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Tumor-associated aberrant silencing of CpG island-containing genes has been correlated with increased
cytosine methylation, a “closed” chromatin structure, and exclusion of transcription factor binding in the CpG
island/promoter regions of affected genes. Given the lack of understanding of what constitutes a closed chro-
matin structure in CpG islands, however, it has been difficult to assess the relationship among cytosine meth-
ylation, chromatin structure, and inappropriate gene silencing. In this study, nuclease accessibility analysis
was used to more clearly define the chromatin structure in the CpG island of the human O°®-methylgua-
nine DNA methyltransferase (MGMT) gene. Chromatin structure was then related to in vivo DNA-protein
interactions and cytosine methylation status of the MGMT CpG island in human glioma cells varying in
MGMT expression. The results of these studies indicated that the “open” chromatin structure associated with
the MGMT CpG island in MGMT™ cells consisted of an approximately 250-bp transcription factor-binding,
nuclease-accessible, nucleosome-free region of DNA, whose formation was associated with at least four flank-
ing, precisely positioned nucleosome-like structures. In MGMT™ cells, this precise nucleosomal array was lost
and was replaced by randomly positioned nucleosomes (i.e., the closed chromatin structure), regardless of
whether methylation of the CpG island was spread over the entire island or limited to regions outside the
transcription factor binding region. These results suggest that CpG islands facilitate the expression of house-
keeping genes by facilitating nucleosomal positioning and that the conditions that alter the formation of this

array (such as perhaps methylation) may indirectly affect CpG island-containing gene expression.

Normal human cells express approximately 100,000 different
genes, many of which are expressed in a non-tissue-specific
fashion (1, 21). The expression of these so-called housekeeping
genes is commonly controlled by 5’ regulatory regions known
as CpG islands. CpG islands are 500- to 2,000-bp sequences
that, unlike the rest of the genome, are GC rich, enriched in
the CpG dinucleotide, and devoid of cytosine methylation (10).
Although CpG island-containing housekeeping genes are in
general constitutively expressed, the regulation of expression
of these genes has taken on an increased significance with the
discovery that normally constitutively expressed CpG island-
containing housekeeping genes can be randomly silenced in
tumor cells (16, 22, 44). While in many cases the silencing of
critical genes is likely to be fatal to a tumor cell, the silencing
of select constitutively expressed genes may provide tumors
with capabilities (enhanced growth or metastatic potential,
drug resistance) that ultimately favor tumor progression. There-
fore, the process by which tumor cells use aberrant gene si-
lencing to “experiment” with their pattern of gene expression
is of extreme importance to cancer biology and cancer chemo-
therapy.

Our studies concerning tumor-associated aberrant gene si-
lencing have focused on the human, non-X-linked, CpG island-
containing gene encoding O°-methylguanine-DNA methyl-
transferase (MGMT). MGMT is a DNA repair protein that
removes methyl and alkyl groups from the O-6 position of
guanine in DNA. This simple one-step repair process is pres-
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ent in nearly all normal human tissues and protects normal
cells from mutagenicity associated with O°-methylguanine mis-
pairing during DNA replication. A significant percentage of
primary tumors and tumor cell lines, however, do not express
MGMT. In these MGMT "~ cells, MGMT gene silencing, rather
than conferring an advantage, enhances the cytotoxic poten-
tial of chemotherapeutic chloroethylnitrosoureas, DNA in-
terstrand-cross-linking agents whose cytotoxicity is dependent
on adduction of DNA at the O-6 position of guanine (8). Given
that the 5’ regulatory region of the human MGMT gene is
embedded in a CpG island (13), study of the aberrant tumor-
associated silencing of the MGMT gene may not only contrib-
ute to the development of tumor-selective chloroethylnitro-
sourea-sensitizing strategies but may also serve as a model for
understanding the process by which CpG island-containing
genes as a whole are inappropriately silenced.

The process by which tumor cells silence the CpG island-
containing MGMT gene, as well as other CpG island-contain-
ing genes, appears to involve an interplay among cytosine
methylation, transcription factor binding, and chromatin struc-
ture. The association of cytosine methylation with CpG island-
containing gene silencing has clearly been demonstrated in
primary and cultured tumor cells in which the normally unmeth-
ylated CpG islands of expressed genes (including MGMT)
have been shown to be methylated in the nonexpressed setting
(5, 14, 37). The spatial relationship between methylation of
CpG islands and gene silencing, however, remains unclear.
Many CpG islands of silenced housekeeping genes appear to
be methylated throughout the island (2, 19, 20, 35). Therefore,
it has been suggested that methylation of transcription factor
binding sites directly blocks transcription factor binding or that
methylation of CpG islands may allow for interaction of the
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DNA with non-sequence-specific methylated-DNA binding pro-
teins, which in turn block transcription factor accessibility (27,
28). In several MGMT ™ cell lines, however, methylation of the
CpG island is noted in regions surrounding the transcription
factor binding sites but not in the transcription factor binding
region itself (35, 36). Additionally, an MGMT™" cell line
(T98G) and its MGMT ™ subline (T98Gs), in which differences
in methylation of the MGMT CpG island noted were very
small and limited to regions surrounding the transcription fac-
tor binding area, have been described (35). It has been sug-
gested that rather than having a direct effect on transcription
factor binding, methylation of CpG islands at sites distant from
the transcription factor binding area may influence transcrip-
tion factor binding by influencing chromatin structure (17, 37).
The relationship between methylation and chromatin struc-
ture, however, also remains unclear. The unmethylated CpG
islands of expressed housekeeping genes display regions of
nuclease hypersensitivity (23, 39) and take on what has been
referred to as an “open” chromatin structure (6), while the
variably methylated CpG islands of silenced housekeeping
genes are inaccessible to exogenous nucleases and probably
also to endogenous transcription factors (6). These observa-
tions have led to the suggestion that the silencing mechanism
associated with CpG island-containing genes including MGMT
appears to involve methylation-associated loss of open chro-
matin structure and exclusion of transcription factor binding
(6). Given the lack of understanding of what constitutes open
and closed chromatin structures in the MGMT CpG island,
however, it remains difficult to assess how methylation may or
may not affect the process of chromatin formation.

In this study, we have examined and defined the chromatin
structure of the MGMT CpG island in MGMT " and MGMT ™~
human glioma cells and have related the chromatin structure
to changes in methylation and MGMT expression. The results
of these studies suggest that in MGMT " cells, the open chro-
matin structure described for the MGMT CpG island can more
accurately be described as a small region of transcription factor
binding, nucleosome-free DNA, whose formation is associated
with at least four precisely positioned flanking nucleosome-like
structures. In MGMT ™ cells, this precise nucleosome-like ar-
ray is lost and is replaced by randomly positioned nucleosomes,
regardless of whether methylation of the CpG island is spread
over the entire island or limited to regions surrounding the
transcription factor binding sites. These results suggest that
CpG islands facilitate the expression of housekeeping genes by
facilitating nucleosomal positioning and that the conditions
that alter the formation of this array (such as perhaps methyl-
ation) may indirectly affect CpG island-containing gene expres-
sion.

MATERIALS AND METHODS

Cell culture. The glioma cell lines used in this study were established from
grade IIT or IV human astrocytomas and glioblastomas. The SF767 (Brain Tu-
mor Research Center, University of California, San Francisco, Calif.) and U138
(American Type Culture Collection, Rockville, Md.) glioma cell lines were pre-
viously characterized as MGMT™, while the A1235 and CLA (L. Erickson,
Indiana University Medical Center, Indianapolis, Ind.) cell lines were previously
characterized as MGMT ™ (5). The MGMT ™ T98Gs subline arose spontaneously
from the MGMT" T98G glioma line, as previously described (35), and is phe-
notypically indistinguishable from the T98G line. Peripheral blood mononuclear
cells were isolated from a healthy individual and collected by centrifugation
through a Ficoll gradient as specified by the manufacturer (Organon Teknika
Cappel, Durham, N.C.). T cells (MGMT™") were separated from peripheral
blood mononuclear cells with polyclonal immunoglobulin G-conjugated immu-
noselective beads (Biotecx Lab, Houston, Tex.). This separation yielded 10° T
cells/ml of blood. The MGMT status of all cells and cell lines was verified before
the beginning of this study.

Genomic library screening, cloning, and sequencing. A human lung fibroblast
cell line (WI38) genomic library was screened as previously described (5) with a
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uniformly 3?P-radiolabeled DNA fragment of the MGMT CpG island from
nucleotides (nt) 676 to 967 (in the MGMT promoter numbering system de-
scribed in reference 13). Following hybridization, the filters were washed first
with 2X SSPE (1X SSPE is 0.18 M NaCl, 10 mM NaH,PO,, and 1 mM EDTA
[pH 7.7])-0.1% sodium dodecyl sulfate (SDS) for 15 min at room temperature
and then with 0.1X SSPE-0.1% SDS at 58°C for 5.5 min in a Disc-Wisk washing
system (Schleicher and Schuell, Keene, N.H.). Following primary, secondary,
and tertiary screening of 10° plaques, six positive clones were identified. Phage
DNA was isolated from these clones (Wizard Lambda DNA purification system;
Promega, Madison, Wis.) and was digested with BamHI alone (which cleaves the
MGMT CpG island at nt 1) or in combination with enzymes known not to cleave
within the published MGMT promoter sequence (13). Southern blot analysis of
the products of these digestions with the same probe used for the library screen-
ing identified three positive clones.

A BamHI fragment containing the region from nt 1 to 6000 was isolated from
one of the three positive clones and was subcloned into the BamHI site of
pGEM-7Zf(—) (Promega) to create poMGMT. The 6-kb BarmHI insert was fur-
ther mapped for restriction enzyme recognition sequences, and an 1,800-bp Sphl
fragment containing the previously published MGMT promoter sequence (13)
was isolated and inserted in both orientations into the Sphl site of pGEM-7Zf
(—) to create pl.8MGMT™" and p1.8MGMT . Following isolation of single-
stranded DNA (pGEM single strand system; Promega), dideoxy sequencing was
performed with the Taq Track sequencing system (Promega). The primers used
to determine the sequence of the nontranscribed strand were as follows: nt 1158
to 1210, primer 5'-CCGCGCCCCTAGAACGCTTTGCGTC-3'; nt 1210 to 1320,
primer 5'-GGCAGCCTCGAGTGGTCCT-3'; and nt 1320 to 1430, primer 5'-
GTGTTGCCCAGCCTTTCCC-3". To sequence the transcribed strand, the prim-
ers used were as follows: nt 1430 to 1310, primer 5'-CGGAGGGAAAGCTGG
CAG-3'; and nt 1310 to 1158, primer 5'-ACGCCAGTCCACAGTCAC-3".

LMPCR analysis of in vivo DNA-protein interactions. SF767, U138, CLA, and
A1235 cultured cells, as well as human T cells, were analyzed for in vivo DNA-
protein interactions at nt 1 to 1190 of the MGMT CpG island by ligand-mediated
PCR (LMPCR) under previously described conditions (6). LMPCR-suitable
DNA devoid of DNA-protein interactions was generated as previously described
(25, 38, 42). The sets of nested primers used in the analysis of the transcribed
strand of the MGMT CpG island were as follows: nt 60 to 282, 5'-GCTCCCTCT
GAAGGCTCCAG-3' (LMP19), 5'-GAGTGTCCTCTGCTCCCTC CGAAG-3'
(LMP20), and 5'-GAGTGTCCTCTGCTCCCTCCGAAGGCTC-3" (LMP21);
nt 282 to 487, 5'-GTGAGGTACTGGGAGTTAGGAC-3' (LMP22), 5'-CAAC
ATAGCTTCTCTGGTGGACACAA-3' (LMP23), and 5'-CAACATAGCTTCT
CTGGTGGACACAATTC-3' (LMP24); nt 480 to 801, 5'-TGCCCCCACGGCC
CCCTGACA-3" (LMP13), 5'-TCTCTGCTGGTCTGGGGGTCCCTGA-3'
(LMP14), and 5'-TCTCTGCTGGTCTGGGGGTCCCTGACTAG-3' (LMP15);
nt 703 to 864, 5'-CGGCCCATTTGGCAAACTAAG-3’ (LMP1), 5'-AGGCAC
AGACCTCAGGCGGAAGCT-3' (LMP2), and 5'-AGGCACAGACCTCAGG
CGGAAGCTGGGA-3' (LMP3); nt 864 to 1075, 5'-GATGCGCAGACTGCCT
CAG-3' (LMP4), 5'-TGGGCATGCGCCGACCCGGTC-3' (LMP5), and 5'-TG
GGCATGCGCCGACCCGGTCGGG-3' (LMP6); and nt 1076 to 1190, 5'-CCC
GGATATGCTGGGACAGC-3' (LMP7), 5'-CCGCGCCCCTGAACGCTTTG
CGTC-3' (LMP8), and 5'-CCGCGCCCCTGAACGCTTTGCGTCCCGA-3'
(LMP9). To analyze the nontranscribed strand, the following primer sets were
used: nt 1190 to 1090, 5'-CCTACCCACCCCCAGTCC-3' (LMP34), 5'-CCGG
GGGGTGGGCTGCCGCTT-3" (LMP35), and 5'-CCGGGGGGTGGGCTGC
CGCTTCACTC-3" (LMP36); nt 1090 to 980, 5'-AGGGCGCCTGCAGGACCA
CTC-3' (LMP43), 5'-GGCTGCCACCGTCCCGAGGGAGA-3' (LMP44), and
5'-GGCTGCCACCGTCCCGAGGGAGAGCTC-3" (LMP45); nt 980 to 681, 5'-
ACCGCCGCACCCCGCCCCAG-3' (LMP16), 5'-ATCTCGCCCCGCCTCGG
CTCCTG-3' (LMP17), and 5'-ATCTCGCCCCGCCTCGGCTCCTGGACT-3'
(LMP18); nt 717 to 495, 5'-GGCGACGGGACACGCGGACTG-3' (LMP10),
5'-GGCCTACCGGGAAGCCGGCCA-3' (LMP11), and 5'-GGCCTACCGGG
AAGCCGGCCATGTTC-3' (LMP12); nt 495 to 237, 5'-TCACTCTTAGGGCC
AGGACGA-3" (LMP25), 5'-TGCGACTCGGGCCTCGCGCTCAG-3' (LMP26),
and 5'-TG CGACTCGGGCCTCGCGCTCAGAGAG-3' (LMP27); and nt 237
to 1, 5'-CACACCTGCAATAATCCTCAAC-3' (LMP28), 5'-GTGGTCTCTTC
GATACAACCTCAG-3' (LMP29), and 5'-GTGGTCTCTTCGATACAACCTC
AGGATTG-3' (LMP30).

Restriction enzyme accessibility assays. Nuclei from SF767, T98G, T98Gs,
and CLA cells (the equivalent of 200 pg of DNA per cell line) were isolated as
previously described (35) and incubated for 10 min at 37°C with 5 to 200 U of
MsplI or 16 U of Avall. Following lysis of the nuclei, the DNA was isolated and
cleaved with EcoRI (5 U/pg of DNA) for 3 h at 37°C to decrease viscosity. Mspl-
or Avall-cleaved products from the MGMT CpG island were amplified by
LMPCR under conditions identical to those described previously (6).

Lysolecithin-mediated permeabilization of glioma cells. SF767, T98G, T98Gs,
and CLA cells were permeabilized by exposure to lysolecithin by a modification
of the previously described procedure (30). Cells (the equivalent of 1,500 wg of
DNA per cell line) were harvested by trypsinization, washed twice in cold lyso-
lecithin buffer (150 mM sucrose, 80 mM KCl, 35 mM HEPES [pH 7.4], 5 mM
KH,PO,-K,HPO,, 5 mM MgCl,, 0.5 mM CaCl,), and resuspended in 5 ml of
Iysolecithin buffer containing 0.5 mg of lysophosphatidylcholine (lysolecithin;
Sigma) per ml. Following a 1-min incubation on ice, the cells were collected by
centrifugation (4 s at 12,000 X g), washed twice in lysolecithin buffer at room
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temperature, and resuspended in either RSB buffer (10 mM Tris [pH 8], 10 mM
NaCl, 3 mM MgCl,) at room temperature for DNase I digestions or MN buffer
(50 mM Tris [pH 7.4], 60 mM KCl, 3 mM CaCl,, 0.34 M sucrose) at room
temperature for micrococcal nuclease (MNase) digestions. Permeabilization of
cells was verified by incubation of lysolecithin-treated cells with trypan blue
(0.2% in Hanks balanced salt solution) for 5 min. In all cases, more than 95% of
cells remained structurally intact but did not exclude trypan blue.

DNase I and MNase hypersensitivity assays. Lysolecithin-permeabilized
SF767, T98G, T98Gs, or CLA cells (the equivalent of 200 pg of DNA per cell
line per treatment group) were resuspended in 100 pl of RSB or MN buffer and
exposed to 0.1 to 100 U of DNase I or 0.001 to 1 U of MNase at 37°C for 10 min.
The cells were lysed by the addition of 900 wl of solution C plus proteinase K (20
mM Tris [pH 8.0], 20 mM NaCl, 20 mM EDTA, 1% SDS, 600 ng of proteinase
K per ml). After a 3-h incubation at 37°C, RNase A (100 pg/ml; Sigma Chemical
Co., St. Louis, Mo.) was added, and the incubation was continued for an addi-
tional 1 h. Following phenol-chloroform extraction and ethanol precipitation, the
DNA was quantitated and analyzed for size by gel electrophoresis. DNA samples
of an appropriate size range were further cleaved with BamHI (5 U/pg) at 37°C
for 14 h. The DNA was then size fractionated in a 20- by 25-cm 1.2% agarose gel
(model H4 electrophoresis system [Bethesda Research Laboratories]) at 40 V for
12 to 20 h in 1X TAE (40 mM Tris-acetate, 1 mM EDTA) (20 pg/lane),
transferred to a nylon membrane, and hybridized to a 3*P-radiolabeled MGMT
promoter probe spanning nt 1 to 412. The membrane was washed as previously
described (34) and exposed to X-ray film. The results were visualized by auto-
radiography.

Generation of probes for library screening and for DNase I and MNase
hypersensitivity assays. The fragment of the MGMT CpG island (nt 676 to 967)
used to screen the genomic library was generated by PCR amplification with
genomic DNA from human 8226/S myeloma cells as a template. PCR was
performed with 1 ug of EcoRI-digested DNA in a reaction mixture composed of
1X PCR buffer (10 mM Tris [pH 8.3], 50 mM KCl, 1.5 mM MgCl,); 100 M each
dATP, dCTP, and TTP; 75 uM 7'-deaza-2'-dGTP; 25 uM dGTP; 2.5 U of Tag
polymerase; and 50 pmol each of primers corresponding to nt 676 to 696 and nt
949 to 967. The PCR parameters were as follows: initial denaturation for 5 min
at 95°C; 35 cycles of 95°C for 1 min, 62°C for 15 s, and 72°C for 15 s; and a final
extension for 5 min at 72°C. The resultant PCR product was ligated into pCR 11
(Invitrogen, San Diego, Calif.), and the ligation products were used to transform
Escherichia coli INV F” cells (Invitrogen). Individual colonies were isolated and
analyzed for the presence of the appropriate-size insert. The identity of the
MGMT CpG island insert was confirmed by dideoxy sequencing.

The MGMT CpG island fragment (nt 1 to 412) used as a probe in the DNase
I and MNase hypersensitivity assays was generated by cleavage of poMGMT with
BamHI and BgIT (10 U/pg of DNA) at 37°C for 1 h. Following size fractionation
of the products in a 2% agarose gel (SeaPlaque GTG; FMC, Rockland, Maine),
the BamHI-Bgll fragment of approximately 420 bp was excised from the gel and
purified by centrifugation (13,000 X g for 1 min) through glass wool. The probe
was labeled by the random-primer method with [«-*P]dCTP (3,000 Ci/mmol;
Amersham) (9). The specific activity of the probe was >1.0 X 10° cpm/pg.

The 100-bp ladder was radiolabeled by the phosphate exchange reaction as
specified by the manufacturer (Bethesda Research Laboratories).

Nucleotide sequence accession number. The MGMT CpG island sequence (nt
480 to 1250) has been submitted to GenBank and assigned accession no. U95038.

RESULTS

Cloning of the MGMT CpG island. A complete assessment
of the chromatin structure of the MGMT CpG island required
the complete DNA sequence of the region. To obtain this
sequence, a PCR-generated probe based on a published partial
sequence of the MGMT CpG island was used to screen a
genomic library derived from normal human fibroblasts. After
primary, secondary, and tertiary screening, a clone containing
all of the published MGMT CpG island sequence as well as 17
kb of additional sequence was recovered. Partial sequencing of
the insert in this clone and the subsequent CpG dinucleotide
distribution analysis of the sequence revealed that the MGMT
CpG island spanned nt 480 to 1250.

Identification of DNA-protein interactions in the MGMT
CpG island. To understand the chromatin structure of the
MGMT CpG island and to ultimately relate the chromatin
structure of the MGMT CpG island to MGMT expression, a
complete analysis of DNA-protein interactions in the MGMT
CpG island in MGMT™" and MGMT ™ cells was required. Pre-
vious analysis of in vivo DNA-protein interactions in a limited
region of the MGMT CpG island identified seven sites of DNA
protein interactions which occurred exclusively in MGMT*
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TABLE 1. DNA-protein interactions in the 5’ region of the
MGMT gene as detected in MGMT™" SF767 and MGMT ™~
A1235 glioma cells and in normal human T cells

Region Strand DNA-protein interaction(s) in:
analyzed
(nt) analyzed SF767 and T cells A1235 cells
60-282 Transcribed None None
282-487 Transcribed None None®
480-801 Transcribed None None
702-864 Transcribed Novel protein None
864-1075 Transcribed 6 Spl-like proteins None“
1076-1190 Transcribed None? None®
1190-1090 Nontranscribed None? None®
1090-980 Nontranscribed None None”
980-681 Nontranscribed Novel protein None*
717-495 Nontranscribed None None
495-237 Nontranscribed None None®
237-0 Nontranscribed None None”

“ Additionally analyzed in MGMT™ CLA cells.
b Additionally analyzed in MGMT* U138 cells.

cells (6). Six of these interactions were at consensus Sp1 bind-
ing sites, and the seventh was at a previously unidentified site.
To extend this analysis to the rest of the MGMT CpG island,
12 LMPCR primer sets were generated and used in in vivo
footprint analysis of both strands of the MGMT CpG island in
a variety of MGMT" and MGMT ™ cells. DNA from dimethyl
sulfate (DMS)-treated cells was isolated, cleaved at adducted
guanines with piperidine, and amplified with MGMT CpG
island-specific primers. DNA-protein interactions were identi-
fied by comparing the LMPCR products generated by using
DNA which was potentially protein bound at the time of DMS
exposure with those generated by using DNA devoid of DNA-
protein interactions (“naked” DNA) at the time of DMS ex-
posure. Consistent with the previous analysis, seven sites of
DNA-protein interactions were noted in the region between nt
850 and 1020. These interactions, as before, were noted only in
MGMT™" SF767 glioma cells and human T cells but not in
MGMT ™ CLA or A1235 cells (Table 1). Additional LMPCR
analysis of both strands of the MGMT CpG island region nt 1
to 850 and nt 1020 to 1190 revealed no evidence of either pro-
ected regions or hypersensitive guanines in comparing banding
patterns generated by using “naked” DNA with those gener-
ated by using DNA from DMS-treated MGMT* or MGMT ™~
cells (Table 1). Based on these results, sequence-specific DNA-
protein interactions in the MGMT CpG island appear to be
limited to a 200-bp region of the island in MGMT™ cells, as
shown in Fig. 1.

Restriction endonuclease accessibility in the MGMT CpG
island. Previous analysis of a small region of the MGMT CpG
island (nt 712 to 1028) suggested that Sp1-like interactions in
MGMT™ cells were associated with a region of open chroma-
tin structure that was unmethylated and accessible to restric-
tion enzyme cleavage (data summarized in Fig. 1) (6). Lack of
DNA-protein interactions in MGMT ™ cells was associated
with a closed chromatin structure in a region of DNA that was
in some cases methylated and in other cases unmethylated but
in all cases inaccessible to restriction enzyme cleavage. To
better understand the basis for open and closed chromatin
structure and to potentially relate chromatin structure to DNA
methylation and to known sites of DNA-protein interaction,
the analysis of restriction enzyme accessibility was expanded to
include the entire MGMT CpG island. In these experiments,
nuclei from cells were incubated with various amounts of the
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FIG. 1. Transcription factor binding sites and previously identified sites of restriction enzyme accessibility in the MGMT CpG island. ——, probe for DNase I and
MNase hypersensitivity; —, Sp1-like binding site; —, novel binding site; ----|, regions analyzed for accessibility; |, sites of enhanced accessibility in MGMT™* cells;
= CpG island; [, transcription start site; B, BamHI site; Bg, Bgll site; A, Avall site.

restriction enzyme Mspl or Avall. The ability of these restric-
tion enzymes to access and cleave the MGMT CpG island was
reflected in the amount of LMPCR-amplified products gener-
ated with the in vivo restriction enzyme-cleaved DNA as tem-
plate. The use of different restriction enzymes and different
LMPCR primer sets allowed the analysis of the accessibility of
nearly the entire MGMT CpG island. The MGMT™ cell lines
used for these analyses were SF767, which does not exhibit
methylation of the MGMT CpG island, and T98G, which ex-
hibits a small degree of methylation in regions surrounding the
MGMT CpG island transcription factor binding region but
not in the transcription factor binding region itself (35). The
MGMT™ cell lines used were T98Gs and CLA. T98Gs is a
subline of T98G and, like T98G, exhibits little or no methyl-
ation of the transcription factor binding region of the MGMT
CpG island. In the remaining regions of the island, however,
TI98Gs cells exhibit slightly higher levels of methylation than
do T98G cells (35). CLA cells exhibit extensive methylation
throughout the entire MGMT CpG island (35).

Incubation of nuclei from MGMT* SF767 and T98G cells
with small amounts (5 or 20 U) of Mspl resulted in cleavage
of the MGMT CpG island and the subsequent generation of
PCR products visible in the autoradiograph presented in
Fig. 2. In SF767 and T98G nuclei, the MGMT CpG island
was preferentially cleaved in the region beginning at approx-
imately nt 750 and was significantly less cleaved at MspI sites
in the region from nt 500 to 750 (e.g., nt 509, 539, 712 [Fig.
2, lanes 1 and 2 and lanes 5 and 6]). Exposure of equal
amounts of MGMT™" SF767 and T98G nuclei to higher Mspl
concentrations (100 or 200 U) resulted in cleavage at all
Mspl recognition sequences, demonstrating that all Mspl
sites could be cleaved and could give rise to LMPCR prod-
ucts provided that the amount of MspI used was sufficient to
completely degrade the higher-order chromatin structure.
The lack of larger LMPCR products corresponding to the
Mspl sites at nt 856 and 917 in these samples (Fig. 2, lanes
3 and 4 and lanes 7 and 8) is the result of the amplification
procedure. For LMPCR-based analysis of restriction en-
zyme accessibility, the Mspl-digested fragments are dena-
tured and copied with (in Fig. 2) a primer complementary to
nt 422 to 443 and oriented in the nt 509-to-917 direction. As
a result, in completely or nearly completely digested sam-
ples, the number of fragments available for amplification
decreases as the distance from the primer increases.

In contrast to the data for MGMT™ cells, in MGMT™
T98Gs and CLA nuclei, very little cleavage of any Mspl site
was noted following incubation of the nuclei with 5 or 20 U of
Mspl (Fig. 2, lanes 9 and 10 and lanes 13 and 14). Following

exposure of T98Gs or CLA nuclei to 100 or 200 U of Mspl,
however, all the MsplI sites could be cleaved, with the resultant
pattern and intensity of amplification products similar to those
generated with DNA from Mspl-digested MGMT* SF767 and
T98G nuclei. A similar result was noted when SF767, T98G,
T98Gs, or CLA nuclei were incubated with a fixed amount of
Avall. In MGMT™" SF767 and T98G nuclei, the MGMT CpG
island was digested, with the Avall site at nt 773 being cleaved
in preference to the site at nt 589 (Fig. 2, panel Avall). In
MGMT™ T98Gs and CLA nuclei, the same amount of Avall
was insufficient to cleave any Avall site. The pattern of Mspl

AVA Il
SF767 T98G T98Gs CLA LA
~
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units o 88 s 919 o S8 oSS.’I&"gj
Msglmmv-wmw.-rvmw‘-w w & -~ ~Bp FlF O
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e
123 4|56 7 8|91 1112|1314 1516

FIG. 2. LMPCR analysis of restriction enzyme accessibility to the MGMT
CpG island at nt 509 to 856 within intact nuclei from MGMT™ cells (SF767 and
T98G) and MGMT ™ cells (T98Gs and CLA). Nuclei were incubated with 5 to
200 U of MspI or 16 U of Avall for 10 min at 37°C, the DNA was isolated, and
5 pg was analyzed by LMPCR with primers LMP14 and LMP15. Equal-volume
aliquots of the reaction products were electrophoresed on a 6% denaturing
polyacrylamide gel, after which the radiolabeled products were autoradio-
graphed for 2 to 5 h. First four panels, MspI accessibility; rightmost panel, Avall
accessibility. The autoradiograph is representative of four independent analyses.
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FIG. 3. LMPCR analysis of MspI accessibility to the MGMT CpG island at nt
1139 to 884 within intact SF767 and CLA nuclei. The nuclei were incubated with
Mspl, DNA was isolated, and LMPCR analysis was performed (with primers
LMP34 to LMP36) as described in the legend to Fig. 2.

and Avall cleavage noted in the MGMT CpG island of
MGMT™" and MGMT™ cells was not due to variations in the
methylation status of Mspl or Avall recognition sequences,
because Mspl cleavage is methylation independent and be-
cause none of the Avall sites analyzed contained a CG dinu-
cleotide. Rather, the variability in cleavage was probably due to
the variability in the accessibility of the recognition sequence
to the restriction enzyme, which was in turn a result of chro-
matin structure.

Extension of analysis of restriction enzyme accessibility to
the MGMT CpG island region from nt 917 to 1139 suggested
that, just as there was an abrupt increase in the nuclease
accessibility of the MGMT CpG island in MGMT™ cells be-
tween nt 600 and 750, there was also a relatively abrupt de-
crease in nuclease accessibility between nt 1028 and 1139. As
seen in Fig. 3, the MspI site at nt 1139 in the nuclei of MGMT "
SF767 cells was somewhat accessible to cleavage by small
amounts of Mspl, although the cleavage was, by autoradio-
graphic analysis, approximately three times lower than that
noted at the Mspl site at nt 1028 (Fig. 3, lanes 1 and 2). Based
on the data from Fig. 2 and on previously published data (5),
the Mspl sites at 917 nt and 884 probably also were accessible
to cleavage by small amounts of Mspl. The lower signal inten-
sity of bands corresponding to these sites in lanes 1 and 2 of
Fig. 3 is again the result of the orientation of analysis (nt 1139
to 884); i.e., most DNA cleaved at 917 or nt 884 was also
cleaved at either nt 1139 or 1028. Again, in the analysis pre-
sented in Fig. 3, increasing the amount of Mspl resulted in
nonpreferential cleavage of all MspI sites in both MGMT™ and
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MGMT™ cells and in equal cleavage of the Mspl sites at nt
1139 and 1028 in both cell types.

A final analysis of accessibility of the MGMT CpG island to
Mspl is presented in Fig. 4. Although it is not possible to
directly compare to the banding intensity in Fig. 3, the Mspl
site at nt 1139, which was only moderately sensitive to cleavage
by small amounts of MspI (Fig. 3), was more sensitive to cleav-
age by small amounts of MspI than were (in decreasing degree
of accessibility) the sites at nt 1245, 1301, and 1407. The re-
duced intensity of larger bands (i.e., nt 1245, 1301, and 1407)
was not due to excessive cleavage at nt 1139, since the amount
of larger products increased as increasing amounts of Mspl
were used. The region at nt 1139 to 1407 remained more
accessible to small amounts of Mspl in MGMT™ cells than in
MGMT™ cells, although increased exposure of nuclei to Mspl
increased the total amount of cleavage in a nonpreferential
manner in both MGMT™" and MGMT " cells and resulted in
roughly equal cleavage of all sites in all cell groups.

As a whole, the results presented in Fig. 2 to 4 suggest that
the MGMT CpG island in MGMT" cells contains a well-
defined region of accessible DNA (approximately nt 600 to
1020) that is surrounded by regions of lesser accessibility. In
contrast, the MGMT CpG island in MGMT ™ cells is uniformly
less accessible to DNA-interactive proteins than is the MGMT
CpG island in MGMT™" cells.

Positioning of nucleosome-like structures in the MGMT
CpG island of MGMT* and MGMT ™ cells. While restriction
enzyme accessibility studies establish that a pattern of accessi-
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FIG. 4. LMPCR analysis of MspI accessibility to the MGMT CpG island at nt
1139 to 1407 within intact nuclei from SF767, T98G, T98Gs, and CLA tumor
cells. Nuclei were incubated with Mspl, DNA was isolated, and LMPCR analysis

was performed (with primers LMP7 to LMP9) as described in the legend to
Fig. 2.
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FIG. 5. Southern blot analysis of DNase I and MNase hypersensitivity in the MGMT CpG island. (A) Lysolecithin-permeabilized SF767 and CLA cells were exposed
to DNase I (100, 10, 5, or 0.1 U) or MNase (1, 0.05, 0.01, 0.005, and 0.001 U) at 37°C for 10 min. The DNA was then isolated, cleaved with BamHI, electrophoresed
(20 pg/lane) in an ethidium bromide-containing 1.2% agarose gel next to a 100-bp ladder, transferred to a nylon membrane, and hybridized to a uniformly
32p-radiolabeled BamHI-BglI fragment (nt 1 to 412) of the MGMT promoter. (B) The membrane was then washed and exposed to X-ray film. Isolated genomic DNAs
exposed to DNase I (0.005 U) or MNase (0.001 U) and handled in a manner similar to cellular DNA samples were also included in these studies (N lanes). The data
are representative of three independent experiments. The arrowheads indicate nuclease-generated DNA fragments present in SF767 DNA but absent in CLA DNA.

bility exists in the MGMT CpG island, they do not explain this
pattern. Previous suggestions that methylated-DNA binding
proteins may block the accessibility of DNA-interactive pro-
teins appear to be inconsistent with MGMT CpG island re-
striction enzyme accessibility data, since regions of the island
which are inaccessible can exist in both methylated (as in
MGMT ™ CLA cells) or unmethylated (as in MGMT™ T98Gs
or MGMT™* SF767 cells) states. A second possible basis for the
patterning of nuclease accessibility in the MGMT CpG island
of MGMT" cells is nucleosomal positioning. To address the
possibility that the nucleosome location dictates DNA acces-
sibility, the positioning of nucleosome-like structures was an-
alyzed. Lysolecithin-permeabilized MGMT* and MGMT™
cells were incubated with various concentrations of DNase I or
MNase, after which the DNA was isolated and subjected to
Southern blot analysis. DNase I preferentially cleaves regions
of double-stranded DNA which are devoid of nucleosomes (7)
or in some cases DNA which is positioned between nucleo-
somes and transcription factor binding sites (40). MNase rec-
ognizes unpaired bases and preferentially cleaves DNA be-
tween nucleosomes and in regions of single-strand exposure (4,
7, 12). The sites of DNase I and MNase cleavage in the MGMT
CpG island of MGMT* and MGMT™ cells were assessed
by digesting isolated DNase I- or MNase-cleaved DNA with
BamHI and hybridizing the electrophoresed DNA to an
MGMT CpG island-specific probe generated from the end of
the MGMT CpG island-containing BamHI fragment (Fig. 1).
In the absence of nuclease-hypersensitive sites, the probe
would be expected to hybridize to a 6-kb BamHI fragment. In
instances in which the MGMT CpG island present within the
BamHI fragment contained sites of nuclease hypersensitivity,
the probe would be expected to hybridize to smaller fragments,
whose sizes would correspond to the distance between the
nuclease-hypersensitive site and the end of the probe. The
results of this type of experiment performed with DNA from
lysolecithin-permeabilized MGMT" SF767 and MGMT™
CLA cells incubated with various concentrations of DNase I
or MNase are shown in Fig. 5. In the DNA from DNase I-
digested SF767 cells, the probe recognized a 6-kb BamHI frag-
ment, as well as a series of discrete, DNase I-generated smaller
bands, the most prominent being approximately 1 kb in size

(left side of Fig. 5B). In DNA from MNase-digested SF767
cells, a similar series of DNA fragments was recognized by the
probe, as were, to a lesser extent, both smaller (approximately
600-bp) and larger (approximately 1,500-bp) fragments. Iden-
tical fragments were noted in similarly DNase I- or MNase-
digested T98G cells (data not shown). In the DNA from
MGMT ™ CLA cells (and from T98Gs cells [data not shown]),
no such DNase I or MNase hypersensitivity was apparent
(right side of Fig. 5B), although the CLA DNA was digested to
an equal extent by DNase I or MNase (as seen in the ethidium
bromide-stained gel of the electrophoresed DNA prior to
transfer [Fig. SA]). The sites of nuclease hypersensitivity noted
in SF767 cells were not a result of preferential DNA sequence-
based cleavage, since no preferential DNA cleavage was noted
in the MGMT CpG island of purified SF767 or CLA DNA
(Fig. 5B, lanes N) digested to a similar degree with either
DNase I or MNase. Rather, these sites of preferential nuclease
cleavage were the result of the packaging of the DNA in the
cells at the time of nuclease exposure. To better localize the
regions of nuclease hypersensitivity in the MGMT CpG island
of SF767 cells, DNA samples from cells exposed to DNase I
(10 or 5 U [Fig. 5]) or MNase (0.05 or 0.01 U [Fig. 5]) were
reelectrophoresed, and a more detailed Southern blot analysis
was carried out. The results of these studies (Fig. 6) suggest-
ed a periodic distribution of nuclease hypersensitivity in the
MGMT CpG island of MGMT™ cells. As shown in Fig. 6,
strongly DNase I-hypersensitive sites were noted near nt 850,
which corresponds to the binding site of an unknown double-
stranded DNA binding protein; at approximately nt 950, which
corresponds to the MGMT transcription start site; and near nt
800 and 1020, which correspond to the edges of the nuclease-
accessible region as defined by restriction enzyme accessibility
analysis. A weaker site of DNase I cleavage was noted at
approximately nt 600. Strong MNase-hypersensitive sites (Fig.
6) were located at approximately nt 800, 950, 1020, 1220, 1400,
and 1580, with a weaker site at nt 600. This data, along with
information from restriction enzyme accessibility studies and
in vivo footprint analysis, is compiled in Fig. 7.

The most reasonable explanation of the periodic nuclease
cleavage pattern noted in the MGMT CpG island of
MGMT™ cells is that the region between nt 800 and 1020 is
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FIG. 6. Detailed Southern blot analysis of DNase I and MNase hypersensitivity in the MGMT CpG island of SF767 cells. (A) DNA samples generated by exposure
of lysolecithin-permeabilized SF767 cells to DNase I (10 U [lane 2] or 5 U [lane 5]) or MNase (0.05 U [lane 3] or 0.01 U [lane 6]) were reelectrophoresed in an ethidium
bromide-containing 1.2% gel next to a *?P-end-labeled 100-bp ladder (20,000 cpm/lane). (B) The DNA was then transferred to a membrane and hybridized to a
radiolabeled fragment of the MGMT promoter as described in Fig. 5, after which the membrane was washed and exposed to X-ray film. Arrowheads indicate sites of
DNase I hypersensitivity; asterisks and arrows on the left indicate sites of MNase hypersensitivity. The data are representative of three independent experiments.

devoid of nucleosomes and is thus DNase I hypersensitive.
The region of DNA near nt 950 is DNase I hypersensitive
probably because it corresponds to the MGMT transcription
start site (13) and as such is probably in a perpetually melted
single-stranded state in MGMT™" cells (43). The DNA re-
gion at approximately nt 850 may also be similarly distorted
and nuclease hypersensitive as a result of its interaction in
MGMT" cells with an unknown double-stranded DNA bind-
ing protein (6). Because MNase preferentially cleaves be-
tween nucleosomes and because nucleosomes occupy approx-
imately 160 to 200 bp of DNA (39), the MNase digestion
pattern is probably the result of MNase cleavage between
nucleosomes or nucleosome-like structures positioned at nt 600
to 800, 1000 to 1200, 1200 to 1400, and 1400 to 1600 in a sig-
nificant percentage of cells. Additional nucleosome-like struc-
tures may be present between nt 400 to 600 and nt 1600 to 1800
depending on the MNase sensitivity of the boundary between
positioned and random nucleosomes. Since preferential cleav-

MNase hypersensitivity: ¢
DNase | hypersensitivity:

RE accessibility:

100 bp
| s |

age of the MGMT CpG island is not noted in MGMT ™ cells,
the data suggest that an array of positioned nucleosomes or
nucleosome-like structures may not exist in such cells and that
the MGMT CpG island in MGMT ™ cells may rather be asso-
ciated with randomly positioned nucleosomes. As a whole,
these data suggest the model presented in Fig. 8. In MGMT™*
cells, the MGMT CpG island is associated with at least four
nucleosomes (with five nucleosomes depicted in Fig. 8) or
nucleosome-like structures that are precisely positioned in the
majority of cells. These structures render associated regions
inaccessible to restriction enzymes (and transcription factors).
The positioned nucleosome-like structures, however, appear to
allow for (or perhaps are allowed by) a nucleosome-free gap in
the island to which transcription factors bind and stimulate
transcription. In MGMT ™ cells, this organization appears to be
lost, so that no sites of nuclease hypersensitivity are apparent
and, despite the presence of the appropriate transcription fac-
tors, no transcription factor binding is noted.

1600

ket

FIG. 7. Summary of restriction enzyme accessibility and nuclease hypersensitivity in the MGMT CpG island. For restriction enzyme (RE) accessibility, the sizes of
the arrows are proportional to the degree of accessibility. X, inaccessible sites; —, Spl1 site; =, novel binding site; | , sites of enhanced accessibility in MGMT™ cells;
e, CpG island; [, transcription start site; O, sites of nuclease hypersensitivity in MGMT™* cells.
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FIG. 8. Model for the aberrant silencing of the CpG island-containing human MGMT gene. (A) MGMT expression is associated with a nucleosome-free region
of transcription factor binding that is surrounded by at least four (here depicted as five) positioned nucleosome-like structures (B) Tumor-associated MGMT silencing
is associated with loss of nucleosome positioning and exclusion of transcription factor binding. [, transcription start site; =5 MNase-hypersensitive sites; A, novel

protein; ¥, Spl-like protein.

DISCUSSION

The data presented in this paper suggest that the expression
of the human, non-X-linked CpG island-containing MGMT
gene is associated with a precise chromatin structure involving
the positioning of nucleosome-like structures. The data are
internally consistent as well as being consistent with published
information about CpG islands. With regard to internal con-
sistency, regions of the MGMT CpG island that do not interact
with DNA binding proteins, as assessed by in vivo footprint
analysis, are also inaccessible to interactions with nucleases
(restriction enzymes, DNase I). In contrast, regions that inter-
act with transcription factors are also accessible to other DNA-
interactive proteins (restriction enzymes, DNase I). Regions of
DNA in the MGMT CpG island of MGMT™" cells that are
cleaved by MNase either are located at the edge of regions
associated with transcription factors, at the transcription start
site, or are spaced at nucleosome-sized intervals in regions of
nuclease inaccessibility. As such, the exact positioning of nu-
cleosome-like structures around a nonnucleosomal, transcrip-
tion factor binding, nuclease-accessible region appears to be
the best explanation of the data presented. The possibility that
the MNase digestion pattern was created by non-histone DNA
binding proteins, while not formally excluded, is less likely,
given the repeated nature of the structures observed and the
lack of in vivo DNA-protein interactions in the areas proposed
to be associated with nucleosome-like structures (histones, un-
like sequence-specific DNA binding proteins, do not protect
DNA from DMS-induced damage [33]). As well as being in-
ternally consistent, the data are consistent with the observation
that CpG islands frequently contain 60- to 300-bp regions of
nonnucleosomal DNA (39). Finally, the data are strikingly
similar to those noted in the CpG island-containing mouse
X-linked APRT gene, in which a slightly altered positioning of
nucleosomes has been suggested (23).

The present data, in addition to suggesting a model for
normal chromatin structure in expressed CpG islands, suggest
that the inactivation of the CpG island-containing MGMT
gene involves alteration of normal chromatin structure. While
the data from MGMT™ cells are suggestive of nucleosomal
positioning, the data concerning the MGMT CpG island in
MGMT™ cells could be interpreted in a number of different
ways. It is possible that the aberrant silencing of the MGMT
gene is associated not with dramatic changes in chromatin
structure but merely with the positioning of a nucleosome in

the transcription factor binding region of the MGMT CpG
island. Support for this mechanism comes from studies sug-
gesting that silencing of the X-linked HPRT gene is associated
with extensive methylation of its 5’ CpG island and the posi-
tioning of one or two nucleosomes in a normally nucleosome-
free, transcription factor binding region of the island (32). The
nucleosome-free gap in the MGMT CpG island of MGMT™
cells is of the appropriate size to accommodate a nucleosome,
and the positioning of such a nucleosome would be expected to
block both transcription factor binding and gene expression.
Such nucleosomal positioning would, however, be expected to
produce MNase- and perhaps DNase I-hypersensitive sites in
MGMT™ cells. Because such nuclease hypersensitive sites are
not noted in this or any other regions in the MGMT CpG is-
land of MGMT ™ cells, the silencing mechanism associated
with the X-linked human HPRT gene appears to differ from
that noted in the autosomal MGMT gene. A second possible in-
terpretation of the data from MGMT ™~ cells is that the lack of
transcription factor binding and nuclease accessibility through-
out the MGMT CpG island is the result of the binding of
non-sequence-specific methylated-DNA binding proteins. At
least two such proteins, MeCP1 and MeCP2, have been iden-
tified, and their binding could be supposed to exclude tran-
scription factors as well as exogenous nucleases (27, 28). This
scenario appears to be inconsistent with MGMT silencing in
the T98Gs cells, in which the entire CpG island is inaccessible
to nucleases and transcription factors while the region corre-
sponding to the transcription factor binding region is devoid of
methylation (35). MeCP2 can, however, bind DNA containing
even a single symmetrically methylated CpG dinucleotide (30),
and very low levels of methylation in the MGMT CpG island of
T98Gs cells could escape detection by the methods used for
analysis. If involved, the binding of such proteins would, in
addition to directly excluding transcription factor binding, be
required to indirectly alter nucleosome-like positioning, since
no DNase I- or MNase-hypersensitive sites were noted in the
MGMT CpG island of MGMT ™ cells. Additionally, if methyl-
ated-DNA binding proteins do bind and influence chromatin
structure, they must bind very weakly or transiently, since there
was no evidence of these proteins in in vivo footprint analysis
of the methylated MGMT CpG island of MGMT ™ CLA cells.
Nonetheless, the possibility that methylated-DNA binding pro-
teins play a role in MGMT silencing cannot be rigorously
excluded. A third scenario, however, which appears to be most
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consistent with the present data, is that the precise nucleo-
some-like array suggested by analysis of the MGMT CpG is-
land in MGMT™ cells is lost in MGMT ™ cells and is replaced
by randomly positioned nucleosomes. These randomly posi-
tioned nucleosomes do not allow for the creation of nuclease-
hypersensitive sites and probably also do not allow for any
given cell to contain all the transcription factor-DNA interac-
tions necessary for MGMT expression.

The positioning of nucleosome-like structures in the MGMT
CpG island in MGMT™ cells and the loss of this precise chro-
matin structure in MGMT "™ cells has a significant impact on
how the process of aberrant silencing of CpG island-containing
genes can be viewed. Transcription factor binding regions in
CpG islands are important in gene expression, and alterations
in methylation and/or chromatin structure of these regions
probably directly affect gene expression. If, however, the es-
tablishment of nucleosome-free, transcription factor binding
regions in CpG islands is associated with exact positioning
of nucleosome-like structures in the non-transcription fac-
tor binding regions of CpG islands, changes in methylation or
chromatin structure outside the transcription factor binding
area may significantly influence CpG island-containing gene
expression. The issue of how methylation can influence distant
chromatin structure has recently been addressed by Kass et al.
(18). In that study, methylation of plasmid regions surrounding
a microinjected herpes simplex virus thymidine kinase gene
directed a time-dependent, chromatin-associated repression of
transcription initiation. The linkage between methylation, nu-
cleosome assembly, and gene silencing noted by Kass et al.
bears strong similarities to the data in the present study, al-
though in the case of the silenced MGMT CpG island, the
methylation-associated changes in chromatin structure appear
to be associated not with specific nucleosomal positioning over
transcription factor binding regions but, rather, with a gener-
alized loss of precise nucleosomal positioning. In addition to
the above-cited studies, there is evidence to suggest that nu-
cleosome assembly is influenced, both positively and nega-
tively, by methylation (11) and that histone H1, by virtue of
preferential binding to methylated DNA, is involved in the
stabilization of higher-order chromatin structure and tran-
scriptional repression (26). As a whole, these studies suggest
linkage at a distance among methylation, nucleosome forma-
tion, and gene silencing. Such a linkage is supported by the
observation that in some silenced CpG islands, methylation
occurs only in regions outside the transcription factor binding
region and not in the transcription factor binding region itself
(35, 36, 41). Additionally, since the processes of chromatin
disassembly/reassembly and methylation both occur near the
replication fork following each S phase (15), both physical and
temporal linkage may be possible. Even if one assumes that the
positioning of nucleosomes allows for transcription factor
binding and not vice versa, the direct linkage among methyl-
ation, chromatin structure, and gene expression may not be
absolute. As noted, the MGMT™ T98G and MGMT ™~ T98Gs
cell lines both exhibit a slight degree of methylation of the
MGMT CpG island in regions outside the transcription factor
binding area yet differ dramatically in the MGMT expression
and nuclease accessibility of these areas (35). Therefore, either
very small changes in methylation in CpG islands can trigger
loss of nucleosomal positioning, or factors other than meth-
ylation can influence the likelihood of formation of a precise
chromatin structure. The identification of such an ordered
chromatin structure in MGMT™ cells, and its loss in
MGMT ™ cells, however, now allows focus on how the pro-
cesses of methylation, nucleosome formation, and transcrip-
tion factor binding interrelate.
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While the present studies provide a more precise framework
for the understanding of CpG island-containing gene silencing,
they leave a number of questions unanswered. At present it
remains unclear whether all human CpG island-containing
genes display a precise chromatin structure and whether this
chromatin structure is altered in a similar way during the gene
inactivation process. The described distinction between the
silencing mechanism of the X-linked HPRT gene and the so-
matic MGMT gene suggests that there may be multiple ways in
which methylation, chromatin structure, and gene expression
interact and that these interactions may vary depending on the
gene location. It also remains unclear if the nucleosomal po-
sitioning suggested in the MGMT CpG island in MGMT™ cells
is the cause or consequence of transcription factor binding.
Recent studies in this and other laboratories have shown that
retention of chromatin structure is not dependent on transcrip-
tion factor binding (15, 24, 31). In these studies, cells were
exposed to nocodazole, resulting in mitotic arrest and tran-
scriptional arrest as a result of transcription factor sequestra-
tion. Despite the lack of transcription factor binding in the
MGMT CpG island of mitotically arrested MGMT™ cells, the
normal pattern of nuclease accessibility of the CpG island was
retained (31). Therefore, the potential nucleosome positioning
noted in the MGMT CpG island of MGMT™" cells is not
completely fluid but appears to be set at least by the time of
mitosis. Other studies with yeast, however, have suggested that
in the period between S phase and M phase, the chromatin
structure is changeable, with the ultimate structure being the
result of a competition between histones and transcription
factors for DNA binding (3). Precise positioning of nucleo-
some-like structures normally seen in CpG islands such as the
MGMT CpG island may therefore represent the normal out-
come of this competition, while perturbations of the competi-
tion process such as alterations in cell cycle progression may tip
the balance against transcription factor binding. In this sense,
the nucleosomal positioning suggested in the MGMT CpG
island may be neither the cause nor the consequence of tran-
scription factor binding but, rather, may be the result of a
process in which numerous outcomes are possible. Finally, and
most importantly, it remains unclear what determines the po-
sitioning of nucleosome-like structures in CpG islands and
what triggers alterations in this placement. A more accurate
picture of the appearance of normal and aberrantly silenced
CpG islands at the chromatin level may now allow these ques-
tions to be addressed in a more meaningful, biologically rele-
vant way.
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