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G

lioblastoma multiforme (GBM) is an aggressive and malignant tumor of glial origin with a grim prognosis (43). It accounts for nearly half of all central nervous system (CNS) malignancies in adults. Equivalent to a grade IV diffuse astrocytoma,
GBMs consist primarily of neoplastic astrocytes, the most abundant type of glia, but tumor specimens also include other nonneoplastic cell types, including neurons, oligodendrocytes, macrophages, and glial and neural stem cells (42). The heterogeneous
nature of these tumors may at least partially explain why they are
refractory to current therapeutics and has led to the hypothesis
that GBMs may originate from stem-like cells, perhaps in the subventricular zone of the CNS (9). The etiology of GBM is unknown,
although exposure to ionizing radiation, electrical, or magnetic
fields has been proposed as a risk factor (22). Recently, several
reports have detected a potential association between GBMs and
human cytomegalovirus (HCMV), a common betaherpesvirus.
Viruses are causative agents of human cancers (21). At least
15% of all human tumors have a viral etiology. Human cancer
viruses include Epstein-Barr virus (EBV), hepatitis B virus (HBV),
human T-lymphotropic virus type 1 (HTLV-1), human papillomavirus (HPV), hepatitis C virus (HCV), Kaposi’s sarcomaassociated herpesvirus (KSHV), and Merkel cell polyomavirus
(MCV). True viral infection (whether productive or latent) where
the entire genome is maintained, as well as abortive infections
where only select regions of the viral genome are present, can lead
to cellular transformation and cancer development. Not surprisingly, human cancer viruses can produce within cells one or more
of the molecular hallmarks of cancer (10) that promote cellular
plasticity (through genomic instability, inflammation, deregulation of cellular energetics, and induction of angiogenic and metastatic processes), proliferation (by sustaining proliferative
signaling, evading growth suppressors, and enabling replicative
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immortality), and survival (avoidance of immune detection and
inhibition of apoptosis). However, many other viruses not yet
directly associated with human tumors may also initiate such molecular events, leading to speculation that more human cancers
have a viral etiology or association than is currently appreciated.
One such putative relationship between a virus and a cancer that is
receiving increased examination is that of HCMV and GBM.
HCMV asymptomatically infects the majority of the human
population, and virus-induced sequelae are generally observed
only under conditions of insufficient host immune function (7).
Examples include birth defects in congenitally infected neonates,
retinitis and blindness in AIDS patients, and graft rejection in
transplant patients receiving immunosuppressive therapy. However, an emerging concept hypothesizes that chronic conditions,
although perhaps not directly caused by HCMV, are likely to be
exacerbated by infection with this virus (32). Disease states linked
to HCMV infection include immunosenescence (40), certain cardiovascular diseases (36), and cancer (34). Either HCMV infection or the ectopic expression of individual viral proteins can produce all of the molecular hallmarks of cancer (13). For example,
viral infection or HCMV-encoded proteins promote genomic instability (8, 30), inflammation (2), angiogenesis (4), and cell migration (39), modulate cellular energetics (41), proliferation (11),
and life span (35), and inactivate cellular immune functions (25)
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Viruses are appreciated as etiological agents of certain human tumors, but the number of different cancer types induced or exacerbated by viral infections is unknown. Glioblastoma multiforme (GBM)/astrocytoma grade IV is a malignant and lethal brain
cancer of unknown origin. Over the past decade, several studies have searched for the presence of a prominent herpesvirus, human cytomegalovirus (HCMV), in GBM samples. While some have detected HCMV DNA, RNA, and proteins in GBM tissues,
others have not. Therefore, any purported association of HCMV with GBM remains controversial. In most of the previous studies, only one or a select few viral targets were analyzed. Thus, it remains unclear the extent to which the entire viral genome was
present when detected. Here we report the results of a survey of GBM specimens for as many as 20 different regions of the HCMV
genome. Our findings indicate that multiple HCMV loci are statistically more likely to be found in GBM samples than in other
brain tumors or epileptic brain specimens and that the viral genome was more often detected in frozen samples than in paraffinembedded archival tissue samples. Finally, our experimental results indicate that cellular genomes substantially outnumber viral
genomes in HCMV-positive GBM specimens, likely indicating that only a minority of the cells found in such samples harbor
viral DNA. These data argue for the association of HCMV with GBM, defining the virus as oncoaccessory. Furthermore, they
imply that, were HCMV to enhance the growth or survival of a tumor (i.e., if it is oncomodulatory), it would likely do so through
mechanisms distinct from classic tumor viruses that express transforming viral oncoproteins in the overwhelming majority of
tumor cells.

HCMV Genome in Glioblastoma (GBM)

TABLE 1 PCR primer sequences used in this studya
Forward primer

Reverse primer

Expected product
size (bp)

UL1
UL17
UL18
UL19
UL36
UL44
UL55
UL69
UL82
UL96
UL97
UL98
UL111A
UL122
UL144
US2
US11
US28
IE1

AGCTTCTGGAACTATGGCGA
ACCCCGTCACTGTCGGTTGGA
ATAGCGAGCCTCAATG
GCCCCCGTCAACACGGTCAT
TGTCCCTTCTTTCCCATGAC
TCGCGTCGTTGAAGTAATTG
TCCAACACCCACAGTACCCGT
CTCGTCGTGTGAACAGCAGGATG
CGTTCATTTGGAACACCGAC
ACAGCTCTTAAAGGACGTGATGCG
CTTCGGACAAGGAGAACCAG
AGTCGCGCAACTCGGTGTGG
GTACGGTGGTCAAAGGCTGT
AAGCGGCCTCTGATAACCAAGCC
TCAGTGTTGTCCCCCATGTA
CCCGGAATGGAGGGTAAT
ACCACTGGTCCGAAAACATC
AGCGTGCCGTGTACGTTAC
CGACGTTCCTGCAGACTATG

CGTAGTCTGTGTCTCCGGGT
TTCGGGAGACCGTGCCGGAT
GTTAGCTGTCGGGTGATCAGGG
GCGTCCCTGCGACTCCCATC
TTCTGGACCCACAACACAGA
TAGTTACGGAGCACGACACG
CGGAAACGATGGTGTAGTTCG
GAACTACAGCAACTCAGCCGTTTGA
CTCTTCCTCTTCTTCCTC
ACCGTGTCCTTCAGCTCGGTTAAA
AGCTCCACGTCGTTTTCTTC
GAGCACGCCGAAGCACAGGT
CCAACTCGCTGAGACCTTTC
AGCACCATCCTCCTCCTCTTCCTCTGG
GTCGTTGCTTGTGATGTTGG
CTAGCCCTGCGTCTGGTACT
GTTCTACTTTTCCCCCTGCC
ATAAAGACAAGCACGACC
TCCTCGGTCACTTGTTCAAA

416
268
196
245
302
498
270
200
222
288
325
320
350
431
248
183
269
395
117

a

Nucleotide sequences for primer pairs used to amplify segments of the indicated HCMV gene are shown. The expected size of the amplified product is listed in base pairs. Also,
the sequences of the primers (named “IE1”) employed in the comparative PCR (Fig. 1) and copy number (Fig. 10) studies are indicated.

and apoptotic pathways (3). Therefore, HCMV represents an intriguing candidate human cancer virus.
The major experimental method identifying HCMV in GBM
samples has been immunohistochemical (IHC) detection of the
72-kDa viral immediate-early 1 (IE1) protein. Individual studies
have detected IE1 in the following number of GBM specimens: 27
out of 27 (5), 42 out of 45 (20), 21 out of 21 (29), 10 out of 10 (35),
20 out of 21 (31), or 8 out of 49 (16). The viral phosphoprotein of
65 kDa (pp65) has also been detected by flow cytometry in 5 out of
5 GBM samples (6) and by IHC in 8 out of 8 (5), 30 out of 33 (20),
or 25 out of 59 (16) GBM samples. Furthermore, the protein product of the 28th gene in the unique short region of the genome
(US28) was found in 20 out of 21 GBM samples (31). In situ
hybridization (ISH) for either the HCMV IE locus (5), total viral
genomic DNA (5, 20), or an undisclosed region(s) of the viral
genome (29) has also been used to score for the presence of
HCMV, obtaining positive results in every (29 out of 29) GBM
sample examined. Finally, PCRs have detected the 55th gene in the
unique long section of the genome (UL55 that encodes glycoprotein B [gB]) in 7 out of 9 (5) or 21 out of 34 (20) GBM specimens.
Many interpret these results as solid evidence indicating that
HCMV is present in GBMs.
However, other studies using similar approaches have failed to
detect HCMV in GBM samples. PCR and IHC for IE1 or pp65
failed to detect the presence of HCMV in 22 GBM samples (24).
Likewise, an independent study (15) that used IHC for pp65, ISH
for IE1 or pp65, and PCR for gB failed to detect HCMV in 8 GBM
samples. An additional investigation (28) detected IE1 by IHC in
only 9 out of 81 GBMs and by ISH in only 7 out of 81 GBMs,
although those 7 were also positive by IHC. Furthermore, complicating issues have created uncertainty about the results of the
above studies that detected a strong association of HCMV with
GBM tumors. For example, the IHC images presented are very
difficult for all but a trained pathologist to decode, and thus, it
could be argued that the conclusions drawn from such experi-
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ments are more subjective than objective. Furthermore, the viral
antigens are detected only when ultrasensitive IHC methods are
employed. Perhaps most troubling, the normally nuclear IE1 and
pp65 proteins detected with this technique are almost invariably
cytoplasmic when detected in GBM tissue, calling into question
the assay’s specificity. Thus, any association of HCMV with GBM
is considered with a healthy skepticism.
The previous studies discussed above often suffer from small
sample sizes, low numbers of HCMV loci analyzed, subjective
assays, and insufficient quantitative analysis. Thus, we sought to
independently determine whether HCMV was statistically more
likely to be present in GBM samples as opposed to other cancerous
or noncancerous brain tissues by testing for the presence of multiple viral genomic loci by PCR in GBM specimens. Our results
lead us to conclude that all regions of the HCMV genome are
present in the vast majority of GBM samples but that only a small
minority of cells in any individual sample harbors HCMV DNA.
MATERIALS AND METHODS
Sample collection and DNA extraction. This retrospective study was
conducted in agreement with the terms of a University of Wisconsin—
Madison (UW-Madison) institutional review board (IRB) protocol (M2009-1420). Tumor samples were obtained with prior patient consent.
The samples were deidentified and are untraceable to individual patients.
Only the date of collection of the sample and diagnosis information were
available. The samples were destroyed during the course of the analysis.
Sample preparation was performed in clean laboratories never before
used for HCMV research in order to prevent spurious contamination.
Paraffin-embedded archived astrocytoma grade 4 (GBM), meningioma,
schwannoma, oligodendroglioma, or nonneoplastic epileptic brain samples that were of sufficient size (⬎3 mm) were pulled, and histopathology
slides were examined. Sections containing the highest percentage of tumor cells and the least amount of necrosis were chosen. The 75 GBM
samples analyzed here represent essentially the entire collection of usable
samples collected from 1994 through 2009 at UW-Madison. To purify
DNA from paraffin-embedded tissues, 10-m sections were extracted
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TABLE 2 P values from Wilcoxon rank sum test
P value for comparisona
GBM vs epilepsy

GBM vs control
tumors

No. of
replicates

UL17
UL27
UL55
UL69
UL82
UL96
UL111A
UL122
UL144
US2
US11
US28

0.0001
0.015
0.53
0.012
0.03
0.007
0.75
0.0001
0.19
0.75
0.02
0.0001

0.18
0.83
⬍0.0001
0.14
0.24
0.013
0.37
0.18
0.54
0.38
0.14
0.0002

2
1
1
1
2
1
1
2
1
2
2
1

a P values for the indicated comparisons of the levels of PCR amplification products for
the indicated viral genes are displayed. P values that indicate statistical significance are
shown in boldface type.

FIG 1 Comparison of Q-PCR and conventional PCR for the detection of an
HCMV genomic sequence. (A) Quantitative real-time PCR detection of the
HCMV UL123 (IE1) genomic locus from human fibroblasts infected at MOIs
of 0.1, 0.01, 0.001, and 0.0001 for 18 h. (B) Linear plot of threshold values from
panel A. (C) Agarose gel detection of the HCMV UL123 (IE1) genomic locus
amplified by conventional PCR using the same primers and templates as in
panel A. (D) Linear plot of Image J quantification of the gel shown in panel C.

twice with xylene and treated with DNA lysis buffer (50 mM KCl, 10 mM
Tris-HCl [pH 8.3], 2.5 nM MgCl2, 100 g/ml gelatin, 0.45% IGEPAL
[octylphenoxypolyethoxyethano], 0.45% Tween 20, and 60 g/ml proteinase) at 55°C for 3 h and then at 95°C for 10 min. DNA was subsequently
precipitated from supernatants with sodium acetate and ethanol and finally resuspended in deionized/distilled water. For nonarchived tissue
samples, ⬃1 mg of frozen but not fixed tissue was minced and DNA was
extracted with the Qiagen DNeasy kit (catalog no. 69506) according to the
manufacturer’s protocol. Positive-control samples were generated by infecting primary human foreskin fibroblasts with HCMV strain TB40/E at
multiplicities of infection (MOIs) of 10⫺5, 10⫺4, 10⫺3, 10⫺2, or 10⫺1
PFU/cell for 18 h and preparing DNA with the Qiagen DNeasy kit. It is
suspected that little to no viral DNA replication takes place within this
time frame, so the amount of viral DNA present reflects input viral genomes. DNA was quantitated by absorbance at 260 nm.
Experimental and statistical analyses. Samples were analyzed with
PCRs and agarose-ethidium bromide gel electrophoresis in clean laboratories never before used for HCMV research in order to prevent spurious
contamination. For conventional PCRs, 100 ng template DNA and Taq
polymerase (New England BioLabs) along with nucleotides and buffers

provided by the polymerase manufacturer were utilized in 25-l reaction
mixtures that were run for 35 cycles. Primer sequences are presented in
Table 1. Primer pair fidelity was confirmed by sequencing positivecontrol and paraffin-embedded GBM tumor DNA reaction products. Sequences were analyzed by nucleotide BLAST (NCBI). PCR products were
separated by electrophoresis, and bands of the expected size were quantitated with densitometry using Image J software. Quantitative real-time
PCR (Q-PCR) methods have been previously described (12). Statistical
analyses were performed with Graphpad prism. Linear graphs were created with Microsoft Excel, and heat maps were created with Heatmap
Builder (14).

RESULTS

Semiquantitative PCR as an objective assay for HCMV sequences in GBM samples. In previous studies where PCR was
used to probe for HCMV genomes in GBM samples (5, 20, 29), a
positive or negative scoring method was employed based, presumably, on visual examination of reaction products separated on
agarose gels. We sought a more quantitative and objective
method, and thus, we compared the efficiency with which quantitative real-time PCR (Q-PCR) and semiquantitative (conventional) PCR could differentiate between differing levels of HCMV
genomes in complex samples. Templates consisted of a series of
DNA preparations from primary human fibroblasts (HFs) infected with 10-fold dilutions of HCMV strain TB40/E for 18 h.
These samples also served as positive controls during the analysis
of the samples described below. At this time point, nuclear entry of
viral genomes should be complete but viral DNA replication not
yet initiated. Thus, the level of DNA detected should be directly

FIG 2 HCMV genomic regions surveyed. Schematic representation of the genomic loci amplified by the PCR primers used in this study. Primer pair locations
are approximate, and sizes are not drawn to scale. TR, terminal repeats; UL, unique long; IR, internal repeat; US, unique short. Numbers indicate the specific gene
(e.g., UL82) amplified by the indicated primer pair.
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amplification with primers detecting the indicated HCMV genomic locus. Bands on agarose gels were quantitated by Image J software, and arbitrary units are
plotted. Samples from individual classes (epilepsy, GBM, and other brain tumors [OBT]) were compared with the Mann-Whitney U/Wilcoxon rank sum test.
Statistically significant differences are indicated with asterisks as follows: ⴱⴱⴱ, P value ⬍ 0.0001; ⴱ, P ⬍ 0.05.

related to input viral genomes. For this test comparison, primers
(Table 1) that could be used for both Q-PCR and traditional PCR
amplification of the IE1 locus were employed.
Q-PCR was performed (Fig. 1A), and threshold values were
determined and plotted (Fig. 1B) as a function of the multiplicity
of infection (MOI). Regression analysis demonstrated the linearity of the assay (coefficient of determination [R2] ⫽ 0.93). Con-
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ventional PCR was also performed, and reaction products were
separated by agarose gel electrophoresis (Fig. 1C), quantitated by
Image J software, and plotted (Fig. 1D) as a function of MOI.
Regression analysis demonstrated the linearity of this assay (R2 ⫽
0.97). Thus, for this primer set, conventional PCR (yielding the
larger R2 value) would have comparable (in fact, superior) predictive value for future samples than Q-PCR. Therefore, we
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FIG 3 Mann-Whitney U/Wilcoxon rank sum test of paraffin-embedded samples. DNAs from tissue samples were used as templates for conventional PCR
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FIG 4 False discovery rate analysis. P values (Table 2) were converted to Q
values to account for the multiple comparisons performed. The negative log of
the Q value for each primer pair is plotted for two comparisons, GBM versus
epilepsy and GBM versus OBT. Lines are drawn at P values of 0.05 and 0.001.
Values between the lines are considered to represent significant differences
between the compared cohorts. Values above both lines are considered highly
significant. A schematic diagram of the viral genome labeled with the genomic
loci surveyed is shown for illustrative purposes (not to scale).

0.0001 to indicate that HCMV DNA was much more likely to be
found in GBM samples than in the comparison cohort. The results
of FDR analysis echoed our initial analysis (Fig. 4 and Table 2).
From these two tests, we conclude that multiple HCMV genomic
loci, and very likely the entire genome, are found in GBM tumors.
y-intercept analysis. We extended the analysis of the PCR data
to objectively classify each sample as positive or negative for the
viral genomic region amplified by each primer pair. To obtain
objectivity for the complete data set (Fig. 5), we used a set of
positive-control samples and linear regression analysis to generate
a standard curve with which we could calculate slope, y-axis intercept, and R2 values (Table 3). Note that the R2 values indicate that
while some primer sets (e.g., UL17) can be used to predict unknown values very efficiently, others (e.g., UL55) do so less effectively. At the y intercept, the value of x (the MOI of HCMV) is
equal to zero, setting the theoretical limit of detection in this assay.
Therefore, samples with band intensities greater than the
y-intercept value were considered positive, and those with band
intensities equal to or less than the y-intercept value were considered negative. Heat maps depicting either positive (red) or negative (green) results for each sample and each primer pair were
generated (Fig. 6).
Two observations emerged from this analysis. First, the amplification of HCMV DNA sequences from paraffin-embedded tissue was less likely in brain samples from patients with epilepsy
(Fig. 6A) and other brain tumors (Fig. 6B) than from GBM samples (Fig. 6C). By using this method of data analysis, which is
independent of the statistical one described above, we reached a
similar conclusion, namely, that multiple HCMV genomic loci,
and very likely the entire genome, are found in GBM tumors.
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judged that conventional PCR would be sufficient to obtain the
semiquantitative data that would allow for an objective evaluation of the presence of HCMV DNA in a given sample. Due to
the large number of samples to be examined and primer pairs
to be employed, we chose to use conventional PCR for most of
our analysis.
Detection of HCMV sequences in paraffin-embedded samples. Twelve primer pairs for the examination of paraffinembedded samples (Table 1) were developed based on the sequence of the cloned TB40/E strain (GenBank accession no.
EF999921.1) that spanned 229 kb of the HCMV genome at approximately 20-kb intervals (Fig. 2). Primers within genes encoding proteins with functional activities relevant to cancer (13) were
used whenever possible. Primer specificity was confirmed by sequencing PCR amplification products generated with positivecontrol templates (data not shown). Paraffin-embedded tissue
sections were obtained from the Pathology archives of the Hospital & Clinics at the University of Wisconsin—Madison and consisted of samples from patients diagnosed with GBM (n ⫽ 75),
meningioma (n ⫽ 6), schwannoma (n ⫽ 5), oligodendroglioma
(n ⫽ 5), or epilepsy (n ⫽ 15). Healthy (nondiseased) brain samples were rare in the collection, so nonneoplastic brain samples
from patients with epilepsy were used as a surrogate. For the GBM
samples, the number analyzed represented essentially every usable
sample from the collection. DNA preparation and PCR analysis
were carried out in clean rooms not previously used for HCMV
research to avoid spurious contamination of samples and reaction
mixtures. The total reaction products were separated by agarose
gel electrophoresis, and bands of the appropriate size were quantitated with Image J software (data not shown). Background values were subtracted from individual band intensities. Where indicated (Table 2), technical replicates were averaged. Data and
statistical analyses are described below.
Mann-Whitney U/Wilcoxon rank sum test. The levels of
HCMV sequences in GBM, epilepsy, or other brain tumor
paraffin-embedded samples were compared using the MannWhitney U test (also called the Wilcoxon rank sum test), a nonparametric statistical examination applicable to arbitrary sample
sizes (33). We considered comparisons with P ⬍ 0.05 (denoted by
an asterisk in Fig. 3) to indicate that GBM samples were more
likely to contain larger amounts of HCMV DNA than the comparison cohort and comparisons with P ⬍ 0.0001 (denoted by
three asterisks in Fig. 3) to indicate that GBM samples were much
more likely to contain HCMV DNA than the comparison cohort.
Our analysis indicated that 8 out of 12 HCMV genomic loci
tested were statistically more likely to be present in GBM samples
than in brain samples from patients with epilepsy (Fig. 3 and Table
2). The eight loci were UL17, UL27, UL69, UL82, UL96, UL122,
US11, and US28. Of these loci, three (UL96, US11, and US28)
were also statistically overrepresented in GBM samples compared
to other brain tumors. The HCMV UL55 locus was statistically
more likely to be present in GBM samples compared to other
brain tumors, but not compared to brain samples from patients
with epilepsy. In no case was the HCMV genome statistically overrepresented in control samples (epilepsy or other brain tumors)
compared to GBM samples. We also corrected for multiple comparisons by estimating false discovery rates (FDR) by calculating
Q values (1). We considered comparisons with Q ⬍ 0.05 to indicate that HCMV DNA was more likely to be found in GBM samples than in the comparison cohort and comparisons with Q ⬍

HCMV Genome in Glioblastoma (GBM)

schwannoma (large gray asterisks), and oligodendroglioma (gray circles) samples (Fig. 3) are plotted along with values from positive-control samples (black
diamonds) that consisted of human fibroblasts infected with HCMV at MOIs of 0.01, 0.001, 0.0001, and 0.00001. Linear regression analysis with the positivecontrol samples allowed for extrapolation to the y-axis intercept, denoted as a horizontal line.

Second, GBM samples archived more recently were more likely to
be identified as HCMV positive than older samples. Therefore, we
repeated our analysis restricting samples to those collected within
the same time frame (after 2007), which allowed us to examine 35
GBM samples, 8 brain samples from patients with epilepsy, and all
16 non-GBM brain tumors. Counting all PCRs, we found the
GBM samples to be 55% positive, non-GBM brain tumors to be
42% positive, and brain samples from patients with epilepsy to be
34% positive. The Mann-Whitney U/Wilcoxon rank sum test and
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the false discovery rate statistical test applied to these samples (Fig.
7) agreed well with the previous analysis (Fig. 3 and Fig. 4), indicating that multiple regions of the genome are statistically more
likely to be found in GBMs than in other brain tumors or brain
samples from patients with epilepsy.
Sequencing confirms PCR product identity. Amplified PCR
products were quantitated and served as the diagnostic criteria for
labeling a sample as HCMV positive or HCMV negative. To confirm that they actually represented HCMV DNA, selected PCR
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FIG 5 y-intercept analysis of individual paraffin-embedded samples. PCR data from GBM (gray squares), epilepsy (black triangles), meningioma (crosses),
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TABLE 3 Estimated MOIs and parameters of semiquantitative analysisa
Slope

y-axis intercept

R2

UL17
UL27
UL55
UL69
UL82
UL96
UL111A
UL122
UL144
US2
US11
US28

34
28
16
26
13
43
35
31
21
12
33
26

39
42
85
25
34
⫺4
73
80
4.5
39
50
57

0.99
0.82
0.5
0.88
0.87
0.96
0.84
0.98
0.77
0.89
0.89
0.8

4.5 ⫻ 10⫺7
2.7 ⫻ 10⫺5
3.6 ⫻ 10⫺5
1.06 ⫻ 10⫺6
9.7 ⫻ 10⫺4
1.2 ⫻ 10⫺6
4.7 ⫻ 10⫺7
5.3 ⫻ 10⫺7
4.7 ⫻ 10⫺6
3.3 ⫻ 10⫺5
7.6 ⫻ 10⫺6
8.9 ⫻ 10⫺6

a Slope, y-axis intercept, and correlation coefficient (R2) values for standard curve
analysis with the indicated PCR primer set are shown. These parameters were used to
estimate the multiplicity of infection (MOI) with HCMV within tumor samples based
on the MOIs of the standards.

products resulting from amplifications using template DNA derived from paraffin-embedded GBM samples were sequenced
(Table 4). Seventy-three individual PCR bands representing 10
distinct HCMV loci were sequenced. Internal regions were compared to sequences derived from the two most commonly utilized
HCMV strains in our laboratory, AD169 (GenBank accession no.
AC146999.1) and TB40/E (GenBank accession no. EF999921.1).
Seventy-one (97%) of the sequences matched the predicted
HCMV locus (Table 4). One sample amplified with UL144 primers generated a product with no similarity to any known sequence,
and one sample amplified with the US2 primers generated a product with limited identity (82% over 47 nucleotides) to the human
SLC25A16 gene (GenBank accession no. AL713888.10) and various human and primate bacterial artificial chromosome (BAC)
clones. Only 11 of the HCMV sequences (15%) were 100%
matches to the strains used in our laboratory (9 complete matches
to TB40/E and 2 complete matches to AD169), indicating that the
bands were unlikely to result from sample contamination. Sequence confirmation strengthens our conclusion that HCMV is
associated with GBM tumors.
Detection of HCMV sequences in frozen samples. The differences between newer and older paraffin-embedded archival tissue
samples prompted us to examine newer, nonarchival GBM samples for the presence of HCMV genomes. DNA was prepared from
12 frozen GBM specimens and analyzed by conventional PCR
with 19 primer pairs (Fig. 2) that include the same 12 primer pairs
employed above and seven novel primer pairs (Table 1) that detect
other viral genomic loci (UL1, UL18, UL19, UL36, UL44, UL97,
and UL98). The positive control was HFs infected with HCMV
strain TB40/E (MOI of 0.1), and negative controls included uninfected HFs and water in place of a DNA template. A portion of the
PCR was separated by agarose gel electrophoresis (Fig. 8), and
bands of the appropriate size were quantitated with Image J software. Bands with intensities more than twice that of the water
control were considered positive for HCMV DNA, and along with
negative reactions, are displayed in heat map format (Fig. 9).
Overall, 70% of the individual PCRs with GBM sample templates
were positive for HCMV. None of the uninfected HF samples were
positive. These data support our previous conclusion that multiple HCMV genomic loci, and very likely the entire genome, are
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found in GBM tumors. Unfortunately, the small sample number
and close collection dates (2006 to 2008) prevent us from determining whether HCMV sequences are more likely to be detected
in newer frozen samples than in older ones, as they are for the
paraffin-embedded samples.
One primer pair (UL18) produced only negative PCRs of the
GBM samples but was able to amplify the positive control. This
could indicate that this region of the genome may be missing in
otherwise HCMV-positive GBM samples. However, adjacent
primer sets (UL17 and UL19) showed overwhelmingly positive
reactions (Fig. 8). Furthermore, when we amplified five randomly
selected GBM samples with a primer pair designed to detect a 3-kb
fragment spanning UL17, UL18, and UL19, all were positive for
the full-length fragment (Fig. 10). Therefore, we conclude that the
negative results with the UL18 primer pair likely represents inefficient amplification rather than the absence of those genomic
regions in HCMV-positive GBM specimens.
Cellular genomes outnumber viral genomes in HCMVpositive GBM samples. A qualitative examination of the data (Fig.
5, 8, and 10) seems to indicate that while the majority of GBM
samples are positive for multiple regions of the viral genomes, the
amount of viral DNA within any individual sample mimics what is
observed in low-MOI positive controls. Thus, one might conclude
that not all of the cells in a positive tissue sample are infected with,
or are carrying viral DNA sequences. If this were true, cellular
genomes might outnumber viral genomes in GBM samples.
To directly examine whether cellular genomes outnumber viral genomes, we used quantitative real-time PCR to determine
exact amounts of viral IE1 and cellular actin sequences present in
HCMV-positive frozen GBM specimens and used those values to
develop a ratio between cellular and viral DNA sequences. We
found that, on average, there were approximately 160 copies of
actin present for every molecule of IE1 DNA (Fig. 11). The diploid
nature of the HFs means that if every infected cell retained only a
single copy of the HCMV genome, only 1 in 80 cells within an
average HCMV-positive GBM specimen would carry viral sequences. As many virus-infected cancer cells harbor more than
one genome per cell (27, 38), it is likely that even fewer cells within
an HCMV-positive GBM sample are actually HCMV positive. Additionally, by comparison to a standard curve (R2 ⫽ 0.65), we were
able to establish the approximate MOIs of the infected samples.
The average MOI of the frozen GBM samples, 0.1, generally agrees
with the number of viral genomes/actin copy analysis (Fig. 11) and
as expected is substantially higher than those predicted from the
analysis of paraffin-embedded samples (Table 3). In total, the results of our analysis indicate that the majority of the HCMV genome is present in the majority of GBM samples, but only in a
minority of the cells of any individual tumor specimen.
DISCUSSION

Data we present here clearly demonstrate that HCMV genomes
are associated with GBM tumors (Fig. 3 and 9), in agreement with
the majority of studies that have investigated this potential interaction (5, 16, 20, 29, 31, 35). Our results also indicate that primer
selection and sample quality (age or method of preservation) can
have substantial effects on the outcome of the assay (Fig. 6 and 10).
Interestingly, recent evidence indicates that with time, herpesviral
genomes inside cells become refractory to PCR amplification due
to physical damage (19) and that HCMV genomes in vivo show
sequence variability that mirrors that of RNA viruses (26). All of
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FIG 6 Heat map representation of HCMV-positive and HCMV-negative PCRs from paraffin-embedded samples. HCMV genomic loci are indicated across the
top of the heat maps. Unique samples (including the year in which they were collected) are displayed on individual rows. (A) Brain samples from patients with
epilepsy with values greater than the y-intercept value (Fig. 5) for each individual PCR are considered positive and denoted as a red square. Values equal to or less
than the y-intercept value are considered negative and denoted as a green square. (B and C) OBT samples (B) and GBM samples (C) are displayed as in panel A.

these factors may contribute to the few negative studies that have
been reported (24, 28) and may in fact lead to an underestimation
of the association of HCMV with GBMs.
Multiple loci that span the viral genome were detected in asso-
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ciation with GBM (Fig. 3 and 8), making it unlikely that only select
genomic fragments are present, and it is possible that entire, intact
genomes exist in these tumors. Deep sequencing analysis should
give a more definitive answer as to the extent of viral sequences
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samples. P values from Mann-Whitney U/Wilcoxon rank sum tests performed
only on samples collected after 2007 were converted to Q values to account for
the multiple comparisons performed. The negative log of the Q value for each
primer pair is plotted for two comparisons, GBM versus epilepsy and GBM
versus OBT. Lines are drawn at P values of 0.05 and 0.001. Values between the
lines are considered to represent significant differences between the compared
cohorts. Values above both lines are considered highly significant. A schematic
diagram of the viral genome labeled with the genomic loci surveyed is shown
below the graph for illustrative purposes (not to scale).

present in GBMs. Our data would strongly argue for the use of
recently sampled tumors for such experiments. Should entire genomes be observed in GBMs, determining their structure (likely
circular episomes or integrated, linear units) could provide clues
as to whether or how such genomes are replicated and maintained
in these tumors.
The results of our quantitative analysis indicated that cellular
genomes greatly outnumber viral genomes in the GBMs we analyzed (Fig. 11). This likely means that not every cell within the

TABLE 4 Sequence
No. of
samples
Locus analyzed
UL17 9
UL27 5
UL55 5
UL69 10
UL82 5
UL96 12
UL144 5
US2
5
US11 9
US28 8

confirmationsa

No. of
samples
homologous
to HCMV
9
5
5
10
5
12
4
4
9
8

Region analyzed (nt)
(TB40/E genome)
200 (56128–56328)
180 (67287–67467)
225 (116334–116559)
160 (133375–133531)
100 (151643–151743)
210 (173778–173988)
100 (214774–214874)
75 (228975–229050)
210 (3728–3938)
360 (23505–23865)

Avg %
identity
to TB40/E
96.4
98.8
95.6
94.5
96.4
98.3
95
96.7
97
99

Avg %
identity
to AD169
95.7
98
93
94
97.8
98.2
NA
94
95.5
98.5

a The indicated loci were amplified by PCR and sequenced, and the indicated internal
region (in nucleotides [nt]) was compared to the NCBI nucleotide database. Average
percent identities for each locus compared to clinical (TB40/E) and laboratory (AD169)
strains of HCMV are shown. AD169 lacks the UL144 locus, so this comparison is not
applicable (NA).
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FIG 8 PCR analysis of frozen GBM tumors. DNA extracted from 12 individual frozen GBM tumors (lanes 1 to 12) was analyzed by PCR with primers
detecting the indicated HCMV genomic locus. Reaction products were separated by agarose gel electrophoresis and visualized with ethidium bromide
staining. DNA extracted from mock-infected (M) or HCMV-infected (MOI of
0.1) human fibroblasts (HCMV strain TB40/E), as well as water (W) served as
template controls.

sample is HCMV positive and probably explains why viral genomes were not detected in a genomic sequencing study (23) of
GBM tumors (Charles A. Whittaker, personal communication).
Therefore, if HCMV is contributing to the oncogenicity of the
GBM tumor (see below), it likely does so through mechanisms
distinct from other classical cancer viruses (such as EBV and
HPV), where full genomes or genomic fragments are found in
essentially every cell within a virally induced tumor.
Because it appears that all cells within an HCMV-positive GBM
are not infected, it will be important to determine whether specific
cell types within the tumor are preferentially (or exclusively) infected with HCMV. A recent analysis (6) detected pp65 antigen in
CD11b-positive cells of the monocyte lineage, but not in CD11bnegative lymphocytes. Another intriguing possibility is that neural
stem cells harbor the virus. The theory that pluripotent stem cells
or stem-like cells are uniquely able to maintain and propagate at
least a subset of human tumors is gaining widespread acceptance.
HCMV infection of only the neural stem cells within a GBM could
explain our results indicating that very few cells within a tumor
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FIG 7 False discovery rate analysis of recently collected paraffin-embedded

HCMV Genome in Glioblastoma (GBM)

FIG 11 Q-PCR calculation of viral DNA levels. Randomly selected DNA templates prepared from the indicated GBM and control samples (from Fig. 8)
were analyzed by quantitative real-time PCR for the viral UL123 (IE1) locus
and cellular actin. The amount of actin DNA compared to the amount of viral
DNA in each sample is presented. Error bars represent the standard errors of
the means.

sample are infected and why cultured GBM cell lines (that are
clearly not neural stem cells) are invariably HCMV negative. Interestingly, HCMV antigens were recently found to be expressed
in cultured neural stem cells (6). The primary location of neural
stem cells is the subventricular zone in the CNS (9), which is also
one of the major sites of mouse cytomegalovirus reactivation from
latency (37). Thus, a more thorough examination of natural
HCMV infections of neural stem cells appears warranted.
The question remains as to what, if anything, HCMV is doing
within virus-positive GBMs. It is certainly possible that the microenvironment created by the tumor may provide a favorable
location for either viral replication or simply for the persistence of
HCMV-infected cells. Were this the case, the virus might serve as
a useful biomarker for GBM tumors, and studying the interactions
between HCMV and GBMs might provide some insight into virus
biology, but it would be unlikely that a virus-based treatment
would be an effective cancer therapy. Clinical data for the usefulness of anti-HCMV therapy for the treatment of GBM patients is
currently being collected, and while positive results have been reported anecdotally (32), they have yet to be published. Thus, while
HCMV has been described as oncomodulatory (17, 18), at this
time, it is perhaps more appropriate to describe it as oncoaccessory, since the current evidence supports its presence in GBM
tumors without directly addressing whether natural infections actually modulate tumor cell biology in vivo or in vitro.
However, if antiviral treatments prove effective therapies for
GBMs, it may indicate that viral infection is providing some
growth or survival advantage to the tumor. Clearly, HCMV en-

codes activities capable of eliciting all of the hallmarks of human
cancers (10, 13). As the functions of many viral proteins and RNAs
have been identified, determining which portions of the viral genome are expressed in GBM tumors should provide clues as to
how viral infection may be associated with oncogenesis.
That viruses can cause cancer is a well-accepted paradigm.
However, the heterogeneity of human tumors and the substantially different ways in which known tumor viruses are oncogenic
make it challenging to establish a set of diagnostic experiments
that can prove or disprove a causative role for a virus in a neoplasm. A major confounding issue is that most infections even
with known cancer viruses do not result in oncogenic events. Despite these difficulties, there is a growing awareness that infectious
pathogens, including viruses, may be oncogenic agents in a greater
number of human tumors than is currently appreciated. Previously published results, supported by the new data we report here,
indicate that GBMs, at the very least, are virus-associated tumors.

FIG 10 Long-range PCR. Randomly selected DNA templates prepared from
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