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a b s t r a c t

The DNA repair enzyme O6-methylguanine DNA methyltransferase (MGMT) protects cells

against the cytotoxic effects of alkylating agents. Therefore, modulation of MGMT expres-

sion in tumors is a possible strategy for improving the efficiency of cancer therapy. MGMT

expression and activity is lost frequently in association with DNA hypermethylation of the

MGMT promoter region. Since DNA and mRNA methylation are controlled by intracellular S-

adenosylmethionine (AdoMet) and S-adenosylhomocysteine (AdoHcy) levels, we hypothe-

sized a role for AdoMet/AdoHcy ratio in the regulation of MGMT promoter methylation and

mRNA expression.

Our initial studies showed that AdoMet/AdoHcy ratios vary over a wide range (7.0–50) in

different glioblastoma and hepatoma cell lines. The studied cell lines exhibit distinct MGMT

promoter methylation patterns: MGMT promoter was completely unmethylated in LN-18

and Tu 132 cells, hypermethylated in LN-229, U87-MG, and Tu 113 cells, and partially

methylated in HepG2 cells. Furthermore, MGMT promoter methylation patterns and global

DNA methylation are not related to intracellular AdoMet/AdoHcy ratio under control

conditions. To lower AdoMet/AdoHcy ratio to values<1 we used AdoHcy hydrolase inhibitor

adenosine-20,30-dialdehyde (30 mM) and found that neither short-term (24 h) nor long-term

changes (7 weeks) in AdoMet/AdoHcy ratio altered global or MGMT promoter methylation.

However, experimentally elevated AdoHcy levels significantly decreased MGMT mRNA

levels by>50% in all MGMT-expressing cell lines, which is most likely the result of impaired

mRNA methylation. Thus, the present study suggests elevation of AdoHcy levels by AdoHcy

hydrolase inhibition as a novel pharmacological approach to modulate MGMT expression
esponsiveness to alkylating agents.
and to increase the r
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1. Introduction

Alkylating agents are among the most widely used che-

motherapeutic drugs in the treatment of human cancer.
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methyltransferase (MGMT). MGMT exerts its protective effect

by transferring small alkyl adducts, such as methyl groups,

from the O6 atom of guanine in DNA to an internal cysteine

residue, with concomitant inactivation of the methyltransfer-

ase activity [1]. Thus, MGMT activity is a major mechanism of

resistance to alkylating drugs [2] and the modulation of MGMT

expression in tumors and normal tissue is currently being

investigated as a possible strategy for improving cancer

therapy [3].

MGMT is expressed in all normal human cells, however,

MGMT levels vary widely between different species and

tissues [4,5]. In humans, liver contains the highest level of

MGMT activity [4]. In certain human cancer, MGMT function is

lost frequently and this event may be an important step in

human tumorigenesis [6,7]. For example, 30% of gliomas [8,9]

and 39% of hepatocellular carcinomas [10] lack MGMT. Cells

deficient in the MGMT protein are not able to reverse the

formation of adducts at the O6 position. Therefore, MGMT-

deficient cells are sensitive to chemotherapeutic alkylating

agents [11], whereas cells with high MGMT activity are

resistant to alkylating agents.

Loss of expression is rarely due to deletion, mutation, or

rearrangement of the MGMT gene, but epigenetic changes,

specifically promoter-region methylation, have been asso-

ciated with the silencing of the gene. Methylation of CpG

sequences in both promoter and neighboring regions of the

MGMT gene results in an inactive condensed chromatin state

of the gene [12,13]. Therefore, CpG island hypermethylation of

MGMT causes reduced MGMT expression and activity and is a

good predictive marker for chemotherapy with alkylating

agents [7,14,15]. For instance, Hegi et al. [14] have recently

shown that epigenetic silencing of MGMT is associated with

longer survival in patients with glioblastoma who receive

alkylating agents.

Abnormal patterns of DNA methylation are hallmarks of

most malignancies: global DNA hypomethylation is accom-

panied by region-specific hypermethylation [16,17]. However,

to date it is not clear why the promoter of MGMT and other

tumor suppressor genes becomes hypermethylated during

tumorigenesis [18]. The process of DNA methylation is

mediated by at least three DNA methyltransferases (DNMT1,

DNMT3a, and DNMT3b) that catalyze the transfer of a methyl

group from S-adenosylmethionine (AdoMet, methyl donor) to

cytosine bases in DNA [19]. After transfer of the methyl group,

AdoMet is converted to S-adenosylhomocysteine (AdoHcy),

which is a potent product inhibitor of most, if not all, AdoMet-

dependent methyltransferases [20]. In recent years, the ratio

of AdoMet and AdoHcy, also termed methylation potential,

has been used frequently as an indicator of cellular methyla-

tion capacity [21]. Increased AdoMet concentration stimulates

DNMT reactions and inhibits intracellular demethylase

activity, which results in DNA hypermethylation [22,23],

whereas, elevation of intracellular AdoHcy concentration

leads to inhibition of DNMTs, DNA hypomethylation, and

decreases overall mRNA methylation [24–26]. Since AdoHcy

levels are controlled by AdoHcy hydrolase, AdoHcy hydrolase

activity might also contribute to the regulation of DNA and

mRNA methylation [27].

Based on these previous results, we wanted to analyze

whether the AdoMet/AdoHcy ratio and AdoHcy hydrolase
activity under control conditions are related to MGMT

methylation patterns and whether an experimentally altered

AdoMet/AdoHcy ratio might influence MGMT promoter

hypermethylation and global DNA methylation in glioblas-

toma and hepatoma cell lines. Since a decreased AdoMet/

AdoHcy ratio leads to impaired mRNA methylation [25], we

hypothesized that inhibition of AdoHcy hydrolase decreases

MGMT mRNA expression. Pharmacological inhibition of

MGMT expression (caused by MGMT promoter hypermethyla-

tion or reduced mRNA methylation) could thus be used as a

novel therapeutic approach to increase the responsiveness to

temozolomide and other alkylating agents.
2. Materials and methods

2.1. Materials

The human malignant glioma cell lines LN-18, LN-229, U87-

MG, Tu 113, Tu 132 were kindly provided by PD Dr. Naumann

(Hertie Institute for Clinical Brain Research, University of

Tübingen, Germany). The human hepatoblastoma cell line

HepG2 [28,29] was purchased from the German Collection of

Microorganisms and Cell Cultures (DSMZ Braunschweig,

Germany). RPMI 1640, newborn calf serum (NCS), 0.05%

trypsin:0.02% EDTA, Dulbecco’s phosphate buffered saline

(PBS), and penicillin (100 U/ml)/streptomycin (100 mg/ml) were

provided by Invitrogen (Karlsruhe, Germany). DMEM was

obtained from Cambrex (Vervier, Belgium) and fetal calf serum

(FCS) from Biochrom (Berlin, Germany). AdoMet, AdoHcy,

adenosine, N6-methyladenosine, nucleoside phosphorylase,

adenosine-20,30-dialdehyde (Adox), and ammonium phos-

phate were obtained from Sigma (Taufkirchen, Germany).

Adenosine deaminase and xanthine oxidase were purchased

from Roche (Mannheim, Germany), AMP, ADP, and ATP from

Boehringer (Mannheim, Germany), heptanesulfonic acid

sodium salt from Fluka (Buchs SG, Switzerland). HPLC grade

methanol and acetonitrile were from Merck (Darmstadt,

Germany).

2.2. Cell culture

Glioma cell lines were cultured in DMEM supplemented with

10% ‘‘heat-inactivated’’ (58 8C, 1 h) FCS, 100 U/ml penicillin,

and 100 mg/ml streptomycin. HepG2 cells were cultured in

RPMI 1640 containing glutamine supplemented with 10%

‘‘heat-inactivated’’ NCS, 100 U/ml penicillin, and 100 mg/ml

streptomycin. All cell lines were grown in a humidified

atmosphere containing 5% CO2 at 37 8C and subcultured at a

split ratio of 1:4 once or twice a week using trypsin/EDTA. In

order to change the AdoMet/AdoHcy ratio, cells were rinsed

with PBS and incubated with AdoHcy hydrolase inhibitor Adox

(30 mM) diluted in medium supplemented with calf serum.

2.3. Metabolite measurement

AdoMet, AdoHcy, adenosine, AMP, ADP, and ATP concentra-

tion in different cell lines was measured in perchloric acid cell

extracts. Culture medium was removed, cells were rinsed with

PBS, immediately lysed in pre-cooled 0.6 M perchloric acid in



Table 1 – The primer sequences used in this study

Gene Primer sequences (F, forward; R, reverse) Product size (bp)

MGMT [13] F: CGA CTT GGT ACT TGG AAA AAT G 702

R: CGC ATC CGA TGC AGT GTT AC

18S rRNA [35] F: CGG CTA CCA CAT CCA AGG AA 187

R: GCT GGA ATT ACC GCG GCT

MGMT unmethylated [7] F: TTT GTG TTT TGA TGT TTG TAG GTT TTT GT 94

R: AAC TCC ACA CTC TTC CAA AAA CAA AAC A

MGMT methylated [7] F: TTT CGA CGT TCG TAG GTT TTC GC 81

R: GCA CTC TTC CGA AAA CGA AAC G
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culture dishes and harvested by scraping. The protein

precipitate was removed by centrifugation (10 min,

20,000 � g) and the supernatant was adjusted to pH 5.5–6.0

by adding 2 M K2CO3/1 M KH2PO4. All samples and standards

were supplemented with 1 mM N6-methyladenosine as inter-

nal standard. The precipitated potassium perchlorate was

discarded after centrifugation at 20,000 � g and the super-

natant was applied onto solid-phase extraction column

(BondElut, ICT, Germany). Elution of the compounds was

performed with 0.1 M HCl and the eluate was analyzed by

HPLC as described previously [30,31]. Absorbance at 254 nm

was monitored, and peaks were identified with authentic

standards. To determine adenine nucleotide concentration

perchloric acid cell extracts were adjusted to pH 8.0 by adding

2 M K2CO3/1 M KH2PO4 and samples were analyzed by HPLC

without prior extraction [31].

Since results were expressed as nanomoles per 1 � 107

cells, cell number was determined using a hemocytometer.

To determine the cell number, culture medium was

removed and cells were rinsed with PBS, harvested by

incubation with trypsin/EDTA and diluted in 15 ml medium

supplemented with calf serum. An aliquot of 100 ml was

then withdrawn for determination of cell number. The

remaining 14.9 ml were centrifuged (200 � g, 10 min) and

processed as described under ‘‘Preparation of total protein and

protein quantification’’.

2.4. Preparation of total protein and protein quantification

The pelleted cells were washed with PBS and homogenized

in potassium phosphate buffer (50 mM, pH 7.0) by sonica-

tion. The homogenate was centrifuged at 20,000 � g for

15 min and supernatant was processed for photometrical

determination of enzyme activity as described below.

The protein concentration was determined according to

the method of Bradford using bovine serum albumin as the

standard.

2.5. Assay of AdoHcy hydrolase activity

AdoHcy hydrolase activity was assayed in the hydrolytic

direction. Briefly, enzymatic activity in crude cell extracts was

measured photometrically in a total volume of 500 ml in 50 mM

potassium phosphate (pH 7.0) at room temperature. The

reaction mixture contained total cell lysate, adenosine

deaminase (1 U), nucleoside phosphorylase (0.09 U), and
xanthine oxidase (0.08 U). Therefore, adenosine generated

by AdoHcy hydrolysis is processed to uric acid, which can be

measured photometrically at 292 nm. The reaction was

started by the addition of 50 mM AdoHcy [32].

2.6. DNA isolation and bisulfite treatment

Genomic DNA was isolated using DNeasy Tissue Kit (Qiagen,

Hilden, Germany). DNA methylation pattern in the CpG island

of the MGMT gene was determined by chemical modification

of unmethylated, but not methylated, cytosines to uracil using

EpiTect Bisulfite Kit (Qiagen, Hilden, Germany) according to

the manufacturer’s instructions. In the subsequent PCR

primers specific for either methylated or the modified

unmethylated DNA were used (Table 1). Lymphocyte DNA

treated in vitro with SssI methyltransferase (New England

Biolabs, Frankfurt am Main, Germany) was used as a positive

control for methylated alleles of MGMT, and DNA from normal

human lymphocytes was used as negative control for

methylated alleles of MGMT.

2.7. RNA isolation and reverse transcription

Total RNA was isolated with Tri-Reagent/Trizol as described

previously [33]. Total cellular RNA was reverse transcribed by

incubating a 20 ml reaction mixture composed of 300 ng of

RNA as template, 1� NH4-reaction buffer for PANScript

Polymerase (PAN, Aidenbach, Germany), 1 mM dNTPs

(Eppendorf, Hamburg, Germany), 0.25 mg random hexamers

(Promega, Mannheim, Germany), 15 U RNase inhibitor

(Eppendorf, Hamburg, Germany), and 12.5 U AMV reverse

transcriptase (PeqLab, Erlangen, Germany) at 20 8C for 10 min

and 42 8C for 1 h. The reaction was then stopped by incubation

at 95 8C for 5 min.

2.8. PCR analysis for MGMT promoter methylation and
MGMT expression

For LightCycler reaction a master mix of the following

reaction components was prepared to the indicated end-

concentration: 12.6 ml H2O, 2.4 ml MgCl2 (4 mM), 0.5 ml forward

primer (0.5 mM), 0.5 ml reverse primer (0.5 mM), and 2.0 ml Fast

Start DNA Master SYBR Green I (Roche Diagnostics, Man-

nheim, Germany). 2 ml cDNA (for expression analysis) or 2 ml

sodium bisulfite-treated DNA (20–60 ng, for methylation-

specific PCR) were added to 18 ml LightCycler master mix as
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PCR template. The primer sequences used in this study are

given in Table 1. The following LightCycler experimental run

protocol was used: denaturation program (95 8C for 10 min),

amplification and quantification program repeated 45 times

(95 8C for 10 s, ‘‘touch down PCR’’ 68–58 8C (MGMT expression

62–52 8C, MGMT promoter methylation with primers specific

for the methylated allele 65–55 8C) with a step size of 0.5 8C/

cycle for 10 s, 72 8C for 16 s (MGMT expression 20 s) with a

single fluorescence measurement), melting curve program

(65–95 8C with a heating rate of 0.1 8C/s and a continuous

fluorescence measurement) and a finally cooling step to 37 8C.

PCR products of promoter methylation analysis were ana-

lyzed by agarose gel electrophoresis. Relative MGMT mRNA

expression was calculated according to a mathematical

model established by Pfaffl [34]. As an example for a non-

regulated reference gene we chose 18S rRNA [35], because

several studies have shown that 18S rRNA is more reliable

than glyceraldehyde-3-phosphate dehydrogenase and beta-

actin as an internal control gene for quantitative comparison

of mRNA expression [36,37]. ‘‘Fit point method’’ was per-

formed in the LightCycler software 3.5.3 (Roche Diagnostics,

Mannheim, Germany).

2.9. Determination of global DNA methylation

Methylation pattern in global DNA was determined using

cytosine extension assay as described previously [25,38]. This

assay provides sensitive and quantitative measurement

across a wide spectrum of DNA methylation densities: 10%

decrease in methylation density results in a significant

increase in [3H]dCTP incorporation [38]. Briefly, genomic

DNA (2 mg) was digested with 20 U HpaII (Fermentas, St.

Leon-Rot, Germany) for 15 h. A second DNA aliquot was

incubated without enzyme and served as background control.

For cytosine extension assay 0.5 mg DNA were incubated with

1� NH4-reaction buffer for PANScript Polymerase, 1 mM

MgCl2, 0.5 U PANScript DNA Polymerase (PAN, Aidenbach,

Germany), and 0.1 ml [3H]dCTP (40–60 Ci/mmol, NEN Life

Science Products, Boston, USA) in a total volume of 25 ml for

1 h at 56 8C. Duplicate 10 ml aliquots from each reaction were

filtered through Whatman DE-81 ion exchange filters and

filters were washed three times with 3 ml 0.5 M sodium

phosphate buffer (pH 7.0). Radioactivity incorporated in DNA

and adsorbed on the filters was determined by liquid

scintillation counting.

2.10. Calculation and statistics

The energy charge (EC) of the adenylate system was calculated

according to Atkinson and Walton [39], defined as

½ATP� þ 0:5½ADP�
½AMP� þ ½ADP� þ ½ATP�

Data were analyzed by Student’s t-test if variability is the

same in each group, because t-test assumes that standard

deviations of two datasets are equal. If variances of two

datasets are significantly different, we used Welch’s alternate

t-test, because this test does not assume equal variances

(InStat). A difference between groups was considered to be

significant when p-value was <0.05.



Fig. 1 – AdoHcy hydrolase activity in different glioma cell

lines and HepG2 cells. Enzyme activity was determined

photometrically in total cell lysates. Data represent

averages W S.E.M. for n = 6–12 experiments.

Fig. 2 – Comparison of the global DNA methylation in

untreated and Adox-treated cells. All glioma cell lines

were incubated with Adox 30 mM for 24 h, whereas, HepG2

cells were cultured in the presence of Adox for 7 weeks.

The degree of global DNA methylation was determined

using cytosine extension assay as described in Section 2.
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3. Results

3.1. Comparison of AdoMet/AdoHcy metabolism in
different glioblastoma cell lines

Based on the hypothesis that AdoMet/AdoHcy ratio might be

involved in the regulation of MGMT promoter methylation and

mRNA expression, we first compared the AdoMet and AdoHcy

tissue content to calculate the AdoMet/AdoHcy ratio under

physiological conditions in different glioma cell lines. HPLC

analysis showed that the intracellular tissue content of

AdoMet, which is a methyl group donor for most biological

methylation reactions, differed moderately among the five

glioma cell lines (Table 2). Lowest AdoMet levels were

observed in LN-229 cells (1.08 nmol/107 cells), highest in Tu

132 cells (3.74 nmol/107 cells). In contrast, the mean content of

AdoHcy, an accurate inverse indicator of DNA methylation

[24,26], strongly differed among the different cell lines. For

instance, Tu 132 cells exhibited 20-fold higher AdoHcy levels

than LN-229 cells. The great differences in intracellular

AdoHcy concentrations lead to various AdoMet/AdoHcy ratios

in different glioma cell lines. LN-229 cells exhibit the highest

AdoMet/AdoHcy ratio (40.9), Tu 132 cells the lowest AdoMet/

AdoHcy ratio (7.0). LN-18, U87-MG, and Tu 113 exhibit an

AdoMet/AdoHcy ratio of 25.0, 15.5, and 13.0, respectively. As

shown previously, in HepG2 cell line, the intracellular

concentration of AdoMet and AdoHcy is 1.76 � 0.1 nmol/107

cells and 0.034 � 0.002 nmol/107 cells, respectively, resulting

in an AdoMet/AdoHcy ratio of 53.4 � 3.3 [25].

3.2. Changes in methylation potential by inhibition of
AdoHcy hydrolase

Alterations in AdoMet/AdoHcy ratio were achieved by AdoHcy

hydrolase inhibitor Adox, which appears to be selective for

AdoHcy hydrolase at low concentrations [40], although it

lowers ribonucleotide reductase activity at high concentra-

tions (630 mM) [41]. As shown in Table 2, administration of

Adox 30 mM resulted in enhanced accumulation of AdoHcy

between 3.7 nmol/107 cells (LN-18 cell line) and 8.4 nmol/107

cells (U87-MG cells). Therefore, the AdoMet/AdoHcy ratio

decreases to values <1 in all investigated cell lines (Table 2).

Since AdoHcy hydrolysis is blocked, adenosine levels decrease

in LN-229, LN-18, Tu 113, and Tu 132 cells. In HepG2 cells,

inhibition of AdoHcy hydrolase also leads to an enhanced

accumulation of intracellular AdoHcy to 2.25 � 0.16 nmol/107

cells, resulting in an AdoMet/AdoHcy ratio of 1.4 [25].

3.3. Enzymatic activity of AdoHcy hydrolase in
glioblastoma cell lines

Since intracellular AdoHcy levels are controlled by AdoHcy

hydrolase, AdoHcy hydrolase activity might also play an

important role in the regulation of genomic and promoter DNA

methylation. As shown in Fig. 1, AdoHcy hydrolase activity

differs among the different glioblastoma cells. Interestingly,

all glioma cell lines showed relative low enzymatic activity

compared to hepatoma cell line HepG2. However, there is no

apparent relationship between AdoHcy levels and AdoHcy

hydrolase activity in crude cell extracts.
3.4. Influence of AdoMet/AdoHcy metabolism on global
DNA methylation

All glioma and hepatoma cell lines showed a similar extent of

[3H]dCTP incorporation into DNA after treatment with the

methyl-sensitive restriction enzyme HpaII under control

conditions. Thus, the number of unmethylated cytosine

residues does not depend on AdoMet/AdoHcy ratio under

physiological conditions. Furthermore, inhibition of AdoHcy

hydrolase for 24 h did not significantly change the extent of

genomic DNA methylation in LN-229, LN-18, U87-MG, Tu 113,
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and Tu 132 cells (Fig. 2). Based on these findings and on our

previous studies showing that administration of Adox for 24 h

did not change global DNA methylation in HepG2 cells [25], we

speculated that long-term changes in AdoMet/AdoHcy ratio

might lead to inhibition of DNA methylation. However, even

inhibition of AdoHcy hydrolase by Adox for 7 weeks did not

significantly change in vitro methyl incorporation into DNA

compared to untreated control in HepG2 cells.

3.5. MGMT promoter hypermethylation in different glioma
and hepatoma cell lines

DNA obtained from all cell lines was subjected to MGMT

promoter methylation study using methylation-specific PCR.

The region chosen for MGMT spans the area of greatest CpG

density immediately 50 to the transcription start site, in an

area previously found to be hypermethylated in cell lines

where MGMT expression is silenced [42,43]. To determine the

correctness of our method, untreated DNA from human

lymphocytes and lymphocyte DNA in vitro treated with SssI

methyltransferase were used as negative control and

positive control for methylated alleles of MGMT. As expected,

MGMT promoter in normal lymphocytes was completely

unmethylated, whereas, SssI treatment resulted in a com-

pletely methylated MGMT promoter (Fig. 3). Measuring

MGMT promoter methylation in different glioma and

hepatoma cell lines revealed a hypermethylated MGMT

promoter in LN-229, U87-MG, and Tu 113 cell lines, whereas

the promoter was completely unmethylated in LN-18 and Tu

132 cells. In HepG2 cells, unlike all glioma cell lines that were

either completely methylated or completely unmethylated

in this region of MGMT CpG island, amplification of the

MGMT promoter was observed in the unmethylated and in

the methylated reaction (Fig. 3), suggesting that the MGMT

promoter in HepG2 cells is partially hypermethylated.

Elevation in AdoHcy levels, which is a potent inhibitor of

DNMTs, did not result in MGMT promoter hypomethylation

(Fig. 3). Notably, even treatment of HepG2 cells with Adox for

7 weeks did not result in pharmacological reversal of MGMT

promoter hypermethylation.

3.6. Expression of MGMT in the different cell lines

SinceMGMTpromoter methylation status is an indicator of the

transcriptional activity of the gene in glioma cells, we

hypothesized that MGMT mRNA is detectable in LN-18, Tu

132, and HepG2 cells. In fact, reverse transcription-polymerase

chain reaction (RT-PCR) analysis revealed presence of MGMT

transcripts in these three cell lines, but absence of MGMT

mRNA in LN-229, U87-MG, and Tu 113 cells. Although the

above findings clearly show that Adox does not change MGMT

promoter methylation, we explored the possibility that Adox

reduces MGMT mRNA expression, since previous studies have

clearly shown that inhibitors of AdoHcy hydrolase interfere

with mRNA methylation and alter mRNA expression [44,25].

Real-time RT-PCR analysis showed that inhibition of AdoHcy

hydrolase by Adox significantly decreases MGMT mRNA levels

by approximately 50% in HepG2, LN-18, and Tu 132 cells (Fig. 4).

A decrease in MGMT mRNA expression was also observed

when these cell lines were incubated with adenosine plus
homocysteine or adenosine plus pentostatin, which are also

known to decrease AdoMet/AdoHcy ratio by elevating AdoHcy

levels [44,25].

3.7. Energy metabolism in different glioma cells

To determine whether changes in energy metabolism are

involved in the regulation of MGMT mRNA expression, we next

measured AMP, ADP, and ATP concentrations in control and

Adox-treated cells. Under control conditions, all investigated

cell lines exhibit an EC between 0.8 and 1.0 (Table 2). Inhibition

of AdoHcy hydrolase only slightly increased or decreased EC

depending on the cell line examined.
4. Discussion

MGMT is a major determinant of susceptibility to methylating

carcinogens and the tumor resistance to anticancer methylat-

ing and chloroethylating drugs [45]. Therefore, the modulation

of MGMT expression in tumors and normal tissue is currently

being investigated as a possible strategy for improving cancer

therapy [3]. MGMT expression and activity is lost frequently in

association with DNA hypermethylation of the MGMT pro-

moter region in several human tumors including colon and

lung cancers, gliomas, lymphomas, and hepatocellular carci-

nomas [5,6,46,47,8]. The mechanisms responsible for eliciting

promoter hypermethylation are not well understood [18].

Since the ratio of AdoMet and AdoHcy has been used

frequently as an indicator for cellular methylation status,

we pursued if the AdoMet/AdoHcy ratio and AdoHcy hydrolase

activity are related to MGMT methylation patterns in glio-

blastoma and hepatoma cell lines. Furthermore, we examined

if alterations in AdoMet/AdoHcy ratio might influence MGMT

promoter methylation, MGMT expression and thus, sensitivity

to alkylating agents.

Determination of AdoMet/AdoHcy ratio in different glioma

cell lines is consistent with earlier studies showing that the

AdoMet/AdoHcy ratio greatly varies among different cell lines

[31] and that values between 5 and 80 are consistent with

physiological cell function [48–51]. Although previous studies

showed that AdoHcy hydrolase controls intracellular AdoHcy

levels [52,27] in our study intracellular AdoHcy levels did not

correlate with AdoHcy hydrolase activity in the different

glioblastoma cell lines. However, adenosine acts as a substrate

and an inhibitor of AdoHcy hydrolase [32], suggesting that

high AdoHcy levels, for instance in Tu 113 and Tu 132 cells,

might be the result of high intracellular adenosine levels

(Table 2). Furthermore, we are aware of the fact that the

utilization of a cell culture model does not necessarily reflect

physiological conditions.

Since the AdoMet/AdoHcy ratios vary over a wide range,

these glioblastoma cell lines are a valuable tool to study the

impact of differences in AdoMet/AdoHcy ratio on global DNA

and MGMT promoter methylation under control conditions. In

addition, we studied DNA methylation patterns in HepG2 cells,

because this cell line exhibits an AdoMet/AdoHcy ratio >50

[31,53,25]. Despite the great differences in AdoMet/AdoHcy

ratios in vitro methyl incorporation into DNA was similar in all

glioblastoma and hepatoma cell lines showing that genomic



Fig. 3 – Influence of AdoHcy hydrolase inhibition on MGMT promoter methylation in the different cell lines. Bisulfite-treated

DNA was used for PCR amplification using primer sets designed for methylated and unmethylated MGMT promoter. The

PCR products were analyzed by agarose gel electrophoresis. The presence of a visible PCR product in lane U indicates the

presence of unmethylated genes of MGMT; the presence of product in lane M indicates the presence of methylated genes.

Lengths of the different PCR products are: 94 bp (unmethylated promoter) and 81 bp (methylated promoter). DNA from

human lymphocytes (HL) served as a negative control for MGMT methylation; lymphocyte DNA methylated in vitro with

SssI methyltransferase (HL M) served as a positive control for MGMT promoter methylation.
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DNA is methylated to the same extent in all cell lines under

physiological conditions. In addition, MGMT promoter methy-

lation does not seem to depend on intracellular AdoMet/

AdoHcy ratio. For example, LN-18 cells exhibit a completely

unmethylated MGMT promoter although LN-18 cells show low

AdoHcy levels, suggesting that AdoHcy does not inhibit

DNMTs. In contrast, MGMT promoter is hypermethylated in

LN-229, U87-MG, and Tu 113 cell lines although the AdoMet/

AdoHcy ratio greatly varies among these cell lines. Intrigu-
ingly, MGMT promoter was partially methylated in HepG2

cells, although Zhang et al. showed that this cell line exhibits a

completely unmethylated promoter [10]. In view of this finding

and the fact that other studies showed that CpG islands of

genes that are nonessential in culture (e.g. the erythropoietin

gene in HepG2 cells) become methylated after multiple rounds

of passaging [54,55], it seems likely that the MGMT promoter

methylation observed in HepG2 cells in the present study is

caused by de novo methylation. Taken together, these data



Fig. 4 – Relative amounts of MGMT mRNA levels in LN-18 (A), Tu 132 (B), and HepG2 cells (C). The different cell lines were

cultured for 24 h in the presence of Adox, adenosine plus homocysteine (Ado + Hcy, each 1 mM), or adenosine (Ado, 1 mM)

plus pentostatin (1 mM). The relative expression level was determined by real-time-RT-PCR and calculated according to Pfaffl

[34]. The expression of 18S rRNA served as internal standard. Data are mean W S.E.M. for 3–9 determinations. *p < 0.05

versus control.
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clearly show that AdoMet/AdoHcy ratio is not causally related

to MGMT promoter hypermethylation and global DNA methy-

lation under cell culture conditions.

Based on these results, we hypothesized that an experi-

mentally altered AdoMet/AdoHcy ratio might influence MGMT

promoter methylation, global DNA methylation, and MGMT

expression. A pharmacological approach (AdoHcy hydrolase

inhibition), allowed us to decrease AdoMet/AdoHcy ratio in

glioblastoma cell lines. We chose Adox as AdoHcy hydrolase

inhibitor, because it appears to be selective for AdoHcy

hydrolase at low concentrations [25,40]. Consistent with our

previous studies in HepG2 cells [44], Adox increases AdoHcy

levels and decreases AdoMet/AdoHcy ratio to values <1

without affecting EC in the glioblastoma cell lines. Concep-

tually, increases in intracellular AdoHcy levels result in

impaired transmethylation activity because AdoHcy is a

potent inhibitor of most, if not all, AdoMet-dependent
methyltransferases [56,48,57]. However, our data show that

global DNA methylation and MGMT promoter methylation are

not influenced by short-term alterations (24 h) in AdoMet/

AdoHcy ratio in the different glioma and hepatoma cell lines

although the AdoMet/AdoHcy ratio is reduced about >90%.

Similar results showed the induction of acute hyperho-

mocysteinemia in healthy male volunteers: Acute elevation of

total homocysteine is not sufficient to induce DNA hypo-

methylation in lymphocytes [58]. This observation is not

surprising since DNA methylation occurs concurrently with

replication during S-phase of cell cycle [59] and indicates that

epigenetic mechanisms follow a slow time course. Therefore,

we next investigated if long-term (7 weeks) alterations in

AdoMet/AdoHcy ratio change the global DNA methylation or

the MGMT promoter methylation. We chose HepG2 cells as an

experimental model, because our previous studies have

shown that these cells are viable in the presence of Adox
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for several weeks (unpublished data). As shown in Figs. 2 and 3

also long-term inhibition of AdoHcy hydrolase did not change

DNA methylation pattern, suggesting that AdoHcy levels are

not sufficient to inhibit DNMTs to a significant extent in our

cell culture model. This is a surprising finding considering that

AdoHcy is a potent inhibitor of DNMTs and intracellular

AdoHcy levels have recently been shown to be an accurate

predictor of genomic DNA hypomethylation [24,26]. One

explanation for the lack of correlation between intracellular

AdoHcy levels and DNA methylation is that lowering AdoMet/

AdoHcy reduces the rate of DNA methylation by DNMT, but

not, over the time course of our experiments, the overall

extent of DNA methylation. Another explanation is that a

possible compensatory up-regulation of DNMTs might have

offset the inhibitory effect of AdoHcy. In this regard, combined

methyl deficiency has been shown to up-regulate DNMT

activity in rat liver [60–63]. Moreover, recent studies showed

that leukocyte DNA is hypermethylated in three patients with

AdoHcy hydrolase deficiency, despite enormously increased

AdoHcy levels [64–66] and DNA hypomethylation due to

elevated AdoHcy levels seems to be tissue-specific [67]. Taken

together, these studies and the results from our present study

strongly suggest, that regulation of DNA methylation is a

complex phenomenon and neither short-term nor long-term

alterations in AdoHcy levels inevitably lead to changes in DNA

methylation. A very recent study analyzing the relationship

between the pattern of MGMT promoter methylation and

MGMT protein expression in colorectal cancer showed that

extensive promoter methylation (including the Mp and Eh

region) is required for the resultant loss/reduction of MGMT

expression [68]. In light of this study it would be very

interesting to investigate the effect of AdoMet/AdoHcy ratio

on the specific patterns of MGMT promoter methylation in

further studies.

Gene expression analysis showed that MGMT mRNA was

only detectable in LN-18, Tu 132, and HepG2, which showed

an unmethylated (LN-18, Tu 132) or partially hypermethy-

lated (HepG2) MGMT promoter. Consistent with previous

studies, methylation of discrete regions of the MGMT

promoter in LN-229, Tu 113, and U87-MG cells was associated

with the silencing of the gene in these cell lines [69,42,43].

Based on previous studies showing that increased AdoHcy

levels are associated with reduced mRNA methylation and

differential mRNA expression in HepG2 cells [44,25], we

hypothesized that an experimentally altered AdoMet/

AdoHcy ratio might influence MGMT expression although

MGMT promoter methylation is not affected. In fact, inhibi-

tion of AdoHcy hydrolase by Adox resulted in decreased

MGMT mRNA levels. Interestingly, co-incubation with ade-

nosine plus homocysteine or adenosine plus pentostatin also

decreased MGMT expression in all MGMT-expressing cell

lines. This result suggests that impaired MGMT mRNA levels

are caused by elevated AdoHcy levels, because the simulta-

neous addition of adenosine and homocysteine or adenosine

and pentostatin elevates AdoHcy levels to a similar extent like

the AdoHcy hydrolase inhibitor Adox [44,25,70,71]. Since

elevated AdoHcy levels result in uncapped mRNA, lowered

MGMT mRNA levels are probably due to decreased stability of

the respective mRNA [72,73], because uncapped mRNAs are

degraded by 50–30-exoribonuclease before translation takes
place [72,74]. This hypothesis is supported by studies in

Xenopus laevis showing that inhibitors of AdoHcy hydrolase

interfere with mRNA methylation and elongation of poly(A)+

RNA [75,76].

In summary, the present study demonstrates that the

AdoMet/AdoHcy ratio and AdoHcy hydrolase activity are not

related to MGMT methylation patterns under control condi-

tions in different glioma and hepatoma cell lines. Moreover,

neither short-term nor long-term inhibition of AdoHcy

hydrolase, resulting in alterations in AdoMet/AdoHcy levels,

influenced global DNA methylation or MGMT promoter

methylation. However, changes in AdoMet/AdoHcy ratio

achieved by inhibition of AdoHcy hydrolase or induction of

AdoHcy synthesis by administration of adenosine plus

homocysteine significantly decreased MGMT mRNA levels in

all MGMT-expressing glioma and hepatoma cell lines. Based

on previous studies showing that MGMT mRNA levels in

human tumor cells correlate with MGMT activity [77] and the

observation that glioblastoma patients with low MGMT

activity survived better after therapy with alkylating agents

than patients expressing high MGMT levels in the tumor [3],

we suggest that inhibition of MGMT expression by alterations

in AdoMet/AdoHcy ratio could be used as a novel pharmaco-

logical strategy to improve the responsiveness to temozolo-

mide and other alkylating agents.
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