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Introduction 
DNA methylation has attracted great interest due to its important 

role in regulation of the gene expression in most eukaryotes [1-3]. 
DNA methylation in eukaryotes mainly occurs in cytosine residues in 
palindromic CpG dinucleotide. In vertebrates such CpG sites are not 
evenly distributed in the genome but are present in only one fifth of its 
predicted random frequency. However, upstream regions of many genes 
have high CpG frequencies, known as CpG islands. CpG islands have 
also been shown to be present within or between genes [4]. Evidence 
obtained from the study of DNA methylation in eukaryotes indicates 
that active gene expression as a rule requires unmethylated CpG sites 
especially in the promoter region. When CpG sites are methylated, 
transcription of the gene will be switched off [5-7]. An example of the 
important implications of the DNA methylation is the noticed aberrant 
DNA methylation of CpG islands associated with tumorigenesis 
and tumor progression [8,9]. Activation of many oncogenes has 
been proposed to be caused by demethylation during carcinogenesis 
[10,11]. In cancer cells, regional hypermethylation events occurred 
accompanying a global hypomethylation. Loss of gene expression is 
frequently caused by hypermethylation of the promoter region of the 
gene, such as tumor suppressor genes [12-14]. Since changes in gene 
function due to DNA methylation are not due to changes in the DNA 
sequence, they therefore belong to the “epigenetic” pathway. Recent 
research achievements have shown that cancer has a common basis 
in early events of epigenetic alterations of so called “tumor-progenitor 
genes” present in the cancer progenitor cells [15]. Analysis of DNA 
methylation therefore has a potential impact on cancer risk assessment, 
chemoprevention and gene therapy. 

In gene therapy, the human cytomegalovirus (CMV) immediate 
early gene promoter with enhancer (CMV-PE) has been widely used 
to drive the target gene expression. However, when this and other 
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promoters are used in in vivo approaches for gene therapy, the transgene 
silencing has become an issue for a successful therapy [16]. This raises 
the question whether silencing of the transgene under control of the 
CMV promoter could be due to methylation of the CMV-PE? It has 
been shown that methylation of the CMV-PE at CpG sites efficiently 
blocks promoter activity in in vitro transfected cells, in fish embryos 
and rat muscle [17-19]. In our present work, we have established an in 
vitro model system in which human GBM cells were transfected with 
the pAdTrack-CMV-GFP gene construct (Clontech). The methylation 
status of the CMV promoter is determined by bisulfite sequencing. 
We demonstrate that when a plasmid, containing the immediate early 
CMV promoter isolated from E. coli (dcm+), is transfected into human 
GBM cells, the E. coli dcm methylation with the two CCTGG sequences 
in the CMV promoter region is maintained after stable integration 
in the human genome. The GFP expression was monitored by flow 
cytometric analysis and a stable level of GFP expression was observed 
for 2-5 months after the transfection. In contrast, we find that the 
recognition sites for the NFkB and certain other transcription factors 
in the enhancer region of the CMV promoter are hypomethylated, 
possibly providing a reason for maintenance of an active mode of the 
CMV promoter in our in vitro cultured human GBM cells. 
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Materials and Methods
DNA and cell line 

Plasmid DNA pAdTrack-CMV-GFP (Clontech) was isolated from 
E.coli DH5-α (dcm+) strain and purified using Qiagen DNA purification 
column. A human GBM cell line GA49 was previously established 
in our laboratory under GMP conditions from malignant tissue of 
a patient, subjected to surgery at the department of Neurosurgery. 
After transfection with the plasmid DNA and stable integration (2-5 
months), the genomic DNA was isolated by using a DNA purification 
kit (Gentra, USA).

Co-transfection and flow cytometric analysis of GFP expression 
Human GBM cells that had been grown in the Iscove’s Modified 

Dulbecco’s Medium (IMDM-20 containing 20% FCS) to about 80% 
confluency were co-transfected with pAdTrack-CMV-GFP plasmid 
DNA and pLXSN plasmid DNA (Clontech) that contains the neomycin 
resistance gene as a selection marker using the FuGene 6 transfection 
system (Roche, Germany). 12 µl of FuGene 6 were mixed with 0.5 ml of 
medium, then 4 µg of pAdTrack-CMV-GFP DNA and 2 µg of pLXSN 
DNA were added. The mixture was kept for 2 h at room temperature 
then transferred into a flask and incubated for 2 h at 37°C 5% CO2. Then 
4.5 ml pre-warmed medium was added to the flask. Transient expression 
of the GFP was checked by fluorescence microscopy after incubation 
for 24 hrs. Stable expression of the GFP was assessed by flow cytometric 
analysis after each passage during cultivation under selection with 500 
g/ml Geneticin G-418 (Life Technologies). The transfected cells were 
collected during 2-5 months post-transfection for DNA isolation and 
further methylation analysis.  

Bisulfite sequencing
Bisulfite reaction of DNA is a modification based on the method 

reported previously [20]. One microgram DNA in a volume of 30 µl 
distilled water was denatured by NaOH (final concentration, 0.2 M) for 
10 min at 37°C. Freshly prepared sodium bisulfite (Sigma) 3 M, 600 µl at 
pH 5, and 60 µl of 40 mM hydroquinone (Sigma) were added. Samples 
were incubated in a thermal cycler with the following program: 95°C, 3 
min; 55°C, 16 h and every 60 min 95°C, 3 min. DNA were purified by 
using the DNA purification spin column (Qiagen, UK). Modification 
was completed by precipitation of the eluted DNA with NaOH (final 
concentration, 0.3 M) at room temperature for 15 min. Modified DNA 
after centrifugation and washing with 70% ethanol was dissolved in 50 
µl of distilled water. Several pairs of designed PCR primers were used 
for methylation specific PCR (MSP). They are listed as the following:

Forward primers:

1.	 CMV22: 5’-GTATTTTAGTTGTGGTTTG-3’

2.	 CMV23: 5’-GTTTAAATTTATTAATGTATT-3’

3.	 CMV24: 5’-AATGGTTTGTCTGGTTGA-3’

4.	 CMV24B: 5’-AATGGTTTGTTTGGTTGA-3’

5.	 CMV25: 5’-TTAATGGGTGGAGTATTTA-3’

6.	 CMV26: 5’-GTATGTTTTTTATTGATGTT-3’

7.	 CMV27: 5’-AAGTTTTTATTTTATTGATGTT-3’

Reverse primers:

8.	 CMV3: 5’-ACCAAAATAAACACCACC-3’

9.	 CMV31: 5’-ACAAATAAACTTCAAAATCA-3’

10.	 CMV26R: 5’-AACATCAATAAAAAACATAC-3

The PCR mixture contained 1X PCR buffer, dNTP (each at 0.2 
mM), primers (0.4 µM each per reaction), 5% dimethyl sulfoxide 
and 1 µl of bisulfite-modified DNA (20 ng) in a final volume of 25 µl. 
The program for PCR was as follows: 94°C for 3 min, then 35 cycles 
of 94°C for 30 sec, 50°C for 45 sec, 72°C for 60 sec, and finally 5 min 
at 72°C. The PCR products were cloned in E.coli using pGEM-T easy 
cloning kit (Promega, USA). Six clones from different DNA sources 
were randomly selected, according to the sizes of the inserts checked 
on an agarose gel. The cloned DNA was sequenced, using the capillary 
electrophoresis automated sequencing approach (Applied Biosystem, 
USA) after thermocycle sequencing reaction using 3,1 version kit. As 
controls, the pAdTrack-CMV-GFP constructs were passed through 
dcm+ DH5α or dcm- INV110 bacteria (Invitrogen, USA) and bisulfite 
sequenced to confirm the methylation status of CmCWGG sites.

Database search for transcription factor responsive elements 
with CCWGG sites

We used the Transcriptional regulatory element database according 
to Cold Spring Harbor Laboratory (http://rulai.cshl.edu/TRED) 
[21,22] to search and list the transcription factors and their recognition 
sequences containing CCWGG sites.

Results 
Reporter GFP expression in the transfected GBM cells

A human GBM cell line GA49 was previously established from 
malignant tissue of a patient as described in the Methods. We have used 
this cell line to establish an in vitro transfection system in which the 
GBM cells were transfected with the commonly used gene construct 
pAdTrack-CMV-GFP plasmid [23,24]. Since pAdTrack-CMV-GFP 
vector contains no selection marker in eukaryotic cells, another vector, 
pLXSN plasmid that contains the neomycin resistance gene under 
control of the SV40 promoter was used in our transfection experiments 
called co-transfection. Moreover, the SV40 promoter contains no 
restriction enzyme EcoRII sites (CCWGG). As a reporter gene, the 
GFP expression can be transiently detected by fluorescence microscopy 
during 1-2 days after the transfection. The stable transfection in which 
the pAdTrack-CMV-GFP plasmid DNA is integrated into the genome 
was observed for one month after transfection. The GFP expression, 
driven by the CMV promoter in the stably transfected cells was 
measured by flow cytometric analysis. The time course of the GFP 
expression in the transfected cells during the post-transfection period 
(from day 100 to day 162) is shown in Supplementary Figures 1A and 
1B. The gated GFP cells constituted 13%-37% of the total cell number. 
We used cells cultured for 141 days in which the GFP positive cells 
represented about 25% of the total cell number for further study.

Methylation status of the CMV promoter in the transfected 
GBM cells

We isolated DNA from the stably transfected cells to determine the 
methylation status of the CMV promoter by bisulfite sequencing. The 
CMV promoter region from the transcription start to the nucleotide 
-573 of the CMV promoter was chosen for analysis of the methylation 
status (Supplementary Figure 2A). 

Six clones were randomly selected from the transformants of the 
PCR products and were sequenced. The results showed that 4 clones 
contained full-length fragments with the expected size and 2 clones 
contained truncated fragments, 240 bp shorter at the 5’ end. It can be 
seen that the methylation occurred not only strikingly at C of the CpG 
dinucleotide but also at non-CpG sequences (CpA, CpT, and CpC) 
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including two CmCTGG sequences located at the nucleotide position 
-497 to -493 (Cytosine’s position no.18 C, C18) and -304 to -300 (C73). 
The internal Cs of these sequence motifs from different clones were all 
methylated (Supplementary  Figures 2B-2D). It has been known that 
CC(A/T)GG is the recognition site of the E.coli dcm methylase in the dcm+ 
bacteria such as DH5-α. As a control, the pAdTrack-CMV-GFP plasmid 
DNA isolated from DH5α showed CmCTGG pattern at the position C73, 
while the same plasmid amplified in a dcm- strain INV110 (Invitrogen, 
USA) did not give the dcm methylation pattern at this position. However, 
at the position C18, both these two bacterial strains sometimes showed the 
dcm methylation pattern (Supplementary  Figure 2E).

Since it is known that several transcription factors play an 
important role in activation of the CMV promoter, we have analyzed the 
methylation status of certain transcription factor recognition sequences. 
Four NFkB sites with the consensus sequences CGGGACTTTCC and 
GGGGATTTCC are present in the CMV promoter. We found no 
methylation in 3 of 4 NFkB sites, located close to the transcription 
start (C118, C102, C81-83) in the 5 analyzed clones. In 2 of 4 analyzed 
clones the distal NFkB site (C43-45) was partially methylated. The 
CMV promoter contains three Sp1 sites with the consensus sequences 
CCGCCC and CCCGCC. No methylation occurred at the site close to 
the TATAA box of the promoter (C125-130) and the other two sites, 
C20-C21 and C27 were only partially methylated (1/4 and 2/4 analyzed 
clones respectively) and all other Cs were non-methylated. The CMV 
promoter also contains three CREB/ATF binding sites (TGACGTCAA) 
and one AP-1 binding site (TGACTCA). Among CREB/ATF sites, one 
site (C66) was not methylated in any of six analyzed clones, and two 
others were only partially methylated (1/4 and 3/4 analyzed clones 
respectively). 

Transcription factors involved in the interaction with CCW(A/T)
GG pentanucleotides in the eukaryotic promoters

Since methylation at the CCW(A/T)GG sequence exists in 
mammalians as well as in the eukaryotic viral genome (Supplementary  
Figure 3), methylation at this site regulates the gene expression 
through blockage of the interaction between this sequence and the 
transcription factors [25]. This raises an interesting question of how 
many transcription factors and genes that might be involved in this 
interaction and what is the significance of this interaction. We have 
searched the database for transcription factors [21,22] and we report 
22 factors for the CCAGG sequence (Supplementary Figure 4) and 14 
factors for CCTGG (Supplementary Figure 5). Since all transcription 
factors have not yet been included in the database, e.g., the early B cell 
factor, some additional transcription factors affected by methylation 
might be added to our list in the future. 

Discussion
The human cytomegalovirus (CMV) immediate early gene 

promoter has been extensively used in transfection systems to drive 
target gene expressions in mammalian cells. However, when this and 
other viral promoters are used in in vivo approaches for gene therapy, 
the transgene is silenced over time following the transfection [16]. DNA 
methylation of the CMV promoter has been shown to be the reason 
for a reduced promoter activity and silencing of the target gene [17-
19,25-27]. When an anti-methylating agent such as 5’-azacytidine or 
5’-deoxyazacytidine was used to treat the cells transfected with a target 
gene, driven by CMV promoter, the transcriptional expression of the 
target gene was reactivated and was maintained for longer time [26-28]. 
However, it is not known whether the anti-methylating agent directly 
affects the CMV promoter or indirectly affects the transcriptional 

expression of, for instance, the transcription factor genes that are 
required for the CMV promoter activation. It is of interest to know 
the methylation status of the CMV promoter. As we established an in 
vitro model system in which the human GBM cells were transfected 
with the pAdTrack-CMV-GFP gene construct, we have determined 
the methylation status of the CMV promoter region, which has been 
integrated from the vector into the GBM genome. Intriguingly, we 
found that the region from -302 to -532 nt showed hypermethylation, 
which is consistent with the early report [19], which showed that in 
transfected rat muscle a representative 50-bp region of the CMV-PE 
was extensively methylated 7 or 14 days after transfection. However, we 
also compared the methylation status in the 5’ upstream region close 
to the transcription start (-1 to -301) between the rat muscle cells and 
the human GBM cells, and found that in the rat muscle 60-70% of the 
cytosine residues were methylated [19], but in the human GBM cells 
they were hypomethylated (Figure 3). Besides that, we also found two 
CCTGG sites at positions from -304 to -300 nt and -497 to -493 nt of 
the CMV promoter region, in which the internal C was methylated in 
all analyzed clones. Since we know that the CCW(A/T)GG methylation 
was initially discovered in the dcm+ E. coli strains such as DH5-α, it 
means that this type of DNA methylation in prokaryotes is somehow 
maintained in the integrated CMV promoter in the human genome.

Naturally occurring DNA methylation at the CCW(A/T)GG site 
has been sparsely found in eukaryotes and human genome [25,29-31]. 
For example, In the human myogenic gene, Myf-3, which is not targeted 
by the methylating system that methylates 5’-CG-3’ dinucleotide, the 
cytosine methylation occurs within the 5’-CCTGG-3’ pentanucleotides 
[29]. Another reported example comes from human primary effusion 
lymphoma (PEL), where the B cell-specific B29 gene is silenced. Bisulfite 
sequencing revealed two types of DNA methylation at a conventional 
CpG and at a CCW(A/T)GG site in the B29 promoter. Methylation of 
the CCW(A/T)GG site significantly repressed transcriptional activity 
in vivo and blocked the binding of early B cell factor [25]. CCW(A/T)
GG methylation as well as normal CpG methylation has also been 
reported and implicated as a reason for silencing integrated provirus 
after retroviral infection of murine erythroleukemia (MEL) cells [25]. 
Information on the genomic distribution of CCWGG methylation 
is rarely addressed. Recently, it has been found that the ICSBP/IRF8 
gene, a member of the interferon regulatory factor (IRF) family of 
transcriptional regulators expressed in monocytic and lymphocytic 
cells, contains a large number of the CCWGG sequences in the 
promoter region as well as in the coding region/exons. The CpG sites 
in the promoter region were hypermethylated, while no CCWGG 
sites were methylated and a change in histone modification was found 
[32,33]. Nevertheless, the heavily methylated gene was still expressed. 
This was reported to be due to a higher expression of H3K9-ac then 
the H3K9me3. These histone modifications can over-ride the silencing 
effect of DNA methylation at the promoter, thereby permitting 
transcription of the ICSBP/IRF8 gene [33]. 

Differently, in the MEL cells transfected with Moloney murine 
leukemia virus (M-MuLV) encoding GFP, dynamic analysis of 
proviral induction and de novo methylation demonstrated a histone 
deacetylase-independent, methylation density-dependent mechanism 
of transcriptional repression [31]. In both above-mentioned situations, 
the analyzed genes all contained CCW(A/T)GG sequences. The role of 
these sequences in the regulation of gene expression is not known. In 
contrast to the published results, our present study of the relationship 
between the CCWGG methylation and the gene expression shows that 
the GFP expression driven by the CMV promoter seemed not to be 
affected by the methylation of this site in the CMV promoter region. 
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Taking all above discussed issues together we can conclude that 
genes containing CCW(A/T)GG sequences in their promoter regions 
may be controlled by opposing mechanisms leading to varying effects 
on cellular functions. It is important to pay attention to the DNA 
methylation of the CCW(A/T)GG sequences when the expression and 
regulation of these genes are analyzed. Studies on interaction between 
transcription factors and the CCW(A/T)GG sequences will therefore 
be helpful to elucidate the mechanism of CCW(A/T)GG methylation 
and gene regulation in mammals. For therapeutic purposes, it may be 
wise to propagate the plasmid vector DNA in dcm- bacteria, avoiding 
the target gene silencing caused by methylation of the EcoRII site.

The methylation status of the transcription factor recognition 
sequences in the CMV promoter region was also analyzed in the 
present study. The human CMV promoter is rich in enhancer 
elements, which are recognized by transcription factors. It consists of 
at least four types of repetitive sequence elements, referred to as the 
17-, 18-, 19- and 21-bp repeats, which are present three to five times 
within the promoter/enhancer region of the CMV promoter and 
that can form complexes with nuclear proteins [34,35]. The 18- and 
19-bp repeats contain consensus binding sites for NFkB, CREB/ATF 
and Ap1, respectively, and were shown to mediate enhancement of 
the CMV promoter activity by these transcription factors [36]. The 
17-bp repeat was suggested to bind to the transcription factor NF-1 
[37,38]. The 21-bp repeat binds to a negative regulator, specific for 
undifferentiated cells as well as to the transcription factor YY1 and it 
was suggested to repress CMV promoter-dependent transcription [39]. 
Other factors, which bind to the CMV promoter, are SP1 and MDBP 
[40,41]. The recognition sites for transcription factors such as NFkB (5’-
GGG G/A G/A/C/ TTTCC-), CREB/ATF (5’-GACGTCA-), and SP-1 
(5’-CCCGCC-) in the CMV promoter region have been previously 
determined [36,38,40]. The transcription factor NFkB has been shown 
to play an important role in activation of the CMV promoter both in 
the mouse liver and in hepatocyte-derived cell lines in vitro [16]. Our 
methylation study on the CMV promoter shows no methylation at 3 of 
4 NFkB sites (C118, C102, C81-83), that are close to the transcription 
start, in the 5 analyzed clones and only partial methylation at the distal 
NFkB site (C43-45) in the 2 of 4 analyzed clones (Figure 2B). Among 
three CREB/ATF sites, one (C66) was not methylated in any of six 
analyzed clones, and two other sites were partially methylated (1/4 and 
3/4 analyzed clones respectively). The Ap1 site was methylated in only 
one of six clones. This implies that methylation might not prevent these 
sites from binding of the transcription factors; the promoter activity 
was therefore maintained. It has been known that NFkB is highly 
expressed in cancer cells. Misregulated NFkB activates genes involved 
in the cell proliferation and protects the cell from conditions that would 
otherwise cause cell apoptosis [42]. NFkB is therefore the subject of 
active research as a target for anti-cancer therapy [43]. 

The mechanism of lowering the de novo methylation level in 
the integrated CMV promoter is not known. One possibility is 
demethylation, which would be similar to that in pSV-CAT and 
SV40 early promoter/enhancer [44]. The SV40 promoter is frequently 
demethylated in the HeLa cell line upon stable transfection resulting 
in resistance to silencing. Stably transfected DNA might have more 
chromatin-like interactions with histone and non-histone DNA binding 
proteins than transiently transfected DNA. 
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 <-> 20 uM 

Figure 1A: GFP positive cells among transfected GA49 cells under fluorescence light. The cells were co-transfected 

with Plasmid pAdTrack-CMV-GFP and pLXSN DNAs, and grown for 5 months in the selection medium. 

Figure 1B: Time curse of flow cytometric analysis of the transfected GA49 cells. The Cells were collected and used 

for flow cytometric analysis and DNA isolation. 

-652 GCATTCTAGT TGTGGTTTGT CCAAACTCAT CAATGTATCT TAACGCGGAG

-602 GTTTATCGAC GATCTGCTAG TGATTAATAG TAATCAATTA CGGGGTCATT
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-552 AGTTCATAGC CCATATATGG AGTTCCGCGT TACATAACTT ACGGTAAATG

-502 GCCCGC
*
CTGG CTGACCGCCC AACGACCCCC GCCCATTGAC GTCAATAATG

-452 ACGTATGTTC CCATAGTAAC GCCAATAGGG ACTTTCCATT GACGTCAATG
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-252 CATCTACGTA TTAGTCATCG CTATTACCAT GGTGATGCGG TTTTGGCAGT

-202 ACATCAATGG GCGTGGATAG CGGTTTGACT CACGGGGATT TCCAAGTCTC

-152 CACCCCATTG ACGTCAATGG GAGTTTGTTT TGGCACCAAA ATCAACGGGA

-102 CTTTCCAAAA TGTCGTAACA ACTCCGCCCC ATTGACGCAA ATGGGCGGTA

-52 GGCGTGTACG GTGGGAGGTC TATATAAGCA GAGCTGGTTT AGTGAACCGT

-2 CAGATCCGCT AGCGCTACCG GTCGCCACCA TGGTGAGCAA GGGCGAGGAG

<-1 Transcription start->

+49 CTGTTCACCG GGGTGGTGCC CATCCTGGT

Figure 2A: Nucleotide sequence of the CMV promoter region chosen for analysis of the methylation status in the 

transformed human cancer (GBM) cells. > < Sequence region for determination of the methylation status; start 

codon, TATA box, and CCTGG motif are underlined; methylated cytosine in the CCTGG. 

Figure 2B:  Methylation status in the CMV promoter region in the GA clones transformed with 

pAdtrack-CMV-GFP plasmid.  :  CpG, C methylated;   :  CpG, C non-methylated;  :   CpN (CpA, 

CpC, CpT), C methylated; :  CpN (CpA, CpC, CpT), C non-methylated;  :  CCTGG, second C 

methylated;    : CCTGG, second C non-methylated. 



BTC T1F1-5   -573                             AGTAATCAATTATGGGGTTATT 

BTC T1F1-15                                   AGTAATCAATTACGGGGTCATT 

BTC T1F3-2                                    AGTAATCAATTATGGGGTTATT 

BTC T1F3-10                                   AGTAATTAATTATGGGGTTATT 

BNT DNA      -601 GTTTATCGACGATCTGCTAGTGATTAATAGTAATCAATTACGGGGTCATT 

BTC T1F1-5   -551 AGTTTATAGTTTATATATGGAGTTCCGCGTTACATAACTTACGGTAAATG 

BTC T1F1-15       AGTTTATAGCCTATATATGGAGTTCCGCGTTATATAACTTACGGTAAATG 

BTC T1F3-2        AGTTTATAGTTTATATATGGAGTTCCGCGTTACATAACTTACGGTAAATG 

BTC T1F3-10       AGTTTATAGTTTATATATGGAGTTTTGTGTTATATAATTTATGGTAAATG 

BNT DNA           AGTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTTACGGTAAATG 

BTC T1F1-5   -501 GTTTGTCTGGTTGATTGTTTAACGATTTTTGCCCATTGACGTCAATAATG 

BTC T1F1-15       GTTTGTCTGGTTGATTGTTTAACGATCTTTGTTTATTGATGTTAATAATG 

BTC T1F3-2        GTTTGTCTGGTTGATTGTTTAACGATTTTTGCCCATTGACGTCAATAATG  

BTC T1F3-10       GTCCGCCTGGCTGACCGTTTAACGATCTTTGTTTATTGACGTCAATAATG 

BNT DNA           GCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATAATG 

BTC T1F1-5   -451 ACGTATGTTTCCATAGTAACGCCAATAGGGATTTTTTATTGATGTTAATG 

BTC T1F1-15       ACGTATGTTTTCATAGTAACGTTAATAGGGACTTTCCATTGATGTCAATG 

BTC T1F3-2        ACGTATGTTTCCATAGTAACGCCAATAGGGATTTTTTATTGATGTTAATG 

BTC T1F3-10       ATGTATGTTTCCATAGTAACGCCAATAGGGATTTTCCATTGACGTCAATG 

BNT DNA           ACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATG 

BTC T1F1-5   -401 GGTGGAGTATTTATGGTAAATTGTTTATTTGGTAGTATATTAAGTGTATT 

BTC T1F1-15       GGTGGAGTATTTACGGTAAATTGCCCACTTGGTAGTATATCAAGTGTATT 

BTC T1F3-2        GGTGGAGTATTTATGGTAAATTGTTTATTTGGTAGTATATTAAGTGTATT 

BTC T1F3-10       GGTGGAGTATTTATGGTAAACTGCCTACTTGGCAGTATATCAAGTGTATC 

BNT DNA           GGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATC 

BTC T1F1-5   -351 ATATGTTAAGTATGTTTTTTATTGATGTTAATGATGGTAAATGGTTTGTC 

BTC T1F1-15       ATATGCTAAGTACGTTTTTTATTGATGTTAATGATGGTAAATGGTTTGTC 

BTC T1F3-2        ATATGTTAAGTATGTTTTTTATTGATGTTAATGATGGTAAATGGTTTGTC 

BTC T1F3-10       ATATGCCAAGTATGTTTTTTATTGATGTCAATGACGGTAAATGGCCCGTC 

BNT DNA           ATATGCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCC 

BTC T1F1-5   -301 TGGTATTATGTTTAGTATATGATTTTATGGGATTTTTTTATTTGGTAGTA 

BTC T1F1-15       TGGTATTATGTTTAGTATATGATTTTATGGGATTTTTTTATTTGGTAGTA 

BTC T1F3-2        TGGTATTATGTTTAGTATATGATTTTATGGGATTTTTTTATTTGGTAGTA 

BTC T1F3-10       TGGTATTATGTCCAGTATATGATTTTATGGGATTTTTTTACTTGGCAGTA 

BNT DNA           TGGCATTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTA 

BTC T1F1-5   -251 TATTTATGTATTAGTTATTGTTATTATTATGGTGATGTGGTTTTGGTAGT 



BTC T1F1-15       TATTTACGTATTAGTTATTGTTATTATTATGGTGATGTGGTTTTGGTAGT 

BTC T1F3-2        TATTTATGTATTAGTTATCGTTATTATTATGGTGATGTGGTTTTGGTAGT 

BTC T1F3-10       CATTTATGTATTAGTTATTGTTATTATTATGGTGATGTGGTTTTGGTAGT 

BNT DNA           CATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGCAGT 

BTC T1F1-5   -201 ATATTAATGGGTGTGGATAGTGGTTTGATTCATGGGGATTTTTAAGTTTT 

BTC T1F1-15       ATATTAATGGGTGTGGATAGTGGTTTGATTCATGGGGATTTTTAAGTTTT 

BTC T1F3-2        ATATTAATGGGTGTGGATAGTGGTTTGATTCATGGGGATTTTTAAGTTTT 

BTC T1F3-10       ATATTAATGGGTGTGGATAGTGGTTTGATTCATGGGGATTTTTAAGTTTT 

BNT DNA           ACATCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTC 

BTC T1F1-5   -151 TATTTTATTGATGTTAATGGGAGTTTGTTTTGGTATTAAAATTAATGGGA 

BTC T1F1-15       TATTTTATTGATGTTAATGGGAGTTTGTTTTGGTATTAAAATTAATGGGA 

BTC T1F3-2        TATTTTATTGATGTTAATGGGAGTTTGTTTTGGTATTAAAATTAATGGGA 

BTC T1F3-10       TATTTTATTGATGTTAATGGGAGTTTGTTTTGGTATTAAAATTAATGGGA 

BNT DNA           CACCCCATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGA 

BTC T1F1-5   -101 TTTTTTAAAATGTTGTAATAATTTTGTTTTATTGATGTAAATGGGTGGTA 

BTC T1F1-15       TTTTTTAAAATGTTGTAATAATTTTGTTTTATTGATGTAAATGGGTGGTA 

BTC T1F3-2        TTTTTTAAAATGTTGTAATAATTTTGTTTTATTGATGTAAATGGGTGGTA 

BTC T1F3-10       TTTTTTAAAATGTTGTAATAATTTTGTTTTATTGATGTAAATGGGTGGTA 

BNT DNA           CTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAATGGGCGGTA 

BTC T1F1-5   - 51 GGTGTGTATGGTGGGAGGTTTATATAAGTAGAGTTGGTTTAGTGAATTGT 

BTC T1F1-15       GGTGTGTATGGTGGGAGGTTTATATAAGTAGAGTTGGTTTAGTGAATTGT 

BTC T1F3-2        GGTGTGTATGGTGGGAGGTTTATATAAGTAGAGTTGGTTTAGTGAATTGT 

BTC T1F3-10       GGTGTGTATGGTGGGAGGTTTATATAAGTAGAGTTGGTTTAGTGAATTGT 

BNT DNA           GGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTGGTTTAGTGAACCGT 

BTC T1F1-5    - 1 TAGATTTGTTAGTGTTATTGGTTGTTATTATGG 

BTC T1F1-15       TAGATTTGTTAGTGTTATTGGTTGTTATTATGG 

BTC T1F3-2        TAGATTTGTTAGTGTTATTGGTTGTTATTATGG 

BTC T1F3-10       TAGATTTGTTAGTGTTATTGGTTGTTATTATGG 

BNT DNA           CAGATCCGCTAGCGCTACCGGTCGCCACCATGG 



Figure 2C: Sequence comparison of the bisulfite treated and non-treated samples in the CMV promoter region. 

BTC: Bisulfite treated clone DNA sample; BNT: Bisulfite non-treated DNA sample. C: methylated; C:  CCTGG, 

second C methylated. 

 

 

Figure 2D: Bisulfite sequencing of the representative clone T1F1-5 shows the dcm pattern (CmCTGGTCTGG, 

212-216n and 404-408n). 

 

 

 

 
 

                                          

 

 

 

 
 

       



 

Figure 2E: Methylation status in the CMV promoter region in the E.coli DH5- (dcm+) and E.coli 

INV110 (dcm-) clones transformed with pAdtrackcmv-GFP plasmid.  : CpG, C methylated;  :  

CpG, C non-methylated;  :  CpN (CpA, CpC, CpT), C methylated;  :  CpN (CpA, CpC, CpT), C non-

methylated;   :  CCTGG, second C methylated;  ::  CCTGG, second C non-methylated. 



Figure 3: The methylation at CCW(A/T)GG sequence in the eukaryotic viral genome. 

 

 HCMVIE1promoter     1 CTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCC 

 HCMV-AD169          1 CTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCC 

 HHPV5-AD169         1 CTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCC 

 HHPV5-Town          1 CTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCC 

 HHPV5-Merlin        1 CTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCC 

 Rhesuscmv-681       1 C----------------------------------------CGCCC----ATTGA----- 

 Chimpanzeecmv       1 ------------------------------------------------------------ 

 Cercopithecine-HPV  1 C----------------------------------------CGCCC----ATTGA----- 

 SimiancmvIE94       1 ------------------------------------------------------------ 

 Stealthvirus-1      1 ------------------------------------------------------------ 

 Consensus             ............................................................                  

 

                       

 HCMVIE1promoter    61 GCGTTACATAACTT-ACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCA 

 HCMV-AD169         61 GCGTTACATAACTT-ACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCA 

 HHPV5-AD16         61 GCGTTACATAACTT-ACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCA 

 HHPV5-Town         61 GCGTTACATAACTT-ACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCA 

 HHPV5-Merlin       61 GCGTTACATAACTT-ACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCA 

 Rhesuscmv-681      12 -----------CGT----GTATA-GGACC-------------------------ACCCCA 

 Chimpanzeecmv       1 -------------TGAC--TA-ATGG---------------------------------- 

 Cercopithecine-HPV 12 -----------CGT----GTATA-GGACC-------------------G------TCCCA 

 SimiancmvIE94       1 ---TGACGTCAATT-ACGGTAAATGGCCCGCCTGGCTCAATGCCCATTG----------- 

 Stealthvirus-1      1 ---TGACGTCAATT-ACGGTAAATGGCCCGCCTGGCTCAATGCCCA-------------- 

 Consensus             .............+ ++.+++.++++.++............................... 

 

                       

 HCMVIE1promoter   120 TTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGT 

 HCMV-AD169        120 TTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGT 

 HHPV5-AD16        120 TTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGT 

 HHPV5-Town        120 TTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGT 

 HHPV5-Merlin      120 TTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGT 

 Rhesuscmv-681      31 TTGACGTC------------------AATAGGCCCACC----------TCCCATTGACGT 

 Chimpanzeecmv      11 --GACTTT-----------------CCATAATCCCGCC------------CCATTGACGT 

 Cercopithecine-HPV 31 TTGACGTC------------------AATAGGCCCACC----------TCCCATTGACGT 

 SimiancmvIE94      46 ---ACGTC------------------AATAGGACCACC----------CACCATTGACGT 

 Stealthvirus-1     43 TTGACGTC------------------AATAGGACCACC----------CACCATTGACGT 

 Consensus             ++++++++...................++++...+.++............++++++++++ 

 

                       

 HCMVIE1promoter   180 CAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATG 

 HCMV-AD169        180 CAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATG 

 HHPV5-AD16        180 CAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATG 

 HHPV5-Town        180 CAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATG 

 HHPV5-Merlin      180 CAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATG 

 Rhesuscmv-681      63 CAATGGGGTGGCCCATTGC----------CCA--------------------------TT 

 Chimpanzeecmv      40 CAATGG------------------------------------------------------ 

 Cercopithecine-HPV 63 CAATGGGGTGGCCCATTGC----------CCA--------------------------TT 

 SimiancmvIE94      75 CAATGGGATGGCTCATTGC----------CCA--------------------TTCATATC 

 Stealthvirus-1     75 CAATGGAATGGCTCATTGC----------CCA--------------------TTCATATC 

 Consensus             ++++++...+.....++.+..........+++..........................+. 

 

                       

 HCMVIE1promoter   240 CCAAGT-ACG-CCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCC 

 HCMV-AD169        240 CCAAGT-ACG-CCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCC 

 HHPV5-AD16        240 CCAAGT-ACG-CCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCC 

 HHPV5-Town        240 CCAAGT-CCG-CCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCC 

 HHPV5-Merlin      240 CCAAGT-ACG-CCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCC 

 Rhesuscmv-681      87 CC----CACG-CCCCCTATTGACGTCAATGACGGTAAATGGCCCACTTGGCAGTACATCA 

 Chimpanzeecmv      46 ---------GCATCCGTTCTGGCACCAA--------AAT-----GAATGGGA--ATTTCC 

 Cercopithecine-HPV 87 CC----CACG-CCCCCTATTGACGTCAATGACGGTAAATGGCCCACTTGGCAGTACATCA 

 SimiancmvIE94     105 CGTTCTCACG-CCCCCTATTGACGTCAATGACGGTAAATGGCCCACTTGGCAGTACATCA 

 Stealthvirus-1    105 CGTTCTCACGCCCCCCTATTGACGTCAATGACGGTAAATGGCCCACTTGGCAGTACATCA 

 Consensus             +.......++.+++++++++++++++++++++++++++++++++.+.+++++.++...+. 

 

                       

 HCMVIE1promoter   298 AGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACAT-CTACGTATTAGTCATCGCT 

 HCMV-AD169        298 AGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACAT-CTACGTATTAGTCATCGCT 

 HHPV5-AD16        298 AGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACAT-CTACGTATTAGTCATCGCT 

 HHPV5-Town        298 AGTACATGACCTTACGGGACTTTCCTACTTGGCAGTACAT-CTACGTATTAGTCATCGCT 

 HHPV5-Merlin      298 AGTACATGACCTTACGGGACTTTCCTACTTGGCAGTACAT-CTACGTATTAGTCATCGCT 

 Rhesuscmv-681     142 ATACCTATTAATAGTAACTTGGCAAGTAAATG-GGTACTTGGCAGTACACCAAGGTACAT 

 Chimpanzeecmv      82 AATATGAGTCAT------------------------------------------------ 

 Cercopithecine-HPV142 ATACCTATTAATAGTAACTTGGCAAGTAAATG-AGTACTTGGCAGTACACCAAGGTACAT 

 SimiancmvIE94     164 ATATCTATTAATAGTAACTTGGCAAGTACATT-ACTATTG-GAAGTACGCCAGGGTACAT 

 Stealthvirus-1    165 ATATCTATTAATAGTAACTTGGCAAGTACATT-ACTATTG-GAAGTACGCCAGGGTACAT 

 Consensus             +...+......+.......................++......+...........+...+ 



Transcription                    Binding sequence                            Regulated gene                   Regulated gene                    Species  

Factor                                                                                                                                  on chromosome 

 

NFKB1                             AGTAGGGTTTTCCCCAGGA         Cxc19                  5                                 Mouse 

BCL6                           CCAGGGAGTGACTTTCCGA-       BCL2L1               20                            Human 

                                     GGAAGGCATTTCGGAGAAG- 

      ACGGGGGT 

POU2F1( OCT1,   CGCCCTCCGGGCTCAATATG- LYN                     8   Human 

OTF1)   CAAATCCGAGCACCAGGAA- 

       GTAGCTGG 

E2F1   CTCGTGGCGCCCCAGGG  CYC1      8   Human 

ESR1,ESR2     CACCAGGTGGCCCTGACCC-     C3      1 9   Human 

TGGGA 

TFAP2A(AP-2,   GAGGCAGACCACGTGAGAG-  CCNB1      5   Human 

AP2TF, TFAP2)(Mus)   CCTGGCCAGGCCTTCC 

Trp53(p53) (Mus)   CTCAGACATGTCTGGAGACC-  Apaf-1,CED4       1    Human 

CTAGGACGACAAGCCCAGG 

Sp1(Mus)    GATTCTTTCCCCGCCCTCCTC- TNF, DIF       6  Human 

TCGCCCCAGGGACA                     CACHECTIN 

TFAP2A, AP-2  CCCCAGGC   CD7       17    Human 

Sp1   TTCCCTTCCTCCGAAACT-  HTR1A       5   Human 

TCCCAGGAGAAGGGCGG- 

AAGACCCCAGGGGAAGG- 

GGCGAGGCGAATCTTCGCG 

E2F-4    CCCGCCAGG   TK1      17   Human 

HIF1A    CTTCACGTGCGGGGACCAG-  ALDOA      16   Human 

GGACCGT 

Sp1    GGAGAGGGCGGGACCAGG-  ALdoc       10   Rat 

ATGGGAGGTGTCTGTCACG- 



CCCCCAGGGAG    

Amt (Mus)    CCTCCAGGCTCTTCTCACGC-  Cyp1a1      8   Rat 

AACTC 

Pparg (Mus)    TCATCCCAGGGCAAAGTACA  Slc2a2       2   Rat 

Egr1 (Mus)    ACCAGTCCTGGGGAGAGGG-   ALdoc      10     Rat 

CGGGACCAGGA 

STAT5B    GGGCAGTTCCAGGAATCGG-  Scos3       11   Mouse 

GGGGC 

STAT3    TCTTGACGTCACGCACTGCC-  Stat3      11  Mouse 

 AGGAACT 

Nfic (Mus)   TTCCAAATTGGGGGCCGGG-  Colla1       11              Mouse 

                         CCAGGCA 

Tcfap2a (Mus)                GGGCCAGGTGACCT                     Hgf                       5                     Mouse             

Nfic  (Mus)                     ATTGCAGCTGGCCTCGGG-                                                                    Mouse 

Pparg, Usf1   CCAGGTGACCTTT                         Hgf      5 

Ets1, Tpl1, (Mus)  GCGTCCAGGAAGCCTG           Timp1                                 X                         Mouse 

Ets-1, MGC18571,  

p42Ets-1,p51Ets-1  

 

Figure 4: Transcription factors involved in the interaction with CCAGG sequence and the corresponding regulated 

genes. 

Transcription      Binding sequence                        Regulated gene        Regulated gene    Species  

Factor                                                                                                             on chromosome 

 

H1F1A   TGGCCAGACGTGCCTGG-  BHLHB2  3              Human 

AGTCACAGGGTAG 

WT1  GGAAGGTCCGCCCTCTC-  FOXD1   5              Human 

    CTGGACTC 



TP53   TCACAAGTTAGAGACAA-   BAX  19              Human 

GCCTGGGCGTGGGCTAT- 

ATTG 

STAT1   ACTTCCTGGAAAT  CCL2   17              Human 

Cebpa (Rat)  GACCTTTTGCAATCCTGG  APOB  2              Human 

Egr1 (Mus)  TGCCTTCGCCCCCGCCTG-  SYN1   X              Human 

GCGG 

TFAP2A  GAGGCAGACCACGTGAG-  CCNB1   5             Human      

    AGCCTGGCCAGGCCTTCC 

E2F-4  CCTGGCGCCCAC   MTHFR   1              Human 

Sp1  CCTGGCTCCTCCCCTCCT-  PSEN1   14              Human 

CCG 

ESR1   CACCAGGTGGCCCTGAC-  C3  19              Human 

CCTGGGA CACCAGGTG- 

GCCCTGACCCTGGGA 

RARA   CCAGGGCTTGCCCTGGG-  SFTPB   2              Human 

TTAAGAGCC 

Sp1 (Mus)  TTCTGGGCGGAAACTTCC-  Tnfsf6   1  Mouse 

TGGG 

Egr1   ACCAGTCCTGGGGAGAGG-  Aldoc   10   Rat 

GCGGGACCAGGA 

CREB1   GAGGGGCTTTGACGTCAG-  Th  1   Rat 

CCTGGCC 

Figure 5: Transcription factors involved in the interaction with CCTGG sequence and the corresponding regulated 

genes. 
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