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Human cytomegalovirus (HCMV) has been found in malignant gliomas at variable frequencies with efforts to date focused on
characterizing the role(s) of single gene products in disease. Here, we reexamined the HCMV prevalence in malignant gliomas
using different methods and began to dissect the genetics of HCMV in tumors. HCMV DNA was found in 16/17 (94%) tumor
specimens. Viral DNA copy numbers were found to be low and variable, ranging from 102 to 106 copies/500 ng of total DNA. The
tumor tissues had incongruences between viral DNA copy numbers and protein levels. However, nonlatent protein expression
was detected in many tumors. The viral UL83 gene, encoding pp65, was found to segregate into five cancer-associated genotypes
with a bias for amino acid changes in glioblastoma multiforme (GBM) in comparison to the low-grade tumors. Deep sequencing
of a GBM-associated viral population resulted in 81,224 bp of genome coverage. Sequence analysis revealed the presence of intact
open reading frames and higher numbers of high-frequency variations within the repeat long region compared to the unique
long region, which harbors many core genes, and the unique short region (P � 0.001). This observation was in congruence with
phylogenetic analyses across replication-competent viral strains in databases. The tumor-associated viral population was less
variable (� � 0.1% and �AA � 0.08%) than that observed in other clinical infections. Moreover, 42/46 (91.3%) viral genes ana-
lyzed had dN/dS scores of <1, which is indicative of high amino acid sequence conservation. Taken together, these findings raise
the possibility that replication-competent HCMV may exist in malignant gliomas.

Malignant diffuse gliomas are the most common brain cancers
in adults, with an annual incidence of 5 per 100,000 people

and �14,000 new cases diagnosed each year in the United States
(60). These gliomas are classified as astrocytomas, oligodendro-
gliomas, or ependymomas on the basis of the type of glial cell from
which the cancer arises. The astrocytomas are the most common
form of the tumor. According to the present World Health Orga-
nization (WHO) classification, astrocytomas are divided into four
categories: grade I or pilocytic astrocytoma (PA) and subependy-
mal giant cell astrocytoma, grade II or diffusely infiltrating astro-
cytoma (IAS), grade III or anaplastic astrocytoma, and grade IV or
glioblastoma multiforme (GBM) (18). Among all of the categories
of astrocytomas, grade IV or GBM is the most aggressive, with a
median survival of 7 months (10). Despite such a thorough un-
derstanding of the disease stages, most individuals rapidly suc-
cumb to the disease irrespective of advanced therapeutics (58).
Several recent studies have made the observation that a percentage
of GBMs express human cytomegalovirus (HCMV) antigens (6,
31, 36, 41, 47). Determining whether HCMV influences GBM
biology will increase our understanding of this cancer (5, 35, 51,
52). Moreover, the presence of HCMV in gliomas could be ex-
ploited to develop better treatments for these cancers.

HCMV is a large DNA virus with an �235-kbp genome that
encodes approximately 165 proteins and is subdivided into three
distinct regions: the repeat long and short regions (RL and RS) and
the unique long (UL) and the unique short (US) regions (11).
HCMV, a member of the Herpesviridae family, has several unique
biological properties (1, 14, 21, 32, 34, 50, 53, 56). It infects a broad
spectrum of cells in vivo, including endothelial, epithelial, hepato-
cytes, fibroblasts, muscle cells, leukocytes, dendritic cells, and as-
trocytes (48). However, irrespective of cell types or strains, there
are three distinct classes of gene expression essential for a produc-
tive viral infection, immediate-early (IE), early (E), and late (L),
which are expressed in a well-coordinated manner. Expression of
the E genes is dependent upon the expression of the IE genes, while

L gene expression occurs subsequent to IE and E gene expression
(37). HCMV is a ubiquitous virus, but HCMV-related disease is
rare among immunocompetent individuals. The virus is primarily
a concern in immunocompromised populations, while most im-
munocompetent individuals maintain a reservoir of HCMV with-
out any sign or symptom of disease (8, 17). However, in congen-
itally infected infants and in allograft recipients, HCMV disease is
a significant cause of morbidity and mortality (19).

Evidences for the presence of HCMV in malignant gliomas
have been shrouded by discrepancies. Some groups have been able
to identify the presence of IE and E markers of viral infection in 93
to 100% of GBM specimens, while the percentage is lower in other
grades of malignant gliomas (6, 36, 47). Others have been able to
detect the viral marker in only 11 to 51% of GBMs (26, 45). The
presence of viral DNA in the blood has been reported in 80% of
GBM patients (36). However, this observation has been chal-
lenged in two reports containing limited numbers of samples (29,
31). In this report, we revisit the question of HCMV detection in
cancer using a sensitive nested PCR approach to validate the pres-
ence of HCMV sequences, since tissue resection and chemother-
apy can potentially cause damage to cellular proteins. We were
also able to quantify the viral DNA copy numbers in a subset of
samples. We expanded on these observations by measuring viral
protein expression by immunoblotting and performed a genetic
analysis across tumor tissues. In addition, we were able to study
viral population genomic variability of intact 81,244-bp regions
encompassing the RL region, parts of the UL region, and the US
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region and found all open reading frames (ORFs) to be intact and
under positive selection. Although not definitive, these results
leave open the possibility that unique, replication-competent vi-
rus exists within tumor tissues.

MATERIALS AND METHODS
Sample collection. A panel of 17 snap-frozen glioma specimens (Table 1)
was obtained from the tumor bank at University of Massachusetts Medi-
cal School, in accordance with the Institutional Review Board (IRB). A
primary culture of a GBM tumor, GS826, was graciously provided by
Alonzo Ross (UMass Medical School).

DNA isolation. DNA was isolated from tumor specimens using a
DNeasy Blood & Tissue kit (Qiagen, Valencia, CA) according to the man-
ufacturer’s instructions.

Nested PCR. All of the PCR preparations were carried in an isolated
laboratory where no previous work had been done on HCMV in order to
prevent false positive results. A nested PCR approach was used to detect
viral DNA. The external primer sequences were the forward primer 5=-C
CGAAATACGCGTTTTGAGAT and the reverse primer 5=-CCAAGCCA
AAAACAGTATAGC, which amplified a 1.3-kbp region of the major im-
mediate-early promoter. This primer set recognized all of the genomes
documented at the NCBI database. Human embryonic lung fibroblast
(HEL) DNA was used as a negative control in each PCR run. The reaction
mixture (20 �l) contained 500 ng of DNA, 20 ng of primers (IDT DNA,
Coralville, IA), 50 mM KCl, 1.5 mM MgCl2, 10 mM Tris-HCl (pH 8.3),
250 �M concentrations of each deoxynucleoside triphosphate (dNTP;
New England Biolabs, Ipswich, MA), and 1 U of thermostable DNA Poly-
merase (New England Biolabs). The PCR conditions were 95°C for 5 min,
followed by 50 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min,
with a final extension at 72°C for 10 min. The internal primers sequences
were the forward primer 5=-GGCGGAGTT(G/A)TTACGACATTT and
the reverse primer 5=-ATGCGGTTTTGGCAGTACAT, which amplified a
144-bp region within the 1.3-kbp amplicon generated by the external
primer set. The reaction mixture (20 �l) contained 4 �l of external PCR
product, 20 ng of primers, 50 mM KCl, 1.5 mM MgCl2, 10 mM Tris-HCl
(pH 8.3), 250 �M concentrations of each dNTP, and 1 U of thermostable
Taq DNA polymerase (New England Biolabs). The PCR conditions were
95°C for 5 min, followed by 40 cycles of 95°C for 20 s, 55°C for 20 s, and
72°C for 20 s, with a final extension at 72°C for 5 min.

Real-time PCR. The viral copy number in tumor tissues was deter-
mined by amplifying a 100-bp region within the UL123 gene in triplicate,
using the forward primer 5=-TGACGCTTGTATGATGACCATGTAC,

the reverse primer 5=-CAGCATCACACTAGTCTCCTCTAAG, and the
hydrolysis probe P1 (6-FAM)-ACCCGACAGAACTC. The reaction mix-
ture (20 �l) contained 500 ng of target DNA, 1 �l of the 20� primer-
probe mix, and 10 �l of the TaqMan Universal master mix (Applied
Biosystems, Foster City, CA). The PCR conditions were 95°C for 10 min,
followed by 50 cycles of 95°C for 15 s and 60°C for 1 min. The reaction was
performed with the ABI Prism 7500 HT sequence detection system. A
standard curve was obtained using serial dilutions of AD169 bacterial
artificial chromosome (BAC) (38) mixed with 500 ng of HEL DNA as a
genomic control. The no-template controls also contained 500 ng of HEL
DNA but were devoid of viral DNA.

Immunoblot analysis. Protein lysates were made from snap-frozen
tissues homogenized in cold radioimmunoprecipitation assay buffer
(0.25% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 25 mM
Tris [pH 7.4], 150 mM NaCl, 1 mM EDTA, and 1% Nonidet P-40 in
water) supplemented with 100 mM �-mercaptoethanol (Sigma), 150 mM
NaCl, and protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO) and
incubated on ice for 30 min. Extracts were centrifuged at 14,000 rpm for
15 min, and soluble proteins in the supernatants were quantitated by
using a Bradford assay (Bio-Rad, Hercules, CA). Protein extracts (100 �g)
were separated by 10% SDS-polyacrylamide gel electrophoresis, and the
resolved proteins were transferred to nitrocellulose membranes. Viral
protein detection was carried out using monoclonal antibodies against
pp65 (pUL83) (CA 003-100; Virusys, Randallstown, MD), IE1-72
(pUL123) (MAb 8131; Chemicon International, Temecula, CA), and gB
(pUL55). The gB antibody (anti-HCMV gB 27-156) was kindly provided
by William J. Britt (Department of Pediatrics, University of Alabama at
Birmingham). �-Actin antibody (A5316; Sigma-Aldrich) was used as a gel
loading control. Protein bands were visualized by chemiluminescence
with ECL reagent (Perkin-Elmer, Waltham, MA).

Sanger sequencing analysis. A set of overlapping primers—forward
primer 5=-AAATATAGCAGCGGTGACAGGT (F1), reverse primer 5=-C
CGCAAACGCAAATCAG (R1), forward primer 5-CGGATTGTGGATT
TCGTTGT (F2), and reverse primer 5=-TACGGTGTTGTGTCCCAAA
AATA (R2)—were used to amplify a 970-bp region of the UL83 ORF in
separate reactions. The reaction mixture (25 �l) contained 250 ng of total
DNA, 1� PfuUltra II PCR buffer, 25 ng of primers (IDT DNA), 250 �M
concentrations of each dNTP (New England Biolabs), and 1.25 U of
PfuUltra II fusion HS DNA polymerase. The PCR conditions were 95°C
for 5 min, followed by 10 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for
30 s, followed by 90 cycles of 95°C for 30 s, 53°C for 30 s, and 72°C for 30
s, with a final extension at 72°C for 10 min. The PCR products were
purified and then Sanger sequenced. Merlin (NC_006273) (11) was used
as a reference sequence, and genotypes were constructed from tumor
specimens as described elsewhere (44).

In order to detect errors generated by PCR amplification, 10 and
0.0001 ng of AD169 and Toledo BACs were used to amplify a region of the
UL83 ORF using forward primer (F2) and reverse primer (R2). This
primer set was chosen because of the larger amplicon size it generated of
the two sets used. Each reaction was supplemented with 250 ng of HEL
DNA. Separate sets of reactions were also run with templates comprising
of a combination of AD169 and Toledo BACs in the ratios of 1:1 and 9:1.
This was done to determine the sensitivity of this PCR at detecting mixed
infections. The PCR conditions were the same as used for patient speci-
mens. The PCR products were purified and assayed by Sanger sequencing.
The AD169 and Toledo BAC sequences generated were aligned against the
AD169 genome (GenBank accession no. BK000394.5).

Sequences of the same region of UL83 in unpassaged strains (JP
[GQ221975.1], 3301 [GQ466044.1], U01, U04, and U33 [44]) obtained
from productive human infections were included as controls in the ge-
netic analysis. Sequence alignments were done using the SeqMan II appli-
cation of the DNAStar package (DNAStar, Madison, WI). In order to
resolve incompatibility in grouping polymorphisms during tree building
due to potential parallel mutation events (homoplasy) or recombination,

TABLE 1 Description of the patient samples included in this study

Sample Diseasea Age (yr) Gender

07T GBM 71 F
08T GBM 52 M
10T Oligodendroglioma 51 F
16T GBM 72 F
29T Astocytoma 74 M
40T GBM 64 M
41T GBM/small-focus GSM 68 M
54T Ganglioglioma 25 M
58T GBM 59 M
59T Infiltrating GBM 45 F
61T GBM 64 M
65T GBM 51 F
78T Pilocytic astrocytoma 3 F
80T GBM 75 F
95T GBM 54 M
161T Astrocytoma 53 M
GS826 GBM primary culture 65 M
a GBM, glioblastoma multiforme; GSM, gliosarcoma.
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phylogenetic analyses were carried by the median-joining network ap-
proach using Network 4.6.0.0 software (3).

Viral genome enrichment and next-generation sequencing analysis.
The tumor specimen (58T) with the highest viral copy number was chosen
for deep sequencing analysis (Table 1). Seventy-one sets of overlapping
primers were designed to generate amplicons ranging in size from 500 bp
to 2.6 kbp to amplify 81,244 bp of the viral genome covering the RL region,
the US region, and a part of the UL region. All of the primer pairs were
designed against the Merlin strain (NC_006273). In order to assess the
performance of the primers against all sequenced HCMV genomes avail-
able at the National Center for Biotechnology Information (NCBI), the
NCBI in silico PCR analyses tool was used, which searches for all of the
sequences available within the database that can be amplified with a set of
test primers. Primers were then chosen that were able to amplify HCMV
genomes present at the NCBI database, without the potential to amplify
human DNA. Degeneracy was introduced in primer sequences for regions
with low levels of homology across strains. The reaction mixture (25 �l)
contained 250 ng of genomic DNA, 1� PfuUltra II PCR buffer, 50 ng of
primers (IDT DNA), 200 �M concentrations of each dNTP (New Eng-
land Biolabs), 2% dimethyl sulfoxide (Fisher Scientific), and 1.25 U of
PfuUltra II fusion HS DNA polymerase. The PCR conditions were 95°C
for 5 min, followed by 80 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for
1 min, followed by an extension at 72°C for 10 min. The products were gel
purified and confirmed to be of viral origin by Sanger sequencing before
deep sequencing was performed on the Illumina GA II platform using
36-base, single-end reads. Sequence analysis was performed by using
MAQ software suite (30), and Merlin (NC_006273) was used as the ref-
erence genome. Variants were identified after stringent filtering of false-
positive errors using in-house scripts (44).

Phylogenetic analysis. Phylogenetic relationships were determined
among various minimally passaged strains (HAN13 [GQ221973.1],
HAN20 [GQ396663.1], HAN38 [GQ396662.1], JHC [HQ380895.1],
3157 [GQ221974.1], and Merlin) and unpassaged strains (JP

[GQ221975.1], 3301 [GQ466044.1], U01, U04, U33 [44]) with the tumor-
associated genome. Each region of the genome, namely, the RL, UL, and
the US regions, was analyzed in isolation to identify maximally evolving
regions. Multisequence alignments were created using CLUSTAL W with
a gap opening penalty of 15 and gap extension penalty of 6.66 (57). Phy-
logeny was constructed using the neighbor-joining method (46). Evolu-
tionary distances were computed by using the maximum-composite-like-
lihood method (54), and the substitution rate variation among sites was
modeled with a gamma distribution. Each clustering was confirmed by
the bootstrap method with 1,000 replicates. The analysis was conducted
using MEGA5 (55).

Statistical analyses. Differences among the variant frequencies across
the three genomic regions sequenced were analyzed for statistical signifi-
cance using a nonparametric Kruskal-Wallis test with the SPSS package
(v16.0). A P value of �0.05 was considered statistically significant. Nucleo-
tide diversity (�) (39), which measures genetic variability, and ORF
amino acid diversity (�AA) were calculated using in-house algorithms.
The ratios of the rates of nonsynonymous substitutions per nonsynony-
mous site (dN) to the rates of synonymous substitutions per synonymous
site (dS), i.e., dN/dS � � (40), were also calculated using in-house algo-
rithms (44).

RESULTS
A broad range of viral copy numbers was detected across glioma
tissues. In order to detect the presence or absence of HCMV DNA
in malignant glioma patient samples, a nested PCR approach was
utilized. The reactions were initially standardized using serial di-
lutions of Toledo BACs (from 4.1 � 108 to 41 copies) per 500 ng of
HEL DNA. Sixteen of seventeen patient samples (94%) were
found to be positive for HCMV at the DNA level (Fig. 1A). The
PCR products were confirmed to be HCMV sequences by Sanger
sequencing (data not shown).

FIG 1 Detection of HCMV DNA in tumor specimens. (A) Nested PCR products run on a 2% agarose gel. The amplicon is 144 bp in size. The first row in the table
lists the sample identification, and the second row indicates the disease stage. M, 100-bp marker; GG, ganglioglioma; GBM, glioblastoma multiforme; OD,
oligodendroma; AS, astrocytoma; PA, pilocytic astrocytoma; PC, primary culture of GBM tissue; C, uninfected HELs. The entries shaded in gray indicate patient
specimens that were tested for viral copy number by subsequent real-time PCR. (B) Plot of median log10 (viral copy number) values from patient specimens. The
dotted line denotes the lower limit of viral DNA detection.
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Real-time PCR that amplified a 100-bp region from exon 4 of
the UL123 ORF was used to quantify viral copy numbers in a
subset of cancer specimens (n � 6) (Fig. 1B). Viral DNA copy
numbers varied from a low of �365 copies per 500 ng of total
DNA to as high as 106 copies. There was a clear correlation be-
tween band intensities from nested PCR (Fig. 1A) and viral DNA
copy numbers ascertainment for the six samples assayed (Fig. 1B).
The median log10 viral DNA copy number in disease was 4.033	
1.55 per 500 ng of total DNA, which is much lower than that
typically found in a productive infection at a multiplicity of infec-
tion (MOI) of 1 (median log10 copy number � 9.507).

Presence of IE, E, and L proteins in glioma tissues. The pres-
ence of such a varied range of viral copy numbers warranted an
investigation for the presence of viral proteins. Expression profiles
of all three classes of viral proteins would help delineate the type of
infection found in gliomas. Monoclonal antibodies against mark-
ers of immediate-early (IE1/IE2), early (pp65), and early/late
(gB55) phases of the viral life cycle were used. A subset of the
patient specimens (n � 12) was used for immunoblotting for pp65
and IE1/2 (Fig. 2A). The rest of the specimens could not be in-
cluded because of inadequate tumor material. Nine of the twelve
samples (75%) were positive for IE1 and pp65 expression. IE2 was
undetectable in all of the tumor specimens. Three samples were

randomly selected from among the nine tumor specimens with
IE1 and pp65 protein expression and were further probed for gB55
protein expression (Fig. 2B) to compare with the three specimens
with lower viral proteins. There was no clear correlation between
viral protein expression and the viral DNA copy numbers, but the
samples which had little to no IE1 protein expression also had little
to no gB55 expression.

Presence of cancer-associated pp65 genotypes in gliomas. It
is known that pp65 is one of the major targets of the cellular
immune response (16, 17, 23, 24, 49, 59, 61), and a long-term
GBM survivor who underwent autologous dendritic cell vacci-
nation was also found to mount a strong CD8
 T-cell response
to a pp65 immunodominant epitope (42). To assess both nu-
cleotide and amino acid variability across the major pp65
epitope-producing domains, a 970-bp region of UL83 coding
for amino acids 273 to 561 of pp65 was amplified and se-
quenced from seven tumor specimens that produced an ampli-
fication product (Table 2). This was done using two pairs of
overlapping primers: F1/R1 (484 bp) and F2/R2 (622 bp). The
lack of amplification in some specimens may be attributed to
variability within the primer binding sites or insufficient sen-
sitivity at low viral DNA copy number.

PCR amplification cycles can result in the introduction of
errors in amplified sequences. These errors could be mistaken
for polymorphisms; hence, an effort was made to ascertain the
number of errors generated by PCR amplification of the pp65
coding region using the primer set F2/R2. AD169 and Toledo
BACs with published genomic sequences were used as viral
DNA templates, and 250 ng of HEL DNA was added to each
reaction to mimic tumor tissue conditions. Both a high viral
DNA copy number (107) and a low viral DNA copy number
(102) were used as a template. For each concentration of tem-
plate DNA, two reactions were run with individual BACs and
two different combinations of AD169 and Toledo BACs at ra-
tios of 1:1 and 9:1, respectively. The combination reactions

TABLE 2 Patient samples used for assessing pp65 coding region
variability

Sample Disease

Amplificationa using the
primers:

F1/R1
(aa 435–561)

F2/R2
(aa 273–479)

10T Oligodendroglioma 
 

16T GBM 
 

40T GBM 
 

58T GBM 
 

59T GBM 
 

78T Pilocytic astrocytoma 
 

95T GBM 
 

07T GBM – –
08T GBM – –
29T Astrocytoma – –
41T GBM/small-focus GSM 
 –
54T Ganglioglioma – –
61T GBM – –
65T GBM – –
80T GBM – –
161T Astrocytoma – –
GS826 GBM primary culture 
 –
a aa, amino acids. A “
” indicates a positive amplification.

FIG 2 Detection of IE, E, and L viral protein markers in gliomas. Immuno-
blots show the presence of viral proteins in patient specimens. The first row in
the table lists the sample identification, and the second row indicates the dis-
ease stage. GBM, glioblastoma multiforme; OD, oligodendroma; AS, astrocy-
toma; PA, pilocytic astrocytoma. HEL, human embryonic lung fibroblasts;
I-HEL, infected HEL cells (IC, infected cells). The entries shaded in gray are
patient specimens that were tested for viral copy numbers in Fig. 1B. (A) Nine
of twelve (75%) patient specimens were found to exhibit IE (IE1) and E (pp65)
protein expression. (B) E/L (gB55) protein expression was found in the subset
of tumors expressing IE and E proteins.

Bhattacharjee et al.

6818 jvi.asm.org Journal of Virology

http://jvi.asm.org


were set up to validate the ability of the primers to detect mixed
infections. At both high and low concentrations of template, no
errors were detectable. Mixed infections were detectable at
both ratios in the reactions containing 107 copies of viral DNA,
while with 102 copies both of the BACs were detectable only at
the 1:1 ratio. Taken together, the BAC resequencing data indi-
cated the absence of PCR induced errors and also highlighted
the sensitivity of the primers in detecting mixed infections at
9:1 and 1:1 ratios at high copy numbers and at a 1:1 ratio at low
copy numbers (data not shown). Thus, we assumed that differ-
ences in sequence information obtained from patient samples
represent true polymorphisms.

Seven cancer-associated and five noncancerous viral sequences
were compared across the 970-bp region of UL83 gene, and 23 poly-
morphisms were identified. Eighteen of these variations were synon-
ymous, and five were nonsynonymous (Fig. 3A, nonsynonymous
variants are indicated in blue). Only one of the nonsynonymous
changes, S371N, was found within a known HLA-restricted epitope
(B*4006; 364-SEHPTFTSQY-373), and this was observed in two of
the three GBM genotypes (25). There was no evidence of cluster-
ing among the control specimens, while four of the GBM speci-
mens clustered into two clades, and five cancer-associated geno-
types were identified (Fig. 3B). An absence of reticulations was
observed which negated the presence of homoplasy or recombi-
nation within this region.

Differences in sequence conservation among the UL, US, and
RL regions within a cancer-associated HCMV population. The
contribution of HCMV to cancer causation or augmentation re-
mains an open question. We reasoned that insight into the rela-
tion between HCMV and cancer can be deduced by analysis of the
genomic variability of virus present within a cancer tissue relative
to sequences not associated with cancer. In an attempt to under-
stand the intrinsic changes within a glioma-associated viral ge-
nome, a patient sample was chosen with the highest viral copy
number (58T). Seventy-one pairs of primers were used to amplify
81,244 bp of HCMV genome, which included the RL region
(11,414 bp), parts of the UL region (26,574 and 6,367 bp), and the
entire US region (36,889 bp) (Fig. 4). These PCR products were
then subjected to next-generation (i.e., deep) sequencing because
a drawback of traditional Sanger sequencing is the inability to
detect minor variants within a sample. Using next-generation se-
quencing, thousands of minor HCMV sequence variants within
the tumor tissue were identified, along with the major genome
type or consensus sequence.

The cancer-associated sequence data was compared to the
HCMV reference sequence (Merlin). The average sequencing
depth was 588. A total of 1,983 segregating sites or single nucleo-
tide variants were detected and 93.34% (1,851/1,983) were
bi-allelic (two alleles at each nucleotide position), while the rest of
the sites were tri-allelic 4.69% (93/1,983) and tetra-allelic 0.71%

FIG 3 Viral pp65 genotype network of viral genotypes found in cancer specimens. (A) Genotypes were constructed from 23 variations. Nucleotides in boldface
are variants relative to the Merlin reference genome, with nonsynonymous variants indicated in blue. Five genotypes were identified, and the sequence of each
is shown in the table. An HLA-restricted polymorphism (G1112A) is indicated in italics. CGI, congenitical CMV infection. (B) A genotype network was inferred
by the median-joining method with seven cancer-associated sequences using Merlin as the reference sequence. The size of each circle represents the frequencies
of each genotype, with each color showing the disease stage of the patient as noted in panel A.
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(14/1,983). The presence of tri-allelic and tetra-allelic sites was
much higher than that found within noncancerous human ge-
nomes (22) and could be a result of higher mutation rates within
the viral genome attributed to the viral DNA polymerase and/or
because of the existence of a hypermutable cancer cell milieu.

Fifty-six ORFs were completely sequenced, while three addi-
tional ORFs (UL100, UL102, and UL105) had incomplete cover-
age. All of the sequenced ORFs were intact. The major genome
type, the consensus cancer-associated genome, was constructed
using polymorphisms, which were defined as variants present at a
frequency of �0.5. To better understand the taxonomic identity
of the cancer-associated viral genome, a phylogenetic analysis was
performed with other known minimally passaged and unpassaged
strains isolated from productive infections (Fig. 5). There was a
lack of congruence in the topologies generated from difference
segments of the genome across various strains. The RL region was
found to be the most distant among all of the strains, including the
cancer-associated genome with a total branch length of 0.245 sub-
stitutions per site. The low bootstrap values further highlighted
the incongruence of phylogenetic relationships within the RL re-
gion, which could be due to higher mutation rates or repeated

recombination events. The RL region is still the most variable
region among all productively infecting viruses, and it was also
found to be most variable in the cancer-associated genome. The
US region exhibited intermediate variability, with a total branch
length of 0.146 substitutions per site. The UL region was found to
be the least variable, with a total branch length of 0.058 substitu-
tions per site. The cancer-associated genome, like all other HCMV
strains, had a distinct genome type, but the trend toward main-
taining low variability within the UL region, which harbors the
core genes, was also evident. This pattern of conservation and the
retention of ORFs within the cancer-associated HCMV genome is
consistent with the possibility of replication-competent virus
within this cancer tissue.

The total viral population present within the tumor tissue
was also characterized. The average nucleotide diversity (�)
was 0.1%. The nucleotide variations were classified on the basis
of frequency (site frequency spectrum) across the three
genomic regions sequenced, and the proportion of variations
in each frequency class (1 to 100%) were calculated to form a
distribution (Fig. 6). A significant difference was found among
the three genomic regions (P � 0.001), and the UL and US

FIG 4 Schematic overview of the HCMV genomic regions included for deep sequencing. The black line is a schematic of the HCMV genome, which is organized
into two unique regions—UL (unique long) and US (unique short)—flanked by three repeat regions: TRL, terminal repeat long; IRS, internal repeat short; and
TRS, terminal repeat short. The arrows below the line indicate the regions amplified using overlapping primers. All of the nucleotide position numbers are given
in reference to the Merlin genome. The numbers above the arrows are the total numbers of base pairs amplified. The numbers below the arrows indicate the
nucleotide positions covered. The tables list the ORFs sequenced within each region. The RL region is colored green, the UL region is colored blue, and the US
region is colored red.
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regions were found to be less variable than the RL region within
the population. High-frequency variations (�50%) were also
highest in the RL region. None of the nucleotide changes re-
sulted in any premature stop codons, and there was no evi-

dence of any insertion or deletion events. Thus, all of the ORFs
analyzed from the viral population of this tumor were found to
be intact. The average �AA was lower than the nucleotide di-
versity at 0.08% and was due to the fact that not all nucleotide
changes result in an amino acid change within an ORF. The RL
ORFs were found to have the highest �AA (0.1%), followed by
the UL ORFs (0.09%), while the US region had the lowest �AA

(0.07%), although this difference was not statistically signifi-
cant (P � 0.611). Thus, at the population level, there was a
trend toward less variability within the UL and US regions,
while the RL region remained the most variable, as was ob-
served in non-cancer-associated HCMV genomes upon phylo-
genetic analysis.

Each of the viral ORFs sequenced from the cancer-associated
population was examined to identify targets, if any, of selection or
sequence conservation (Fig. 7). All of the ORFs displayed some
degree of amino acid variability. The ORFs that exhibited the
highest amino acid diversity (�AA) values were RL1 (0.3%) and
US19 (0.3%), US32 (0.19%), and US8 (0.18%) (Fig. 7A). On an-
choring the nonsynonymous changes with the synonymous
changes (dN/dS or �), the genome-wide average was 0.68, and all
but four ORFs had a � of �1, which is indicative of amino acid
conservation or selection. The late gene, US32, whose predicted
protein product exhibited a high �AA value, also had the highest �
value of 2.27, followed by US31 (� � 1.93) and US18 (� � 1.39)
(Fig. 7B). US32 is dispensable for growth in culture (12), but its
protein product might be important in vivo, since it has been
observed to be immunogenic in an HLA-transgenic mouse model
(26). The UL83 ORF, encoding pp65, a part of which had been
sequenced from different tumor specimens (Fig. 3A and B), was
found to have a low �AA value of 0.02% and an � value of 0.18 in
this GBM specimen, a finding which could be indicative of func-
tional selective constraints.

DISCUSSION

A clear understanding of the role of HCMV in malignant gliomas
requires a combinatory approach with dissection of viral DNA
copy numbers, ORF and protein expression profiles, genomic sta-
tus, and genome variability found in tumor specimens. This effort
was geared at beginning to understand these different aspects of
HCMV infection in gliomas.

Limitations of screening strategies. Other studies have largely
relied upon techniques such as immunohistochemistry and in situ
hybridizations to ascertain the presence of HCMV in cancer (6, 28,
31, 36, 47). These methods are adept at elucidating the location of
viral proteins and RNA within cancer tissues but are not cost-
effective and can be prone to user errors (41). DNA remains as the
most stable molecule within a cell upon resection of tissues from
patients, and thus the efficacy of a sensitive nested PCR approach
remains unparalleled for screening purposes. Our nested PCR
protocol was able to detect very low levels of viral DNA beyond the
limits of quantitative real-time PCR. Therefore, we suggest that a
better approach for screening would be to probe for HCMV DNA
in tumor tissues using robust amplification strategies.

Variable viral DNA copy numbers. High viral DNA copy
numbers have often been linked to poor prognoses in cancers
associated with viral infections (2, 4, 7, 13, 15, 20, 33, 62). Excep-
tions to this paradigm include infections that result in integrated
viral genomes (9). Our attempt at quantifying HCMV DNA copy
numbers was successful in only 37.5% of the glioma specimens.

FIG 5 The evolutionary relationship of the cancer-associated genome was
inferred using the neighbor-joining method. Optimal unrooted trees with the
sum of branch lengths for RL � 0.24579274, UL � 0.05801844, and US �
0.14616272 are shown. The percentages of replicate trees in which the associ-
ated strains clustered together in the bootstrap test (1,000 replicates) are
shown next to the branches. The trees are drawn to scale, with branch lengths
in the same units as those of the evolutionary distances used to infer the phy-
logenetic tree. The evolutionary distances are in the units of the number of base
substitutions per site. The rate variation among sites was modeled with a
gamma distribution (shape parameter � 1). The analyses involved 12 HCMV
genomic sequences. The viral strains with green branches are from congenital
infections sequenced previously in the laboratory (44). The 58T viral strain
with red branches is the GBM-associated virus.
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This could be attributed to variations at primer/probe binding
sites, as well as low viral DNA copy numbers. However, extensive
viral DNA copy number variability was observed in the seven tu-
mor specimens analyzed. Why there is such variability in DNA
loads is unclear, but it could be due to differences in the various
amounts of nontumor tissue affecting the ratio of viral to total
DNA. Another possibility is that nontumor cells, such as endothe-
lial cells or tissue macrophages infected with replicating viral ge-
nomes, skewed viral DNA loads to the high end of the spectrum
for certain tumors. Lastly, we cannot rule out the possibility that

viral DNA replication may have occurred in the tumor tissue of
some samples studied.

Viral protein expression profile and incongruence with viral
DNA copy numbers. Although viral proteins associated with all
phases of productive replication were observed in many tumors,
there was no clear correlation between viral DNA copy number
and viral protein expression. This incongruence could be indica-
tive of the presence of nonfunctional genomes or persistent infec-
tions with limited foci of viral replication. Regardless of the mech-
anism, HCMV infection in the tumors is atypical given that viral

FIG 6 A significant difference was found in the frequency distribution of variants across the different regions of viral genomic sequences within a GBM specimen.
A frequency distribution of all of the variants found within the 58T GBM specimen across the RL (green), UL (blue), and US (red) regions. Kruskal-Wallis testing
revealed a significant difference among the distributions, with a P value of 0.001.

FIG 7 Deep sequencing revealed amino acid variability across the viral ORFs within the 58T GBM specimen. (A) Plot showing amino acid diversity (�AA) across
different ORFs. (B) Plot of variable dN/dS (�) values across different ORFs. The RL region is indicated in green, the UL region is indicated in blue, and the US
region is indicated in red. The straight line denotes a cutoff of � � 1 under an assumption of neutrality. ORFs containing only nonsynonymous changes were not
included in the dN/dS analysis.
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DNA and protein levels do not correlate with what is seen classi-
cally in productive and latent infections. The absence of viral pro-
tein expression in three tumor tissues despite the presence of read-
ily detectable viral DNA could be an effect of limited sensitivity of
the antibodies used or the presence of latent infections within the
subset. In contrast, the presence of IE, E, and E/L protein expres-
sion in 75% of glioma samples is supportive of replication that is
consistent with persistent infections. Further studies need to be
performed with larger sample sizes to conclusively define the in-
fection status of HCMV in gliomas.

Understanding the results of the phylogenetic analyses. Phy-
logenetic analysis of the 970-bp region of UL83, encoding pp65,
revealed the presence of ten distinct genotypes at the nucleotide
level with four of these genotypes harboring amino acid changes.
Phylogenetically, there was no evidence of clustering among the
productively infecting viral genotypes, while the five GBM-asso-
ciated genotypes clustered into three clades or groups. Amino acid
changes were also more prevalent within the GBM specimens,
with the exception of the one specimen, U33, which harbored an
amino acid change (H301Y). These results raise the possibility that
cancer-associated genotypes exist. However, the identification of
cancer-associated genotypes does not necessarily mean that can-
cer-specific genotypes exist in GBM. Expanding from single ORF
genotyping to complete genomic analysis and analyzing patient
matched samples from tumor and nontumor sources would be
the ideal means to understanding the relationship between se-
quence and disease.

Attempts to sequence entire HCMV genomes in tumor tissues
were thwarted by limited tissue amounts and difficulty in ampli-
fying many regions of the viral genome. This latter issue may be
due to the absence of these sequences in the tumor analyzed. How-
ever, a recent study has provided evidence that most of the HCMV
genome is present in GBMs (43). Our data further substantiate the
previous finding and expand on it with near-genome-scale se-
quence analysis of a viral population within tumor tissue. The
values for the average � (0.1%) and �AA (0.08%) of the HCMV
population in 58T tumor are less than those observed for HCMV
populations analyzed from symptomatic congenital infections
with � (0.22%) and �AA (0.18%) (44). The presence of low levels
of � and �AA could be the result of low population size (63) rather
than positive selection events. However, the 58T tumor was large
and contained high levels of viral DNA copy numbers among the
tumors analyzed but still displayed low nucleotide and amino acid
diversity scores. Clearly, further study across a number of patient
specimens is warranted to better define the population diversity of
HCMV genomes in malignant gliomas.

The presence of many intact ORFs was evident within the can-
cer-associated viral population. Site frequency spectrum analysis
of the cancer-associated viral population within the 58T GBM
specimen revealed the RL region to be the most diverse at both the
nucleotide and the amino acid levels. In agreement with this find-
ing, phylogenetic analyses also showed the RL region to be the
most diverse across the productively infecting and cancer-associ-
ated strain. In contrast, the sequenced UL regions, which harbor
the core genes, were found to be conserved at the nucleotide and
amino acid level within the cancer-associated population, as well
as among viruses isolated from productive infections. All but four
of the ORFs analyzed had � values of �1, which is often indicative
of sequence conservation. These observations, along with the pro-
tein expression profiles, suggest the presence of replication-com-

petent virus within this tumor specimen. However, the lack of
detectable IE2 expression in this or any tumor analyzed suggests
that there was little or no virus replication, at least at the time of
tumor resection. Further efforts should be geared toward expand-
ing this knowledge base across multiple tumor-associated viral
genomes to understand whether this genomic signature is the
norm or an exception.

Taken together, our results emphasize the existence of HCMV
in glioma tissues and the presence of a cascade of viral protein
expression typical of replicative virus. There is also evidence of
cancer-associated pp65 genotypes. The presence of elevated tri-
allelic and tetra-allelic sites in the cancer-associated, HCMV DNA
sequences also argues for the presence of distinct cancer-associ-
ated mutation rates within the viral genomes in comparison to
human genomes (27). The presence of intact ORFs without pre-
mature stop codons or insertion-deletion events, although not
conclusive, is consistent with an absence of viral integration
within tumor tissue. The potential for the presence of replicative
virus was further supported at the genomic level within the 58T
tumor specimen where the UL region, encoding the core enzymes,
was found to be conserved. Individual ORFs were also found to
conserve amino acid signatures with � �1, which is suggestive of
functional constraints. Although far from definitive, these data
provide an indication for the presence of replication-competent
HCMV within malignant glioma tissues.
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