomas from unmapped
next-generation sequencing data. Exp Mol Pathol. 2014;96:310–5.
doi:10.1016/j.yexmp.2014.03.010.

10. Cosset É, Petty TJ, Dutoit V, Cordey S, Padioleau I, Otten-Hernandez P,
Farinelli L, Kaiser L, Bruyère-Cerdan P, Tirefort D. Comprehensive
metagenomic analysis of glioblastoma reveals absence of known virus
despite antiviral-like type I interferon gene response. Int J Cancer. 2014;
135:1381–9. doi:10.1002/ijc.28670.

11. Ding D, Han S, Wang Z, Guo Z, Wu A. Does the existence of HCMV
components predict poor prognosis in glioma? J Neurooncol. 2014;116:
515–22. doi:10.1007/s11060-013-1350-9.

12. dos Santos CJ, Stangherlin LM, Figueiredo EG, Corrêa C, Teixeira MJ, da Silva
MCC. High prevalence of HCMV and viral load in tumor tissues and peripheral
blood of glioblastoma multiforme patients. J Med Virol. 2014;86:1953–61.
doi:10.1002/jmv.23820.

13. Fonseca RF, Kawamura MT, Oliveira JA, Teixeira A, Alves G, Carvalho MGC.
The prevalence of human cytomegalovirus DNA in gliomas of Brazilian
patients. Mem Inst Oswaldo Cruz. 2012;107:953–4.

14. Khoury JD, Tannir NM, Williams MD, Chen Y, Yao H, Zhang J, Thompson
EJ, Network TT, Meric-Bernstam F, Medeiros LJ. Landscape of DNA virus

associations across human malignant cancers: analysis of 3,775 cases
using RNA-Seq. J Virol. 2013;87:8916–26. doi:10.1128/jvi.00340-13.

15. Lau SK, Chen Y-Y, Chen W-G, Diamond DJ, Mamelak AN, Zaia JA, Weiss LM.
Lack of association of cytomegalovirus with human brain tumors. Mod
Pathol. 2005;18:838–43.

16. Lucas K, Bao L, Bruggeman R, Dunham K, Specht C. The detection of CMV
pp 65 and IE1 in glioblastoma multiforme. J Neurooncol. 2011;103:231–8.
doi:10.1007/s11060-010-0383-6.

17. Mitchell DA, Xie W, Schmittling R, Learn C, Friedman A, McLendon RE,
Sampson JH. Sensitive detection of human cytomegalovirus in tumors and
peripheral blood of patients diagnosed with glioblastoma. Neuro-Oncology.
2008;10:10–8. doi:10.1215/15228517-2007-035.

18. Poltermann S, Schlehofer B, Steindorf K, Schnitzler P, Geletneky K, Schlehofer
JR. Lack of association of herpesviruses with brain tumors. Journal of
Neurovirology. 2006;12:90–9. doi:10.1080/13550280600654573.

19. Rahbar A, Orrego A, Peredo I, Dzabic M, Wolmer-Solberg N, Strååt K, Stragliotto G,
Söderberg-Nauclér C. Human cytomegalovirus infection levels in glioblastoma
multiforme are of prognostic value for survival. J Clin Virol. 2013;57:36–42.
doi:10.1016/j.jcv.2012.12.018.

20. Rahbar A, Stragliotto G, Orrego A, Peredo I, Taher C, Willems J, Soderberg-
Naucler C. Low levels of human cytomegalovirus infection in glioblastoma
multiforme associates with patient survival; −a case–control study. Herpesviridae.
2012;3:3.

21. Ranganathan P, Clark PA, Kuo JS, Salamat MS, Kalejta RF. Significant association
of multiple human cytomegalovirus genomic loci with glioblastoma multiforme
samples. J Virol. 2012;86:854–64. doi:10.1128/jvi.06097-11.

22. Sabatier J, Uro-Coste E, Pommepuy I, Labrousse F, Allart S, Trémoulet M,
Delisle MB, Brousset P. Detection of human cytomegalovirus genome and
gene products in central nervous system tumours. Br J Cancer. 2005;92:747–50.
doi:10.1038/sj.bjc.6602339.

23. Saddawi-Konefka R, Crawford J. Chronic viral infection and primary central
nervous system malignancy. Journal of Neuroimmune Pharmacology. 2010;
5:387–403. doi:10.1007/s11481-010-9204-0.

24. Scheurer M, Bondy M, Aldape K, Albrecht T, El-Zein R. Detection of human
cytomegalovirus in different histological types of gliomas. Acta Neuropathol.
2008;116:79–86. doi:10.1007/s00401-008-0359-1.

25. Slinger E, Maussang D, Schreiber A, Siderius M, Rahbar A, Fraile-Ramos A,
Lira SA, Söderberg-Nauclér C, Smit MJ. HCMV-encoded Chemokine
receptor US28 mediates proliferative signaling through the IL-6–STAT3
axis. City. 2010.

26. Tang K-W, Alaei-Mahabadi B, Samuelsson T, Lindh M, Larsson E (2013) The
landscape of viral expression and host gene fusion and adaptation in
human cancer. Nat Commun 4: doi 10.1038/ncomms3513.

27. Tang K-W, Hellstrand K, Larsson E. Absence of cytomegalovirus in high-
coverage DNA sequencing of human glioblastoma multiforme. Int J Cancer.
2015;136:977–81. doi:10.1002/ijc.29042.

28. Yamashita Y, Ito Y, Isomura H, Takemura N, Okamoto A, Motomura K,
Tsujiuchi T, Natsume A, Wakabayashi T, Toyokuni S. Lack of presence of the
human cytomegalovirus in human glioblastoma. Mod Pathol. 2014;27:922–9.
doi:10.1038/modpathol.2013.219.

29. Dziurzynski K, Chang SM, Heimberger AB, Kalejta RF, McGregor Dallas SR,
Smit M, Soroceanu L, Cobbs CS. Consensus on the role of human
cytomegalovirus in glioblastoma. Neuro-Oncology. 2012;14:246–55.
doi:10.1093/neuonc/nor227.

30. Feng H, Shuda M, Chang Y, Moore PS. Clonal integration of a polyomavirus
in human Merkel cell carcinoma. Science. 2008;319:1096–100. doi:10.1126/
science.1152586.

31. Strong MJ, O’Grady T, Lin Z, Xu G, Baddoo M, Parsons C, Zhang K, Taylor
CM, Flemington EK. Epstein-Barr virus and human herpesvirus 6 detection in
a non-Hodgkin’s diffuse large B-cell lymphoma cohort using RNA-Seq. J Virol.
2013. doi:10.1128/jvi.02380-13.

32. Strong MJ, Xu G, Coco J, Baribault C, Vinay DS, Lacey MR, Strong AL, Lehman TA,
Seddon MB, Lin Z. Differences in gastric carcinoma microenvironment stratify
according to EBV infection intensity: implications for possible immune adjuvant
therapy. PLoS Pathog. 2013;9:e1003341. doi:10.1371/journal.ppat.1003341.

33. Cao S, Strong MJ, Wang X, Moss WN, Concha M, Lin Z, O'Grady T, Baddoo M,
Fewell C, Renne R. High-throughput RNA sequencing-based virome analysis of
50 lymphoma cell lines from the cancer cell line encyclopedia project. J Virol.
2015;89:713–29. doi:10.1128/jvi.02570-14.

34. Strong MJ, Xu G, Morici L, Splinter Bon-Durant S, Baddoo M, Lin Z, Fewell C,
Taylor CM, Flemington EK. Microbial contamination in next generation

Strong et al. Acta Neuropathologica Communications  (2016) 4:71 Page 9 of 10

http://dx.doi.org/10.1093/neuonc/nov189
http://dx.doi.org/10.1056/NEJMra0708126
http://dx.doi.org/10.1128/jvi.02725-13
http://dx.doi.org/10.1093/neuonc/nou167
http://dx.doi.org/10.1128/jvi.00015-12
http://dx.doi.org/10.1111/nan.12172
http://dx.doi.org/10.1016/j.yexmp.2014.03.010
http://dx.doi.org/10.1002/ijc.28670
http://dx.doi.org/10.1007/s11060-013-1350-9
http://dx.doi.org/10.1002/jmv.23820
http://dx.doi.org/10.1128/jvi.00340-13
http://dx.doi.org/10.1007/s11060-010-0383-6
http://dx.doi.org/10.1215/15228517-2007-035
http://dx.doi.org/10.1080/13550280600654573
http://dx.doi.org/10.1016/j.jcv.2012.12.018
http://dx.doi.org/10.1128/jvi.06097-11
http://dx.doi.org/10.1038/sj.bjc.6602339
http://dx.doi.org/10.1007/s11481-010-9204-0
http://dx.doi.org/10.1007/s00401-008-0359-1
http://dx.doi.org/10.1038/ncomms3513
http://dx.doi.org/10.1002/ijc.29042
http://dx.doi.org/10.1038/modpathol.2013.219
http://dx.doi.org/10.1093/neuonc/nor227
http://dx.doi.org/10.1126/science.1152586
http://dx.doi.org/10.1126/science.1152586
http://dx.doi.org/10.1128/jvi.02380-13
http://dx.doi.org/10.1371/journal.ppat.1003341
http://dx.doi.org/10.1128/jvi.02570-14


sequencing: implications for sequence-based analysis of clinical samples.
PLoS Pathog. 2014;10:e1004437. doi:10.1371/journal.ppat.1004437.

35. Lin Z, Puetter A, Coco J, Xu G, Strong MJ, Wang X, Fewell C, Baddoo M,
Taylor C, Flemington EK. Detection of murine leukemia virus in the Epstein-
Barr virus-positive human B-cell line JY, using a computational RNA-Seq-
based exogenous agent detection pipeline, PARSES. J Virol. 2012;86:2970–7.
doi:10.1128/jvi.06717-11.

36. Brennan CW, Verhaak RGW, McKenna A, Campos B, Noushmehr H, Salama SR,
Zheng S, Chakravarty D, Sanborn JZ, Berman SH. The somatic genomic
landscape of glioblastoma. Cell. 2013;155:462–77. doi:10.1016/j.cell.2013.09.034.

37. Network CGAR. Comprehensive genomic characterization defines human
glioblastoma genes and core pathways. Nature. 2008;455:1061–8.

38. Verhaak RGW, Hoadley KA, Purdom E, Wang V, Qi Y, Wilkerson MD, Miller CR,
Ding L, Golub T, Mesirov JP. Integrated genomic analysis identifies clinically
relevant subtypes of glioblastoma characterized by abnormalities in PDGFRA,
IDH1, EGFR, and NF1. Cancer Cell. 2010;17:98–110. doi:10.1016/j.ccr.2009.12.020.

39. The Cancer Genome Atlas Research N. Comprehensive, integrative genomic
analysis of diffuse lower-grade gliomas. N Engl J Med. 2015;372:2481–98.
doi:10.1056/NEJMoa1402121.

40. Chen LY, Wei K-C, Huang AC-Y, Wang K, Huang C-Y, Yi D, Tang CY, Galas DJ,
Hood LE. RNASEQR—a streamlined and accurate RNA-seq sequence
analysis program. Nucleic Acids Res. 2012;40:e42. doi:10.1093/nar/gkr1248.

41. Furnari FB, Fenton T, Bachoo RM, Mukasa A, Stommel JM, Stegh A, Hahn
WC, Ligon KL, Louis DN, Brennan C. Malignant astrocytic glioma: genetics,
biology, and paths to treatment. Genes Dev. 2007;21:2683–710. doi:10.1101/
gad.1596707.

42. Lee J, Kotliarova S, Kotliarov Y, Li A, Su Q, Donin NM, Pastorino S, Purow BW,
Christopher N, Zhang W. Tumor stem cells derived from glioblastomas
cultured in bFGF and EGF more closely mirror the phenotype and genotype
of primary tumors than do serum-cultured cell lines. Cancer Cell. 2006;9:
391–403. doi:10.1016/j.ccr.2006.03.030.

43. Gill BJ, Pisapia DJ, Malone HR, Goldstein H, Lei L, Sonabend A, Yun J, Samanamud
J, Sims JS, Banu M. MRI-localized biopsies reveal subtype-specific differences in
molecular and cellular composition at the margins of glioblastoma. Proc Natl
Acad Sci. 2014;111:12550–5. doi:10.1073/pnas.1405839111.

44. Brastianos PK, Horowitz PM, Santagata S, Jones RT, McKenna A, Getz G, Ligon
KL, Palescandolo E, Van Hummelen P, Ducar MD. Genomic sequencing of
meningiomas identifies oncogenic SMO and AKT1 mutations. Nat Genet. 2013;
45:285–9.

45. Stern-Ginossar N, Weisburd B, Michalski A, Le VTK, Hein MY, Huang S-X, Ma
M, Shen B, Qian S-B, Hengel H. Decoding human cytomegalovirus. Science.
2012;338:1088–93.

46. Xu G, Strong MJ, Lacey MR, Baribault C, Flemington EK, Taylor CM. RNA
CoMPASS: a dual approach for pathogen and host transcriptome analysis of
RNA-Seq datasets. PLoS One. 2014;9:e89445. doi:10.1371/journal.pone.0089445.

47. Nix D, Courdy S, Boucher K. Empirical methods for controlling false positives
and estimating confidence in ChIP-Seq peaks. BMC Bioinformatics. 2008;9:523.

48. Pruitt KD, Tatusova T, Brown GR, Maglott DR. NCBI Reference Sequences
(RefSeq): current status, new features and genome annotation policy.
Nucleic Acids Res. 2012;40:D130–5. doi:10.1093/nar/gkr1079.

49. Huson DH, Mitra S, Ruscheweyh H-J, Weber N, Schuster SC. Integrative
analysis of environmental sequences using MEGAN4. Genome Res. 2011;21:
1552–60. doi:10.1101/gr.120618.111.

50. Strong MJ, Baddoo M, Nanbo A, Xu M, Puetter A, Lin Z. Comprehensive
high-throughput RNA sequencing analysis reveals contamination of multiple
nasopharyngeal carcinoma cell lines with HeLa cell genomes. J Virol. 2014;88:
10696–704. doi:10.1128/jvi.01457-14.

51. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P,
Chaisson M, Gingeras TR. STAR: ultrafast universal RNA-seq aligner.
Bioinformatics. 2012. doi:10.1093/bioinformatics/bts635.

52. Robinson JT, Thorvaldsdottir H, Winckler W, Guttman M, Lander ES, Getz G,
Mesirov JP. Integrative genomics viewer. Nat Biotech. 2011;29:24–6.

53. Strong MJ, Laskow T, Nakhoul H, Blanchard E, Liu Y, Wang X, Baddoo M, Lin Z,
Yin Q, Flemington EK. Latency expression of the Epstein-Barr virus-encoded
MHC class I TAP inhibitor, BNLF2a in EBV-positive gastric carcinomas. J Virol.
2015. doi:10.1128/jvi.01110-15.

54. The Cancer Genome Atlas Research N. Comprehensive molecular
characterization of gastric adenocarcinoma. Nature. 2014;513:202–9.

55. Dziurzynski K, Wei J, Qiao W, Hatiboglu MA, Kong L-Y, Wu A, Wang Y, Cahill D,
Levine N, Prabhu S. Glioma-associated cytomegalovirus mediates subversion of
the monocyte lineage to a tumor propagating phenotype. Clinical cancer

research : an official journal of the American Association for Cancer Research.
2011;17:4642–9. doi:10.1158/1078-0432.CCR-11-0414.

56. Fornara O, Bartek Jr J, Rahbar A, Odeberg J, Khan Z, Peredo I, Hamerlik P,
Bartek J, Stragliotto G, Landazuri N. Cytomegalovirus infection induces a stem
cell phenotype in human primary glioblastoma cells: prognostic significance
and biological impact. Cell Death Differ. 2015. doi:10.1038/cdd.2015.91.

57. Soroceanu L, Matlaf L, Khan S, Akhavan A, Singer E, Bezrookove V, Decker S,
Ghanny S, Hadaczek P, Bengtsson H. Cytomegalovirus immediate-early proteins
promote stemness properties in glioblastoma. Cancer Res. 2015;75:3065–76.
doi:10.1158/0008-5472.can-14-3307.

58. Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, Jacobsen A,
Byrne CJ, Heuer ML, Larsson E. The cBio cancer genomics portal: an open
platform for exploring multidimensional cancer genomics data. Cancer
Discovery. 2012;2:401–4. doi:10.1158/2159-8290.cd-12-0095.

59. Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, Sun Y,
Jacobsen A, Sinha R, Larsson E. Integrative analysis of complex cancer
genomics and clinical profiles using the cBioPortal. Sci Signal. 2013;6:pl1-pl1.

60. Münger K, Baldwin A, Edwards KM, Hayakawa H, Nguyen CL, Owens M,
Grace M, Huh K. Mechanisms of Human Papillomavirus-Induced Oncogenesis.
J Virol. 2004;78:11451–60. doi:10.1128/jvi.78.21.11451-11460.2004.

61. Wu E-q, Zha X, Yu X-h, G-n Z, Wu Y-g, Fan Y, Ren Y, Kong L-Q, Kong W.
Profile of physical status and gene variation of human papillomavirus 58
genome in cervical cancer. J Gen Virol. 2009;90:1229–37. doi:10.1099/vir.0.
008227-0.

62. Feitelson MA, Sun B, Satiroglu Tufan NL, Liu J, Pan J, Lian Z. Genetic
mechanisms of hepatocarcinogenesis. Oncogene. 2002;21:2593–604.
doi:10.1038/sj.onc.1205434.

63. Zhang X-D, Wang Y, Ye L-H. Hepatitis B virus X protein accelerates the
development of hepatoma. Cancer Biology & Medicine. 2014;11:182–90.
doi:10.7497/j.issn.2095-3941.2014.03.004.

64. Strong MJ, Lin Z, Flemington EK. Expanding the conversation on high-
throughput virome sequencing standards to include consideration of
microbial contamination sources. mBio 5. 2014. doi:10.1128/mBio.01989-14.

65. Stragliotto G, Rahbar A, Solberg NW, Lilja A, Taher C, Orrego A, Bjurman B,
Tammik C, Skarman P, Peredo I. Effects of valganciclovir as an add-on
therapy in patients with cytomegalovirus-positive glioblastoma: A randomized,
double-blind, hypothesis-generating study. Int J Cancer. 2013;133:1204–13.
doi:10.1002/ijc.28111.

66. Soderberg-Naucler C, Rahbar A, Stragliotto G. Survival in patients with
glioblastoma receiving valganciclovir. N Engl J Med. 2013;369:985–6.
doi:10.1056/NEJMc1302145.

67. Wick W, Wick A, Platten M. Good maths is needed to understand CMV data
in glioblastoma. Int J Cancer. 2014;134:2991–2. doi:10.1002/ijc.28614.

68. Wick W, Platten M. CMV infection and glioma, a highly controversial concept
struggling in the clinical arena. Neuro-Oncology. 2014;16:332–3. doi:10.1093/
neuonc/nou002.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Strong et al. Acta Neuropathologica Communications  (2016) 4:71 Page 10 of 10

http://dx.doi.org/10.1371/journal.ppat.1004437
http://dx.doi.org/10.1128/jvi.06717-11
http://dx.doi.org/10.1016/j.cell.2013.09.034
http://dx.doi.org/10.1016/j.ccr.2009.12.020
http://dx.doi.org/10.1056/NEJMoa1402121
http://dx.doi.org/10.1093/nar/gkr1248
http://dx.doi.org/10.1101/gad.1596707
http://dx.doi.org/10.1101/gad.1596707
http://dx.doi.org/10.1016/j.ccr.2006.03.030
http://dx.doi.org/10.1073/pnas.1405839111
http://dx.doi.org/10.1371/journal.pone.0089445
http://dx.doi.org/10.1093/nar/gkr1079
http://dx.doi.org/10.1101/gr.120618.111
http://dx.doi.org/10.1128/jvi.01457-14
http://dx.doi.org/10.1093/bioinformatics/bts635
http://dx.doi.org/10.1128/jvi.01110-15
http://dx.doi.org/10.1158/1078-0432.CCR-11-0414
http://dx.doi.org/10.1038/cdd.2015.91
http://dx.doi.org/10.1158/0008-5472.can-14-3307
http://dx.doi.org/10.1158/2159-8290.cd-12-0095
http://dx.doi.org/10.1128/jvi.78.21.11451-11460.2004
http://dx.doi.org/10.1099/vir.0.008227-0
http://dx.doi.org/10.1099/vir.0.008227-0
http://dx.doi.org/10.1038/sj.onc.1205434
http://dx.doi.org/10.7497/j.issn.2095-3941.2014.03.004
http://dx.doi.org/10.1128/mBio.01989-14
http://dx.doi.org/10.1002/ijc.28111
http://dx.doi.org/10.1056/NEJMc1302145
http://dx.doi.org/10.1002/ijc.28614
http://dx.doi.org/10.1093/neuonc/nou002
http://dx.doi.org/10.1093/neuonc/nou002

	Abstract
	Introduction
	Materials and methods
	Clinical tumor sample and sequence data acquisition
	Sample preparation and next generation RNA sequencing
	Metatranscriptomic analysis using RNA CoMPASS
	Virome analysis
	Quantitative RT-PCR

	Results
	Lack of virus association in the cancer genome atlas GBM RNA-seq datasets
	Assessment of sequence library preparation strategies
	Analysis of tumor tissue sampling
	Analysis of GBM stem cell subpopulations
	Virome analysis of TCGA low-grade gliomas
	Lack of virus association in the cancer genome atlas GBM whole genome datasets
	Lack of virus association in meningioma whole genome datasets


	Discussion
	Conclusions
	Additional files
	Acknowledgements
	Funding
	Authors' contributions
	Competing interests
	Author details
	References

