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Abstract

The mechanism whereby the DNA repair protein O@-methylguaalne
DNA methyltransferase (MGMT) is silenced in repair-deficient (Mer)
human tumor cells is unknown. The role of methylation of the 5' CpG
island in MGMT gene suppression is controversial. Although we previ
ously showed by restriction enzyme analysis that CpG methylatlon in this
region was associated with gene suppression, methylation at such sites was
generally Incomplete, suggesting heterogeneity. To clarify this issue, we
have unequivocally defined the methylation status of every CpG by
genomic sequencing ofindividual cloned copies of bisulfite-modified DNA.
The region from â€”249to +259 at the transcription start site was virtually
methylation free in HT29 cells (Mer@),whereas in BE or HeLa S3 cells
(Mer), this region was substantially metbylated in every DNA copy, with
â€œhotspotsâ€•from â€”249to â€”103and from +107 to +196. Up-regulation of
MGMT In HeLa S3 cells Induced by 5-azacytidine was accompanied by
progressive demethylation and the appearance of totally unmethylated
copies of DNA. We conclude that, in Mer cells, the MGMT promoter
contains specific CpG methylation hot spots that are tightly linked to and

are potential markers of gene silencing.

Introduction

MGMT3 is a DNA repair enzyme that protects cells against the
carcinogenic and cytotoxic effects of alkylating agents by removing
adducts from the 06 position of guanine in DNA and irreversibly
transferring them to an active cysteine within its own sequence (1â€”3).
Cellular sensitivity to agents that produce 06-guanine adducts is
therefore frequently proportional to their MGMT content. Normal
human tissues and most tumors (termed Mer@) have characteristic
levels of constitutively regulated MGMT. However, in a subset of
tumor cells (termed Mer), MGMT expression is silenced, and such
tumor cells are generally hypersensitive to bifunctional therapeutic
alkylating agents exemplified by the chloroethylnitrosoureas [e.g.,
1,3-bis(2-chloroethyl)- I-nitrosourea]. Mer cells lack both MGMT
protein and mRNA; however, the gene is neither deleted nor grossly
rearranged (4â€”7).On the basis of evidence that the mRNA is not
unstable (8), it appears that the absence of MGMT mRNA in Mer
cells arises from a lack of transcription.

The mechanism of MGMT silencing in Mer cells is unknown.
Similar to many housekeeping genes, the MGMT gene promoter lacks
TATA and CAAT boxes (9) and contains a CpG island with six
putative Spl recognition sites. Reporter gene experiments indicated
that Mer do not lack necessary trans-acting factors, suggesting that
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gene silencing is due to cis-acting factors, such as CpG methylation
(10). Consistent with this notion, in vitro methylation of a 1.2-kb
MGMT 5' flanking fragment suppressed its promoter activity in

chloramphemcol acetyltransferase reporter gene experiments (1 1).
Determination of CpG methylation in genomic DNA from Mer@ and
Mer cells by using commonly used methylation-sensitive restriction
enzymes (e.g. , HpaII) was inconclusive due to the presence of very
many such restriction sites in the promoter region (12). Examination
of rarely occurring methylation sensitive restriction sites (SmaI, AvaI,
BssHII, HaeH, and XhoI) indicated a correlation between gene silenc
ing and methylation in a localized 5' region; however, methylation at
any given site was generally incomplete, suggesting heterogeneity in
DNA from a pooled population of cells (13). We have also previously
reported that in a Mer cell line treated with 5-azacytidine, up
regulation of MGMT expression occurred concomitant with SmaI site
demethylation, suggesting a causal relationship between methylation
and MGMT suppression (14). In the present study, to investigate the
basis for incomplete methylation of CpGs in the MGMT promoter
region in Mer cells, we used a bisulfite-modified DNA genomic
sequencing method to unequivocally define the methylation status of
every CpG in cloned individual copies of DNA. We also monitored
changes in the pattern of CpG methylation following up-regulation of

the MGMT expression in 5-azacytidine-treated HeLa 53 (Mer) cells.

Materials and Methods

Cell Lines. The human cervical tumor cell line HeLa 53, obtained from Dr.
Rufus Day (Cross Cancer Institute, Edmonton, Alberta), was grown in Eagle's

MEM (Life Technologies, Inc., Grand Island, NY), supplemented with 10%
FCS (SigmaChemicalCo., St. Louis, MO). The humancolon tumorcell lines
BE and HT29, obtained from American Type Culture Collection, were grown
in McCoy's medium (Life Technologies), supplemented with 10% FCS. All

cells were grown at 37Â°Cin 95% humidified air and 5% CO2.
5-Azacytidine Treatment. HeLa S3 cells were treated with 3 pa@5-aza

cytidine for up to 24 passages. Cells were seeded at routine cell densities,
incubated for 24 h before treatment with 5-azacytidine for 24 h, and then

grown on fresh medium until they were ready to subculture or harvest (14).
DNA Isolation. Monolayer cells were washed with PBS (15) before adding

lysis buffer (50 mM Tris, pH 8.0, 10 msi EDTA, and 1% SDS). After addition

of protease K (0.5 mg/mI; Ameresco, Solon, OH), the lysed cells were
incubated overnight at 37Â°Cwith slow rocking. Genomic DNA was extracted
essentially by the procedure of Ausubel et aL (15).

Bisulfite Reaction. All restriction enzymes were purchased from Promega
(Madison, WI). All other reagents were purchased from Sigma. The bisulfite
reaction was carried out according to the procedure of Frommer et a!. (16),
with modifications according to Raizis et a!. (17). Briefly, 2â€”5 @gof genomic

DNA in 20â€”30@dof H20 were fragmented by digesting with EcoRI before
denaturation with a 1/10 volume of 3 M NaOH and incubating at 37Â°Cfor 15
mm. A freshly prepared solution containing sodium metabisulfite (2.5 M,pH
5.0) and hydroquinone (100 mxi; 1.2 ml total) was added to the denatured
DNA. After the mixture was incubated at 55Â°Cfor 4â€”5h, the bisulfite salts
were removed by a Wizard desalting column (Promega) according to manu
facturer's instructions. DNA in 100 @lof H2Owas desulfonated by addition of
1/10 volume of freshly prepared 3 MNaOH and incubation at 37Â°Cfor 15 mm,
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PCR
fragmentPrimers1Sense

5'-UAAGGTATAGAGllTFAGGCGGAAGUGGAntisense

5'-AAAACGAAACGACCCAAACACTCACCAAATNested

Antisense5'-AAACGAAACCCGAACGAAACGAAATAlTCC2Sense

5'-UAAGGTATAGAGTflTAGGCGGAAGUGGAntisense

5'-AAAACGAAACGACCCAAACACTCACCAAATNested

Sense5'-mAGCGAGGATGTGTAGATTGTITFAGGT3Sense

5'-ATFAAGGTATAGAGllTI'AGAntisense

5'-AACTAACCCAACATATCCNested

Sense5'-GGATGCGTAGAUGTlTfAGGUCG4Sense

5'-AGGmTIGGlTTIGTTTIGlTFTAGAlTfAntisense

5'-ATAAATAAAAATCAAAACIACCCCCCANested

Sense 5'-ATATGTFGGGATAGTFIGIGllTI'TAGAA
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before neutralizingwith 166 @lof 5 M ammoniumacetate (pH 7.0) and
precipitating with 2.5 volumes of ethanol. The DNA was resuspended in 100
@.alof H20.

PCRAmplificationand Primers.Amplificationof 5' flankingsequence
was performed in lOOâ€”pireaction mixtures containing 10 @.dof bisulfite
treated genomic DNA, 200 p.M dNTPs, 1.0 @Mprimers, 50 mM KC1, 10 mt.i

Tris-HC1 (pH 8.3), and 2.5 units Amplilaq. All reagents were supplied with
the Perkin-Elmer AmpliTaq Kit (Perkin-Elmer, Branchburg, NJ). The PCR
conditions for amplification varied with different primer sets, as described
below.

The locationof the fragmentsin 5' flankingregionof theMGMTgeneand
the primer sequences used for amplifying each fragment are shown in Fig. 1.
Primer sets were designed according to the guidelines set by Clark et aL (18)
to be 20â€”30bp long, to contain a minimal number of CpG dinucleotides, and
to show limited internalor interprimercomplementarity.WhereCpGs were
unavoidable, to mimimize a bias toward methylated sequences, some cytosines
were replaced with a mismatch; in the case of fragment 4, inosine was placed

at the site of all CpGs. Amplification of fragments 1 and 2 was carried out
under following conditions: 5 cycles of 97Â°Cfor 1 mm, 67Â°Cfor 1 mm, and
72Â°Cfor 1 mm; 25 cycles of 95Â°Cfor 1 mm, 67Â°Cfor 1 mm, and 72Â°Cfor I
mm; and 1 cycle of 72Â°Cfor 7 mm. Amplification of fragment 3 was carried

out under following conditions: 5 cycles of 97Â°Cfor I mm, 48Â°Cfor 1 mm,
and 72Â°Cfor 1 mm; 25 cycles of 95Â°Cfor 1 mm, 48Â°Cfor 1 mm, and 72Â°C
for 1 mm; and 1 cycle of 72Â°Cfor 7 rain. Amplification of fragment 4 was
carried out under following conditions: 5 cycles of 97Â°Cfor 1 rain, 58Â°Cfor
1 mm, and 72Â°Cfor 1 rain; 25 cycles of 95Â°Cfor 1 mm, 58Â°Cfor I mm, and
72Â°Cfor 1 mm; and 1 cycle of 72Â°Cfor 7 mm.

All PCR fragments were purified by passing through an 5-300 gel filtration
column (Pharmacia Biotech, Piscataway, NJ).

DNA Cloning and Sequencing. Amplified DNA was ligated into a
pNOTA vector (5 Prime â€”@3 Prime, Boulder, CO) and transformed into
Escherichia coli using a quick cloning kit (5 Prime â€”+3 Prime). Plasmid DNA
isolated from E. coli colonies was sequenced using a Sequenase version 2.0
DNA sequencing kit (Amersham, Arlington Heights, IL).

Results

High-Resolution Mapping of CpGs in Cloned PCR Fragments
of DNA from HT29 and BE Cells. DNA was isolated from Mer@
cells (HT29) or Mer cells (BE) and treated with bisulfite to convert
all cytosines to uracil without affecting 5-methylcytosines. Four over
lapping fragments within the 5' flanking region of the MGMT gene,
from â€”249to +259 relative to the transcription start site, were
amplified from this modified DNA using primers as indicated in Fig.
1. This region includes both a minimal promoter element and the first
untranslated exon. After amplification, the PCR product contained
thymine in place of cytosine.

Single-copy DNA was generated by cloning each PCR product into
pNOTA. At least 10 clones of each fragment were subsequently
sequenced. Cytosines not in a CpG sequence were invariably and
predictably converted to thymine; however, in CpG sequences, such
conversion was unpredictable. Fig. 2 shows an example of the Se
quence from â€”44 to â€”128, illustrating the complete absence of

@â€˜@ 0 SPI sites_________ Minimalpromoter
:@ EXONI

0 0 0@D0 0

I I I I I
0 Ã·100 +200 +300 +400 +477

Fig. 1. Genomic map of the CpG island in the 5' region of the MGMT gene. , CpGs. The position of the minimal promoter, the first exon, and eight potential SPI binding elements
arealso shown. OverlappingPCRfragments1, 2, 3, and4 were generatedto obtaingenomic sequencefor the region â€”249to +259. The primersequencesfor PCRamplificationof
each fragment are shown. All sequences read from 5' to 3'.
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cytosine in a clone from H'F29 cells, indicating a total lack of
methylation, whereas in a clone from BE cells, the presence of
numerous cytosines indicates their methylation in the original
genomic DNA.

Within the entire sequence from â€”249to + 259, all of the clones
sequenced from HT29 cells were essentially methylation free. Among
the DNA clones from BE cells, all contained 5-methylcytosine. How
ever, as shown in Fig. 3, the distribution of methylated sites within
each clone was heterogeneous. Certain sites were methylated almost
invariably in all clones, whereas others were only sporadically or
rarely methylated.

Scatter plots of methylation that were generated for numerous
clones of all four overlapping fragments (Fig. 1) are summarized in

Table 1 and Fig. 4A. As mentioned above, HT29 cells contained
virtually no 5-methylcytosine in this region. In contrast, BE cells
displayed two regions of almost invariable methylation (from â€”249to
â€”103 and from + 107 to + 196). Additionally, there were regions

where methylation rarely occurred (from â€”79to â€”31and from +5 to
+70). Notably, the SmaI Site at â€”70that we previously monitored as
correlating with the Mer phenotype (7, 13) falls within such an
infrequently methylated location and may explain why another such
study was inconclusive (19). Because the initial primer sets (frag

ments 1, 2, and 3) contained some CpGs, it is possible that PCR
amplification was biased toward more methylated sequences; how
ever, the similarity in methylation patterns obtained with fragments 2

and 3 (data not shown) and also seen in the HeLa cell line (see below
and Fig. 4) Suggest that such bias was not significant.

Changes in CpG Methylation following Treatment with 5-Aza
cytidine. Examination of the methylation status of the region from
â€”128to+259inDNAfromHeLa53cells,anotherMer line,
revealed a pattern very similar to that in BE cells (Fig. 4B). Treatment

of these HeLa S3 cells with 5-azacytidine caused MGMT expression
to be switched on, and this change was previously observed to be
associated with loss of cytosine methylation at the SmaI site at â€”70

(14). This loss appeared to be stable for at least 10 passages after
5-azacytidine removal. Detailed mapping of the methylation pattern in
DNA clones from these cells after 13 and 24 passages with 5-azacy

tidine showed progressive loss of methylation throughout the region
(Fig. 4B). It is noteworthy that this loss was accompanied by the
progressive appearance of DNA copies that were completely free of

5-methylcytosine (Table 2).
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Fig. 2. The sequencing data for representative DNA clones from BE and HT29 cells.

Boldface, CpGs; arrows, methylated cytosines in BE.
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Fig. 3. Scatter plot showing methylation from
â€”128 to + 122 (fragment 2 in Fig. 1) in BE cells.
potential 5-methylcytosines in CpG dinucleotides
(top). â€¢,methylated cytosines identified in fourteen
cloned DNAs.
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PCR fragmentNo.

of methylatedclonesâ€•BEâ€•@fl@9c112/120/10214/14NDâ€•320/200/14423/232/10

5-AzaC (24 passages)
PCR fragment Parent cellsâ€• 5-AzaC (13 passages)â€• + 10 passages drugfree'3

0/12 6/12 9/10
4 0/12 4/129/13a

MGMT level of parent HeLa 53 cells was less than 0.02 pmol/mg protein (14).

b Cells were treated with 3 ,sM 5-AzaC for 13 passages. MGMT levels were â€”0.2

pmol/mg protein (14).
C Cells were treated with 3 @.LM 5-AzaC for 24 passages followed by 10 passages

without 5-AzaC. MGMT levels were 0.9 pmol/mg protein.

PROMOTER REGION METHYLATION HOT SPOTS IN MGMT SILENCING

Table 1 incidence of methylation among clonedfragments of the 5' region of the
MGMT gene from Mer@ and Mer cells

earlier study examining the methylation status of the CpG in HpaII

sites in the promoter concluded that methylation was greater in Mer@

cell lines than in Mer cell lines (I 2); however, because most of the

fragments generated by such digestion were too small for detection by

Southern analysis, these data could not reflect the methylation status
of most of the 14 HpaII sites in this region. Another study that
examined a region from â€”251to +66, containing 21 CpGs, using
ligation-mediated PCR-based genomic sequencing and Maxam
Gilbert chemistry, concluded that methylation correlated inversely
with MGMT expression, albeit in a graded fashion (25). However, a

similar study of a pair of glioma cell lines concluded that MGMT
silencing in G98s (Mer) cells was independent of methylation status

of the CpG island, although in the control Mer@(SF767) and
Mer(Cla) cell lines, there was a clear inverse correlation (26).
Previously, we showed, by examining 12 rarely occurring methyla

tion-sensitive restriction sites, that gene silencing correlated with

methylation in a localized region (â€”245to + 245) of the MGMT 5'
flanking region. However, methylation at any given site was generally
incomplete, suggesting allelic or cellular heterogeneity. Costello et a!.

(25) also found, by genomic sequencing, that methylation was rarely
complete in 21 CpGs in the 5' region.

Here, we used a novel genomic sequencing technique based on
bisulfite conversion of C to T to yield a positive display of persisting

5-methylcytosines (16). To address the question of heterogeneity, we
isolated and sequenced individual cloned copies of DNA. In the
region from â€”249to +259 in HT29 (Mer@) cells, there was virtually
no methylation, whereas in BE (Mer) cells, 93% of the CpGs were
methylated, consistent with our previous conclusion that MGMT
promoter methylation is closely linked to the MGMT suppression.
Methylation among individual DNA copies from BE cells was not
uniform, although certain regions and sites were more frequently
methylated than others (Figs. 3 and 4A). The regions from â€”100 to
â€”50and from + 10 to +70 contained methylated CpGs in relatively
few copies of DNA. In contrast, in regions from â€”249 to â€”103 and

from + 107 to + 196, almost every DNA copy contained mostly
methylated CpGs. A similar methylation pattern was also demon
strated in the HeLa 53 (Mer) cells (Fig. 4B), suggesting that this
pattern is general in nonexpressing cells. Because the CpG methyla
tion â€œhotspotsâ€•are methylation free in Mer@ cells, it is tempting to
speculate that they may play a crucial role in transcriptional macti

vation.

There are two mechanisms by which methylation can suppress gene
expression. One model suggests that CpG methylation of specific
recognition sequences directly disrupts binding of transcription fac

tors (e.g., AP2 and CREB; Refs. 27 and 28). Although there are two
AP2 recognition sequences in the MGMT 5 â€˜flanking region, because
the gene is not inducible via AP2 pathways, it is unlikely that MGMT
is silenced by this mechanism in Mer cells. Another mechanism
whereby methylation may influence gene suppression involves pro
teins that bind preferentially to the methylated sequences. Of several

Table 2 Emergence of methylation.free clones after 5 AzaC treatment of a HeLa S3
Mer cell line

Number of methylation free clones

a Clones containing one or more methylated CpGs were scored as methylated.

b BE cells contained less than 0.04 pmol MGMT/mg extract protein (14).

C HT 29 cells contained 1.3 pmol MGMT/mg extract protein (14).

d ND, not determined.
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Fig. 4. Frequency of CpG methylation in the region from â€”249to + 259 of the MGMT
5' flanking region. A, methylation pattern in BE (0) and HT29 (0). The frequency for
each site was calculated as the percentage of clones with methylated cytosine at that site.
B, methylation pattern in the region from â€”122to +259 in DNA from HeLa 53 cells
before (0) and after treatment with 5-azacytidine for 13 passages (D) or for a total of 34
passages, the last 10 passages being drug free (i@).

Discussion

The notion that CpG methylation changes can influence gene
expression derives largely from observations that methylation of CpG
islands in the promoters of housekeeping genes is often associated
with gene suppression (20). The observation that the silencing of
numerous genes on the inactive X chromosome correlate with meth
ylation of the CpG islands in their promoters strengthens this notion
(21â€”24).MGMT is similar to such genes in that it does not have
TATA or CAAT boxes and it does have a characteristic CpG island.

Previous studies to determine the role of CpG island methylation in
regulation of MGMT expression in Mer@ and Mer cells (12, 25, 26)
yielded inconclusive and sometimes conflicting conclusions. One

A.

base pairs

B.
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such proteins that have been identified and implicated in transcrip
tional inactivation, MDBP1 is the only one that is sequence spe
cific (29, 30); however, there is no consensus binding motif for
MDBP1 in the presently characterized 5' MGMT sequence.
Among other methylation-binding proteins that have no sequence
specificity, MeCP1 has been reported to bind CpG-rich elements

(>100 bplong, with >12 methylated CpGs; Ref. 31), similarto the
two MGMT gene hot spots that we have identified. Because
MeCP1 has been reported to be necessary for suppression of
promoter-reporter gene constructs (32, 33), it is possible that
MeCP1, by displacing essential transcription factors, may be in
volved in MGMT gene inactivation.

Our present observations on the methylation status of the MGMT
promoter CpG island in Mer HeLa 53 cells revealed that 5-azacy
tidine-induced MGMT up-regulation coincided with its progressive
demethylation and, significantly, the emergence of DNA copies that
were completely free of methylation. Again, it appeared that MGMT
expression occurred only in the presence of completely methylation

free DNA copies. The mechanism that triggered MGMT expression
could be the direct result of demethylation or entail a more compli
cated mechanism involving induction of other genes that are normally
suppressed by methylation. A simple model for the observed up

regulation is that progressive demethylation weakened the binding of
a protein such as MeCPI, allowing binding of transcription factors.
Once the promoter was demethylated, it remained methylation free
even after removal of azacytidine, suggesting that the actively tran
scribing promoter was stably protected from de novo methylation. It

is possible that demethylation, by changing the structure of chromatin

to a more open form not only allowed transcription factors to interact
with the promoter and initiate transcription but also prevented rem
ethylation. Consistent with these notions, Costello et a!. (34) demon
strated, by in vivo footprinting, that protein binding occurs at six of the

SPI sites in the MGMT promoter with an open chromatin structure in
Mer@cells but not in the more closed chromatin structure in Mer
cells. Similarly, it has been reported SP1 binding in the apri gene
promoter prevents methylation of an adjacent downstream CpG island
(35).

It is, of course, possible that methylation is secondary to other
events that down-regulate MGMT transcription. In this regard, we

have recently observed that the binding protein (MEBP) for a strong
enhancer element in the MGMT 5' region is excluded from the
nucleus of Mer cells (36), consistent with a model in which the

absence of MEBP initiates a drastic reduction of transcription and
consequent conformational changes allow de novo methylation that
totally silences the gene.

In summary, we have demonstrated that MGMT-expressing
Mer@ cells are essentially methylation free in a defined region of
the 5' flanking region of the gene. In contrast, in Mer cells, every
DNA copy is methylated in this region; however, methylation is
concentrated in two hot spots of > 100 bp that may be significantly
involved in MGMT gene silencing. Our previous observations of
incomplete methylation can be explained by infrequent methyla
tion of CpGs in non-hot spot regions in Mer cells and by

heterogeneity of methylated and nonmethylated DNA copies, as
seen in the azacytidine experiment. We conclude that the methy
lation status at the hot spots is tightly linked to MGMT silencing
and, hence, can be used to identify the Mer phenotype in mixed
populations of Mer and Mer@ cells.
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