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Abstract. Among all brain tumors diagnosed in children, 
medulloblastomas (MBs) are associated with a poor prognosis. 
The etiology of MB is not fully understood, yet the impact 
of epigenetic alterations of oncogenes has previously been 
established. During the past decade, the human cytomegalo-
virus (HCMV) has been detected in several types of cancer, 
including MB. Since DNA methylation occurs in the cell 
nucleus and this is considered a host defence response, we 
studied the impact of HCMV infection on DNA methyltrans-
ferase (DNMT-1) in MB (D324) cells, human umbilical vein 
endothelial cells (HUVECs) as well as in MB tissue sections. 
We hypothesized that infection and DNMT-1 intracellular 
localization are linked. Uninfected and HCMV-infected 
D324 cells and HUVECs were analyzed for HCMV imme-
diate early (HCMV-IE) protein, HCMV-glycoprotein B 
(HCMV-gB) and DNMT-1 using immunofluorescence 
staining and quantitative ELISA. DNMT-1 localized to the 
nucleus of uninfected and HCMV-IE- expressing D324 cells 
and HUVECs, but accumulated in the extra nuclear space 
in all HCMV-gB-positive cells. Inhibition of HCMV late 
protein expression by Cymevene® (ganciclovir) prevented 
the cytoplasmic localization of DNMT-1. Treatment of 

HCMV- infected D324 cells and HUVECs with the methyla-
tion inhibitor 5-Azacytidine (5AZA), significantly increased 
HCMV-IE and HCMV-gB gene transcription and protein 
expression. Immunohistochemical staining of DNMT-1 and 
HCMV proteins in MB cancer tissue sections revealed both 
nuclear and cytoplasmic DNMT-1 localization. In conclusion, 
DNMT-1 resides in the cytoplasm of HCMV-gB-expressing 
HUVECs and D324 cells. Increased viral protein synthesis 
in 5AZA-treated cells suggests that HCMV replication may 
benefit from a DNA methyltransferase-free cellular environ-
ment. Our findings emphasize the importance of assessing 
potential viral activation in the treatment of MB patients with 
epigenetic drugs.

Introduction

Among childhood cancers, brain tumors account for almost 
one-third of all cancer-related deaths. Medulloblastomas (MBs) 
demonstrate a poor prognosis despite advanced therapies 
consisting of surgery, radiotherapy and chemotherapy, some-
times followed by stem cell transplantation (1,2). The long-term 
survival (>5 years) rate of MB patients with high-risk disease 
is 60-65% (3). MB patients often experience complications 
related to aggressive treatment regimens, including develop-
mental, neurological and psychosocial deficits. There is thus an 
unmet medical need for the development of new and effective 
treatments with minimal damage to the developing brain in 
these children (4). MBs develop in the cerebellum or brainstem 
and spread through the cerebrospinal fluid along the neuroaxis, 
but rarely to organs outside the central nervous system (CNS). 
The etiology of MB is not fully understood but the impact of 
environmental factors such as diet, pathogens, exposure to 
radiation and hereditary genetic defects have previously been 
reported (5). Together with clinical factors (e.g. subtotal tumor 
resection), receptor tyrosine kinase (RTK) expression and loss 
of genetic material at chromosome 17p have been associated 
with a poor prognosis.
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Two of the four currently recognized clinical variants of 
MB involve the WNT/β-catenin and the Sonic hedgehog (SHH) 
pathways (6). SHH signaling synergizes with the insulin-like 
growth factor 2 (IGF-II) to promote MB as well as cerebellar 
neural precursor cell proliferation (7). The two non-WNT/
SHH MB variants, with particularly unfavorable prognosis, are 
designated as group 3 and 4 tumors, respectively, and exhibit 
frequent expression of follistatin (FSTL5) (8), elevated Myc (9) 
and GFI1 (10) expression. Although a rare finding, recent data 
have demonstrated that MB presents with subgroup-related 
mutations, some of which have direct epigenetic effects such 
as regulation of histone H3K27 and H3K4 methylation as 
evident for group 3 and 4 MBs (11). These data underscore 
the importance of epigenetic mechanisms and the notion that 
environmental factors (also during fetal life) working through 
epigenetic mechanisms may be the underlying factors for the 
disease etiology. Indeed, recent comprehensive epigenetic 
analyses of MBs emphasize the importance of epigenetic alter-
ations in the pathogenesis of the various MB subtypes (12,13).

Specific changes in DNA methylation is a hallmark 
of many cancers and can cause genomic instability 
and/or changes in gene expression (14,15). In vertebrates, 
DNA methylation is mediated by DNA methyltransferase 
enzymes (DNMTs), through transfer of a methyl group from 
S-adenosylmethionine (SAM) to the C-5 position of cytosine 
residues in CpG dinucleotide sequences (16,17). In mammals, 
the DNMT family has three active members: DNMT-1, which 
is required for the maintenance of methylation in the genome 
through the replication process, and DNMT3A and DNMT3B, 
which are regarded as de novo methyltransferases (18).

During recent years HCMV protein and nucleic acid have 
been detected in several types of tumor tissues, including 
glioblastoma, neuroblastoma and medulloblastoma (19-22). 
HCMV is a widespread β-herpesvirus carried by 60-95% 
of adults worldwide in both developing and developed 
countries and establishes a lifelong latency and persistence 
in myeloid lineage cells with periodic reactivation (23). 
HCMV infection is generally asymptomatic in immuno-
competent hosts, but active viral infection is of considerable 
clinical importance in immunocompromised individuals 
such as organ transplant recipients, AIDS patients, and in 
congenitally infected newborns (24,25). There is currently 
a poor understanding of the epigenetic mechanisms of host 
cells involved in HCMV infection. It has been reported 
that herpesvirus chromatin undergoes dynamic changes in 
structure and histone modifications during different stages of 
viral replication, latent infection and reactivation. Epigenetic 
events and states may hence dictate the outcome of infection 
in permissive cells (26,27). Furthermore, previous studies 
have suggested a role for epigenetic alterations in HCMV 
latency by histone deacetylation and chromatin condensa-
tion (26). We previously reported that HCMV infection alters 
the DNA methylation machinery in susceptible non-tumor 
cells and changes the intracellular localization of DNMTs in 
vitro, resulting in a profound reduction in DNA methylation 
capacity (27).

In the present study, we sought to explore the effect of 
HCMV infection on DNMT-1 in MB cells and tumor biopsies 
as well as in human endothelial cells since vessels within 
the MB tumors most often express HCMV proteins and are 

important for tumorigenesis. Our data demonstrated that cyto-
plasmic localization of DNMT-1 in HCMV-infected MB and 
endothelial cells was associated with expression of HCMV 
late gene UL-55 (glycoprotein B, gB). An increased number 
of cells expressing viral proteins in 5-Azacytidine (5AZA)-
treated infected cells suggest that HCMV replication may 
benefit from inhibition of the host cell nuclear methylation 
machinery.

Materials and methods

Cell culture and HCMV infection. The human medullo-
blastoma cell line D324 (American Type Culture Collection 
(ATCC); LGC Standards, Teddington, UK) was cultured in 
Dulbecco's modified Eagle's medium (DMEM) supplemented 
with 10% heat-inactivated fetal bovine serum (FBS), 100 units 
penicillin and 100 µg streptomycin (all from Gibco BRL; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 37˚C 
in a humidified 5% CO2 atmosphere. Human umbilical 
vein endothelial cells (HUVECs, ATCC) were grown in 
EBM2 endothelial basal medium supplemented with EGM-2 
SingleQuots® (Clonetics™; Lonza, Walkersville, MD, USA). 
Both D324 cells and HUVECs were infected at 80% conflu-
ency with the HCMV clinical strain VR1814 (a kind gift from 
Dr Giuseppe Gerna, University of Pavia, Pavia, Italy) at a 
multiplicity of infection (MOI) of 5, for 72 h. All experiments 
in this study were performed as three independent experi-
ments.

5-Azacytidine treatment (5AZA). D324 cells and HUVECs 
were seeded in 8-well chamber slides (VWR, Radnor, PA, 
USA), and at ~80% confluency, the cells were left untreated 
or treated with 5AZA (10 µM for D324 cells and 2 µM for 
HUVECs) (Sigma, Stockholm, Sweden) for 3 days. Untreated 
and 5AZA-treated cells were left uninfected or infected with 
HCMV-VR1814 at MOI 5, for 72 h. At 3 days post-infection 
(3 dpi), the cells were fixed in ice-cold acetone:methanol (1:1) 
for 10 min and kept at -20˚C.

Ganciclovir treatment. Uninfected and HCMV-infected D324 
cells and HUVECs were left untreated or treated with 2 mM 
ganciclovir (Cymevene®, Roche, Basel, Switzerland) starting at 
the time of infection of the cells. Cells were fixed as described 
above.

Immunofluorescence staining. Immunofluorescence staining 
of the cells was performed as previously described, with 
minor modifications (27). After blocking of non-specific 
binding with protein blocker (Dako, Glostrup, Denmark), 
the cells were incubated with primary antibodies for 1 h at 
4˚C. Binding of the primary antibodies was detected using 
fluorochrome-conjugated secondary antibodies incubated 
for 45 min at room temperature (RT). The nuclei of the cells 
were visualized using 4',6-diamidino-2-phenylindole (DAPI, 
Vectashield, Vector Laboratories, Burlingame, CA, USA), and 
coverslips were mounted using Dako Fluorescence Mounting 
Medium (Agilent Technologies, Inc., Santa Clara, CA, USA). 
The following primary and secondary antibodies were used 
for detection of specific target proteins: mouse anti-immediate 
early monoclonal antibody (at dilution 1:100, 11-003, Argene, 
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Verniolle, France); mouse monoclonal antibody to gB (dilu-
tion 1:50, P1216, Virusys Corporation, Taneytown, MD, USA); 
rabbit antibody to DNMT-1 (dilution 1:500, 19905, Abcam, 
Cambridge, UK); Alexa Fluor-488-conjugated goat anti-mouse 
(dilution 1:500, A11001, Life Technologies, Eugene, OR, USA); 
and Texas red conjugated goat anti-rabbit (dilution 1:500; Life 
Technologies, T2767). Omitting primary antibodies was used 
as the negative control.

Evaluation of the staining was performed with confocal 
microscope (Leica TCS SP5) equipped with Leica Application 
Suite Advanced Fluorescence software (Leica Microsystems, 
Wetzlar, Germany).

RNA extraction and quantitative TaqMan PCR (qPCR). RNA 
was isolated from the cultured cells using Allprep DNA/RNA/
protein mini kit and/or RNeasy kit (Qiagen, Stockholm, 
Sweden) according to the manufacturer's instructions. The 
concentrations of RNA were measured using NanoDrop 
ND-1000 spectrophotometer (Thermo Scientific). Isolated 
RNA (500 ng) was converted to cDNA using Superscripts III 
First-Strand Synthesis System (Invitrogen, Stockholm, 
Sweden) using random hexamers according to the manufac-
turer's application manual.

TaqMan Fast Universal PCR Master Mix (Life Technologies; 
Thermo Fisher Scientific) was used with the following 
primers/probes: HCMV-IE (forward primer, TGACGAGGGC 
CCTTCCT; reverse primer, CCTTGGTCACGGGTGTCT 
and probes, FAM-AAGGTGCCACGGCCCG-NFQ) and 
HCMV-gB (forward primer, GCTACCGCCCTACCTCAAG; 
reverse primer, CGCCAACGGCCTTTCC and probes, 
FAM-CCCAGGCCGCTCATG-NFQ) and DNMT-1 
(assay ID, Hs00945875_m1, Life Technologies; Thermo Fisher 
Scientific). RNase P (assay ID, 4316844, Life Technologies, 

Thermo Fisher Scientific) and β2-microglobulin (B2M, 
assay ID, Hs00984230_m1, Thermo Fisher Scientific) were 
used for normalization. The qRT-PCR was performed using 
an Applied Biosystems 7900HT fast real-time PCR system 
(Thermo Fisher Scientific) and the results were analyzed 
with SDS 2.4 software (Applied Biosystems; Thermo Fisher 
Scientific). The ∆CT method was used for calculation of CT 
values for different transcripts. The 2-∆∆CT method was used to 
quantify relative fold changes.

Quantification of DNMT‑1. The concentration of DNMT-1 in 
cell lysates was measured using the DNMT-1 human ELISA 
kit (SKU: K4195, BioVision Incorporated, Milpitas, CA, USA) 
in accordance with the manufacturer's instructions.

Immunohistochemical staining (IHC). Paraffin-embedded 
human MB tumor tissue sections from 5 patients were 
obtained from the Department of Pathology at Rigshospitalet, 
Copenhagen, Denmark. Information regarding the tumor 
characteristics is documented in Table I.

Ethical permission for the present study protocol was 
granted by the Local Ethics Committee at Region Hovedstaden, 
Denmark (H-6-2014-010) and the Local Ethics Committee at 
Karolinska Institutet, Sweden (Dnr. 2008/628-31).

Immunohistochemical staining of the tissues was 
performed as previously described (19,20). Briefly, all 
sections were first deparaffinized in xylene and rehydrated 
in a series of decreasing concentrations of ethanol and 
were then treated with pepsin (BioSite, Täby, Sweden) and 
citrate buffer (Biogenex, CA, USA) to retrieve the epitopes. 
Endogenous peroxidase activity was blocked with 3% H2O2 
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). In 
addition, the sections were treated with Avidin/Biotin blocker 

Table I. Characteristics of the medulloblastoma tumors.

Patients Initial diagnosis New classification -  New classification -
  immunoreactivity subgroup type

Patient 1 Classical MB, that recurred in a supratentorial Membranous β-catenin reactivity.   Non-WNT/non-SHH (group 3/4)
 supratentorial location the year after. A YAP-1 negative. P53 wild-type
 primitive neuroectodermal tumor is considered
Patient 2 Recurring classical MB. No information Membranous and nuclear WNT-activated
 about location β-catenin reactivity. YAP-1
  positivity in areas. P53 wild-type
Patient 3 Autopsy: Metastasizing classical MB which Membranous β-catenin reactivity. Non-WNT/non-SHH (group 3/4)
 had spread to the cerebrum, in the areas YAP-1 negative. P53 wild-type
 around the lateral ventricles and in the pons
 and cerebellum
Patient 4 Classical MB Membranous and nuclear β-catenin WNT-activated
  reactivity. YAP-1 positivity in
  areas. P53 wild-type
Patient 5 Classical MB. No loss of chromosome 1p/19q Membranous β-catenin reactivity. SHH-activated, p53 wild-type
  YAP-1 positivity. P53 wild-type

MB, medulloblastoma; SHH, sonic hedgehog; YAP-1, yes-associated protein 1.
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Figure 1. Nuclear and cytoplasmic localization of DNMT-1 in HCMV-infected D324 cells and HUVECs. Immunostaining demonstrating DNMT-1 in cells 
expressing HCMV-IE and HCMV-gB. DNMT-1, DNA methyltransferase 1; HCMV, human cytomegalovirus; HCMV-IE, HCMV immediate early; HCMV-gB, 
HCMV-glycoprotein B; HUVECs, human umbilical vein endothelial cells.
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(Dako Avidin/Biotin Blocking kit; Agilent Technologies), Fc 
receptor blocker and Background Buster (Innovex Biosciences, 
Richmond, CA, USA) to eliminate non-specific binding. The 
slides were incubated with the primary antibodies: HCMV, 
IE (MAB810R, Merck, Stockholm, Sweden), gB (a kind gift 
from Dr William Britt, University of Alabama, AL, USA) or 
DNMT-1 (19905, Abcam), at 4˚C overnight and after washing 
the specific epitopes were detected with ImmPRESS reagent 
kits (MP-7401 and MP-7402, Vector Laboratories) and diami-
nobenzidine (DAB, NB314D, Innovex Biosciences). Omitting 
the primary antibodies was used as the negative control. 
Hamamatsu Nano Zoomer-XR Digital slide scanner C12000 
with visualization using Nano Zoomer Digital Pathology 
(NDP) viewer software (U12388-01; NDP.view2 Viewing) was 
used for scanning of the sections.

Statistical analysis. All analyses were performed using 
GraphPad Prism (GraphPad Software, San Diego, CA, USA). 
P<0.05 was considered to indicate a statistically significant 
difference. Unpaired t-test and Mann-Whitney U test were 
used to assess the statistical significance between different 
variables.

Results

Cytoplasmic location of DNMT‑1 in the HCMV‑gB‑expressing 
cells. We examined DNMT-1 protein expression and localiza-
tion in the uninfected and HCMV-infected MB D324 cells and 
HUVECs. HUVECs were included in this study since endothe-

lial cells of blood vessels are a major reservoir of HCMV with 
the capacity to influence hemostasis and co-infection of other 
cells through cell-cell contact. DNMT-1 was weakly visible 
in the nucleus of all uninfected cells and in infected cells that 
expressed only HCMV-IE, but was almost exclusively local-
ized in the cytoplasm of HCMV-gB-positive cells (Fig. 1A 
and B). qPCR analysis revealed a significantly higher number 
of HCMV-gB transcripts compared to HCMV-IE transcripts 
in infected D324 cells (P=0.0002, Fig. 2A). Equal numbers 
of transcripts of HCMV-IE and HCMV-gB were detected in 
HUVECs (Fig. 2B). For DNMT-1, neither the transcripts nor 
the protein levels of DNMT-1 differed between uninfected and 
HCMV-infected cells (Fig. 2C-F).

Maintenance of DNMT‑1 nuclear localization in ganciclovir‑
treated HCMV‑infected D324 cells but not in HUVECs. 
HCMV-infected D324 cells and HUVECs were treated 
with ganciclovir. As expected, HCMV-IE protein was 
expressed while HCMV late gene expression (represented 
by HCMV-gB) was inhibited in the treated cells (Fig. 3A 
and B). In HCMV-infected and ganciclovir-treated D324 
cells, DNMT-1 was only expressed in the nucleus of the cells 
(Fig. 3A). In contrast, the HCMV-infected HUVECs did not 
respond to ganciclovir in the same way, but displayed a cyto-
plasmic DNMT-1 localization similar to the untreated cells 
(Fig. 3B).

HCMV and DNMT‑1 gene and protein expression in the 
5AZA‑treated D324 cells and HUVECs. Uninfected and 

Figure 2. Evaluation of HCMV infection in D324 cells and HUVECs. (A, C and D) DNMT-1, HCMV-IE and HCMV-gB mRNA and protein expression in 
infected D324 cells and (B, E and F) HUVECs. DNMT-1, DNA methyltransferase 1; HCMV, human cytomegalovirus; HCMV-IE, HCMV immediate early; 
HCMV-gB, HCMV-glycoprotein B; HUVECs, human umbilical vein endothelial cells.
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Figure 3. Maintenance of DNMT-1 nuclear localization in ganciclovir-treated HCMV-infected D324 cells but not in HUVECs. HCMV-infected (A) D324 
cells and (B) HUVECs were treated with ganciclovir, followed by immunostaining to assess cellular distribution of DNMT-1, HCMV-IE and HCMV-gB. 
DNMT-1, DNA methyltransferase 1; HCMV, human cytomegalovirus; HCMV-IE, HCMV immediate early; HCMV-gB, HCMV-glycoprotein B; HUVECs, 
human umbilical vein endothelial cells.
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Figure 4. Immunostaining of HCMV proteins and assessment of mRNA levels of HCMV-IE, HCMV-gB, and DNMT-1 in 5AZA -treated D324 cells and 
HUVECs. (A) D324 cells and (B) HUVECs were treated with 5AZA followed by HCMV infection. 
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HCMV-infected D324 cells and HUVECs were treated with 
5AZA and analyzed for the expression of HCMV and DNMT-1 
proteins and transcripts (Fig. 4). In HCMV-infected and 5AZA 
-treated D324 cells the proportion of HCMV-IE-positive cells 
was significantly increased compared to the untreated cells 
(P=0.01) (Fig. 4C) while the proportion of HCMV-gB-positive 
cells was not significantly increased (P=0.09) (Fig. 4C). Based 
on qPCR analysis, the expression of HCMV-IE and HCMV-gB 
transcripts was significantly increased by 5AZA treatment 
in the D324 cells compared to those in the untreated cells 
(P=0.0002, P=0.0003, respectively) (Fig. 4D). The number 
of HCMV-IE and HCMV-gB protein-positive HUVECs were 
significantly increased following 5AZA treatment, indicating 
enhanced infection efficiency (P=0.0005 and P=0.04, respec-
tively) (Fig. 4E). HCMV-IE and HCMV-gB transcripts were 
significantly increased in the 5AZA-treated HCMV-infected 
HUVECs compared to those in the untreated cells (P=0.004, 
P=0.008, respectively) (Fig. 4F).

Frequent detection of HCMV‑IE, HCMV‑gB and DNMT‑1 in 
medulloblastoma tissue specimens. MB tissue sections were 
immunohistochemically analyzed for HCMV-IE, HCMV-gB 
and DNMT-1. HCMV-IE and HCMV-gB proteins were 
frequently detected at different levels in all the examined MB 

tissues. Fig. 5 depicts one of the cases (patient no. 5, Table I). 
While DNMT-1 was detected in the nucleus of the majority 
of the tumor cells, cytoplasmic expression of DNMT-1 was 
detected in vessel walls within the tumors and in a few tumor 
cells within the tissues (Fig. 5).

Discussion

In the present study, we examined the interdependence of 
HCMV-IE, HCMV-gB proteins and DNMT-1 in MB cells. 
In concordance with our previous report of human fibro-
blasts (27), HCMV-infected D324 cells and HUVECs exhibited 
cytoplasmic localization of DNA methyltransferase DNMT-1, 
which correlated with the expression of HCMV late protein gB 
(UL55). Interestingly, while not all cells expressing IE genes 
had DNMT-1 located in the cytoplasm, all cells expressing 
the late gene product gB displayed cytoplasmic DNMT-1. 
Furthermore, ganciclovir treatment (which inhibits expression 
of late viral proteins) attenuated the cytoplasmic localization 
of DNMT-1 in HCMV-infected D324 cells, indicating an 
involvement of HCMV late genes/products in the extranuclear 
accumulation. Conversely, HCMV-infected HUVECs treated 
with ganciclovir still maintained a cytoplasmic distribution of 
DNMT-1, implying the involvement of different mechanisms 

Figure 4. Continued. Immunostaining was followed (A and B) and assessment of the number of infected (IE or gB) cells relative to DAPI stained cells was 
performed for D324 cells (C) and HUVECs (E). Quantitative PCR for IE, gB and DNMT-1 in D324 cells and HUVECs is depicted as fold-change compared 
to the untreated cells (D and F). DNMT-1, DNA methyltransferase 1; HCMV, human cytomegalovirus; HCMV-IE, HCMV immediate early; HCMV-gB, 
HCMV-glycoprotein B; HUVECs, human umbilical vein endothelial cells; 5AZA, 5-Azacytidine.



INTERNATIONAL JOURNAL OF ONCOLOGY  52:  1317-1327,  2018 1325

in this process. We hence suggest an association between 
HCMV infection in medulloblastoma (MB) and endothelial 
cells and the epigenetic modifier enzyme DNMT-1.

Tumor cells are generally characterized by global hypometh-
ylation, and local hypermethylation of certain gene promoters 
such as tumor-suppressor genes (28). The relationship between 
DNA methylation alteration and human diseases, and its role in 
carcinogenesis has been established (15). DNMT-1 is required 

for the maintenance of DNA methylation in the genome (29). 
Its cytoplasmic localization in HCMV-infected cells might 
thus prevent normal gene methylation maintenance, which 
may influence the cellular behavior important for tumori-
genesis and tumor development. During the past decade the 
impact of epigenetic modification in MB has been intensively 
discussed and investigators have reported epigenetic alterations 
in candidate tumor-suppressor genes including RASSF1A, 

Figure 5. Detection of HCMV-IE, HCMV-gB and DNMT-1 in a medulloblastoma tissue specimen. MB tissue sections were analyzed for HCMV-IE, HCMV-gB 
and DNMT-1 by immunohistochemistry. The figure depicting tissue from patient no. 5 (Table I) demonstrates an example of DNMT-1 detection in the nucleus 
of the majority of tumor cells and cytoplasmic expression of DNMT-1 in vessel walls within the tumors and in a few tumor cells within the tissues. MB, medul-
loblastoma; DNMT-1, DNA methyltransferase 1; HCMV, human cytomegalovirus; HCMV-IE, HCMV immediate early; HCMV-gB, HCMV-glycoprotein B.
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CASP8, and HIC1 in >30% of MB (30). Epigenetic silencing 
of tumor-suppressor genes as a contributor to tumorigenesis 
and development of MB thus emphasizes the importance of 
epigenetic mechanisms for novel diagnostic and therapeutic 
approaches (12).

Epigenetic mechanisms, such as methylation of DNA 
cytosine residues and post-translational modifications of 
histone proteins associated with DNA, control the structure 
and transcriptional permissiveness of chromatin. The cross-
talk between DNA methylation and histone modification 
is a basis for regulation of the functional genome. If these 
mechanisms run rogue, as in malignant cells, they may force 
cells into fixed de-differentiated states. The initial epigenetic 
errors may arise through alterations of mechanisms triggered 
by external impact, such as chemical agents, inflammation, or 
pathogens such as viruses, as we and others have previously 
reported (27,31,32). It is thus of great importance to understand 
which external factors may manipulate the epigenome in such 
a way that the target cells respond abnormally to their envi-
ronment or become reprogrammed. In addition, the original 
notion that DNA methylation is a guardian against invading 
foreign nucleic acids provides a logical explanation to a viral 
mechanism keeping newly replicated virus DNA methylation-
free by preventing DNMTs from functioning in the nucleus.

In agreement with the idea that DNA methylation might 
prevent viral replication and/or transcription, the inhibition 
of methylation by 5AZA is expected to influence active viral 
infection. Indeed, the number of HCMV-positive cells was 
increased following 5AZA treatment in both D324 cells and 
HUVECs, suggesting the benefits of a hypomethylated milieu 
for viral production. This may have important implications for 
the treatment of MB with epigenetic drugs, since an increased 
number of HCMV-IE- and HCMV-gB-positive cells could 
contribute to the oncomodulatory effects of HCMV infec-
tion in MB. HCMV-IE proteins are viral regulatory proteins 
and transcription factors that act as oncomodulatory proteins 
through different mechanisms such as causing instability in 
chromosomes 1q42 and 1q21 (33,34), interfering with p53, 
controlling p21 degradation and phosphorylated retinoblas-
toma (pRb) proteins. These oncomodulatory activities result 
in uncontrolled cellular proliferation and transition to the 
S phase of the cell cycle (35,36). A still unanswered question 
is whether 5AZA treatment alters the host methylome and 
thereby its gene regulation. Although host cell replication is 
attenuated by HCMV infection and passive demethylation of 
the host genome cannot take place, as we demonstrated for 
non-tumor cell types infected with HCMV (27), it is still 
possible that 5AZA can induce active demethylation through 
the induction of Tet enzymes, and could therefore cause 
changes to the methylome of the host cells. This issue will be 
further investigated.

Inflammation is one of the recently established hallmarks 
of cancer, and in theory the relocation of DNMT-1 into 
the cytoplasm of HCMV-infected endothelial cells could 
contribute to increased induction of inflammatory factors 
important for vascularization and angiogenesis, such as VEGF, 
FGF, IL-8 and IL-6. Inflammation is in fact one of the key 
factors in the progression of MB, and anti-inflammatory drugs 
including the COX2 inhibitor celecoxib has been suggested to 
be used in these patients (37). Importantly, HCMV infection 

of the cells in vitro leads to increased induction of COX2, and 
COX2 inhibitors reduce viral replication (38). Furthermore, 
we previously reported substantial reduction in tumor growth 
by the antiviral drug Valcyte® and by celecoxib, both in vitro 
and in vivo (19).

In conclusion, DNMT-1 localized to the cytoplasm in 
HCMV-infected MB and endothelial cells expressing HCMV 
late genes. Increased viral replication in 5AZA-treated infected 
cells suggests that HCMV replication benefits from a lack of 
DNA methylation activity in host cells. The concept of epigen-
etic therapy is currently under consideration for MB (39), and 
since our findings raise the possibility that epigenetic modula-
tion can directly impact the level of viral replication, this should 
be considered in the design of epigenetic MB therapies.
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