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Epigenetic lesions causing genetic lesions in human cancer: promoter
hypermethylation of DNA repair genes
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Abstract

The existence of genetic alterations a�ecting genes involved in cellular proliferation and death, such as TP53 and K-ras, is one of

the most common features of tumour cells. Recently, gene inactivation by promoter hypermethylation has been demonstrated.
Methylation is the main epigenetic modi®cation in mammals and abnormal methylation of the CpG islands located in the promoter
region of the genes leads to transcriptional silencing. Examples include the p16INK4a, p15INK4B, p14ARF, Von Hippel-Lindau (VHL),
the oestrogen and progesterone receptors, E-cadherin, death associated protein (DAP) kinase and the ®rst tumour suppressor gene

described, retinoblastoma (Rb) gene. In most cases, methylation involves loss of expression, absence of a coding mutation and
restoration of transcription by the use of demethylating agents. However, is there a linkage between genetic and epigenetic alterations?
Our results show one side of this puzzle demonstrating that epigenetic lesions drive genetic lesions in cancer. Four speci®c epigenetic

lesions, promoter hypermethylation of the DNA mismatch repair gene hMLH1, the DNA alkyl-repair gene O(6)-methylguanine-
DNA methyltransferase (MGMT), the detoxi®er glutathione S-transferase P1 (GSTP1) and the familial breast cancer gene BRCA1
may lead to four speci®c genetic lesions, microsatellite instability, G to A transitions, steroid-related adducts and double-strand

breaks in DNA. This is probably only the beginning of an extensive list of epigenetic events that change and make the genetic
environment of the transformed cell unstable. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction: Gene inactivation by promoter
hypermethylation in human cancer

The cancer cell di�ers from a normal cell in its geno-
type [1]. Gross alterations such as the aneuploidy state,
more discrete deletions (loss of heterozygosity) or gains
(gene ampli®cation) of genomic material, and small
changes (point mutations, small insertions or deletions)
in multiple genes are scattered through the genome of a
neoplastic cell. In fact, most of the cancer research in
the last 20 years has focused on this aspect. However,
the malignant cell has also acquired a di�erent epigen-
otype. The inheritance of information based on gene
expression levels is known as epigenetics, as opposed to
genetics, which refers to information transmitted on the

basis of gene sequence. The main epigenetic modi®ca-
tion in mammals, and in particular in humans, is the
methylation of the cytosine nucleotide residue. In a
healthy cell, the DNA methylation patterns are con-
served through cell divisions allowing the expression of
the particular set of cellular genes necessary for that cell
type and blocking the expression of exogenous-inserted
sequences.
In a cancer cell, there is a clear distortion in the

expression pro®les and the presence of a dramatic
change in the methylation patterns is one of the guilty
parties. First of all, there is a dysregulation in the
methylating enzymes, mainly DNA methyltransferases 1
(putatively responsible for the `maintenance' activity),
3a and 3b (probably responsible for the `de novo' activ-
ity) in the malignant cell. Secondly, there is a global
hypomethylation when compared with a normal cell;
this is achieved due to a generalised demethylation in
the CpGs scattered throughout the genes and may be
involved in causing global genomic fragility [2] and re-
expression of inserted endogenous retroviral sequences
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[3]. Finally, there are local and discrete regions normally
devoid of methylation that su�er an intense hyper-
methylation [4]. In this paper, I am going to focus on
this last event. Approximately half of gene promoters,
and typically `housekeeping genes', contain a region
(from 0.5 kb to several kb) very rich in the dinucleotide
CpGs, in contrast with the rest of the human genome
that is depleted of CpG. These regions, called `CpG
islands', are methylation-free in normal cells, except in
the imprinted genes and the inactive X chromosome in
women, allowing the expression of the adjacent gene if
the corresponding transcription factors are present. In
cancer, several of these CpG islands became hyper-
methylated, shutting down the expression of the con-
tiguous gene, such as a tumour suppressor gene and
thereby enablingmalignant growth. The process described
is illustrated in Fig. 1. Examples of genes su�ering this
aberrant methylation include p16INK4a, p14ARF,
p15INK4b, adenomatous polyposis coli (APC), death
associated protein (DAP) kinase, p73, E-cadherin, von
Hippel-Lindau (VHL), Retinoblastoma (Rb), LKB1/
STK11 and the oestrogen and progesterone receptors
[4±6]. Furthermore, the silencing by promoter hyper-
methylation of a particular set of genes, DNA repair

(hMLH1, O-6-methylguanine-DNA methyltransferase
(MGMT) and BRCA1) and carcinogen detoxi®ers
glutathione S-transferase P1 (GSTP1), may change the
whole genetic environment of that cell. Below, I will
outline four di�erent scenarios for the phenomenon of
epigenetic lesions causing genetic lesions.

2. How hMLH1 promoter hypermethylation solves `the
enigma' of microsatellite unstable sporadic tumours

A subset of human tumours displays a bizarre genetic
phenotype de®ned by the microsatellite instability
(MSI) phenomena. MSI+ tumours are de®ned because
they show aberrant insertions or deletions of mono- or
dinucleotides repeats when the tumours are compared
with their normal counterparts [7]. These `shifts' are
only a measurable re¯ection of a `defect' in the DNA
mismatch repair (MMR) pathway that has been well
characterised in the yeast model. MSI is a typical fea-
ture of tumours from patients with hereditary non-
polyposis colorectal carcinoma (HNPCC). The tumour
types mainly involved in the disease are colorectal,
endometrial and gastric carcinomas. In these HNPCC

Fig. 1. Graphical representation of a typical gene with a CpG island. (a) In a normal cell the CpG island is devoid of methylation allowing gene

expression. (b) In a cancer cell, the CpG island becomes hypermethylated preventing gene transcription. (c) Depiction of the multiple factors

involved in the balance between gene expression and repression.
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families, the defect is attributed to germ line mutations
in the DNA mismatch repair genes, mainly hMLH1 and
hMSH2 [8], while other components of the MMR
pathway such as hMSH3, hMSH6, hPMS1 and hPMS2
seem to play a minor role in the disease. Because MSI+
tumours were also observed in spontaneous cases,
genetic mutations in those same MMRs were assumed
to be the cause for MSI in the sporadic cases. However,
surprisingly, MMR mutations were found in less than
10% of sporadic MSI+ tumours [9]. The reason for this
lack of MMR mutations is that the main cause of MSI
in the sporadic cases is the transcriptional inactivation
of hMLH1 by promoter hypermethylation.
We and others have demonstrated a tight correlation

between the presence of hMLH1 hypermethylation and
MSI+ tumours in colorectal [10,11], endometrial
[12,13] and gastric tumours [14], the three tumour types
common in HNPCC patients, while hMLH1 methyla-
tion is absent in other tumour types [12]. In fact, among
the studies described, 90% of MSI+ tumours are
methylated at hMLH1 (the remaining 10% probably
have somatic mutations in either hMLH1 or hMSH2),
while the MSIÿ tumours are unmethylated in 95% of
cases [11±14]. From the molecular epidemiological point
of view, assuming that approximately 20% of sporadic
colorectal, endometrial and gastric tumours present
with MSI, we would then expect to ®nd hMLH1 pro-
moter hypermethylation in 18% of unselected con-
secutive specimens of these tumour types.
The presence of hMLH1 hypermethylation, docu-

mented by methylation-speci®c polymerase chain reac-
tion (PCR), restriction cut analysis and sequencing,
occurs in the context of a hMLH1 gene without muta-
tions and correlates with the lack of hMLH1 expression
at the RNA and protein level. No evidence of aberrant
methylation of other MMR genes such as hMSH2,
hMSH3 and hMSH6 has been found so far [12,13].
Further proofs of causality between hMLH1 epigenetic
silencing and the MSI+ phenotype have come from
studies in cancer cell lines, where demethylating agents
are not only able to reactivate the hMLH1 gene, but are
also capable of restoring the mismatch repair activity
[11]. Finally, as expected, hMLH1 promoter hyper-
methylation is an early alteration, appearing in the pre-
malignant stages of processes such as atypical
endometrial hyperplasia [12] and in ulcerative colitis
lesions [15]. A third interesting observation is the exis-
tence of a certain degree of hMLH1 hypermethylation
in those tumours that present microsatellite instability,
but only in a few loci [14,15]. These cells are perhaps
caught in a `temporal window' and, although MMR-
de®cient, are still progressing to a more apparent
unstable phenotype. Supporting this notion, the exis-
tence of cancer cells defective in MMR without MSI has
been demonstrated [16]. Thus, the data overall suggest
that transcriptional inactivation by promoter hyper-

methylation of the mismatch repair gene hMLH1 leads
to MMR de®ciency, further microsatellite instability
and to inactivating mutations in multiple target genes
such as BAX or transforming growth factor beta recep-
tor II (TGFBRII).

3. The epigenetic defect in the DNA repair gene
MGMT and the ®rst mutation in an oncogene

In recent years we have seen a growing list of pub-
lications dealing with the description of `which' onco-
genes and tumour suppressor genes are mutated or
altered, and `where' it happens, providing us with a
detailed `molecular geography'. One question still
remains almost untouched: `how' does it happen? Very
little information is known about the causes of muta-
tions in key cancer genes. Interesting data in this area
came from the tumour suppressor gene TP53 [17].
Where benzopyrene, a strong carcinogen member of the
polycyclic aromatic hydrocarbons and abundantly pre-
sent in each cigarette, induces a typical G to T mutation
in bulky covalent adducts formed in the DNA. Thus,
not surprisingly, the majority of TP53 mutations in lung
tumours are G to T transversions [17].
What about the oncogenes? We have another base,

guanine, that can undergo a chemical modi®cation, the
addition of a methyl or alkyl group. Chemical donors
for this aberration may be the dietary nitrates reduced
in the proximal colon by bacteria and nitrosated amines
and amides derived from protein catabolism. The
abnormally generated O6-methylguanine is recognised
as an adenine by the DNA polymerases and thus may
generate G to A mutations. Cells are protected against
this mutation by the DNA repair gene MGMT [18].
MGMT removes the promutagenic O6-methylguanine
from the DNA by transferring the methyl group to an
active cysteine in its own sequence in a reaction that
inactivates one MGMT molecule for each lesion
repaired. In vitro mutational assays using the adenine
phosphoribosyltransferase (APRT) gene, and in vivo
experiments using transgenic mice overexpressingMGMT
or knock-out mice defective in MGMT function, also
demonstrate this genoprotective e�ect of MGMT [18].
In recent years, the loss of MGMT activity in a subset

of human tumours, mainly brain malignancies, has been
reported. However, the MGMT gene remains intact
without any apparent mutations. Early experiments in
cancer cell lines suggested that aberrant methylation
was one mechanism involved in MGMT inactivation
[19,20]. Following those data, we have recently shown
that the DNA repair gene MGMT is transcriptionally
silenced by promoter hypermethylation in primary
human tumours [21]. An example ofMGMTmethylation
and expression analysis is shown in Fig. 2. The pattern
of epigenetic inactivation is very suggestive, a�ecting
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approximately one-third of gliomas and colorectal
tumours, and to a lesser degree, lymphomas, head and
neck and non-small cell lung tumours [21]. As these
cancer cells are de®cient in MGMT DNA repair, they
might accumulate many G to A transitions, some of
them a�ecting key genes, in a similar way that loss of

the hMLH1 mismatch repair gene by methylation tar-
gets other genes. Where can we look ®rst?
A clue is provided by some of the early work in

oncogenesis activation. Simple methylating±alkylating
agents such as nitroso-methylureas (i.e. MNU) were
shown to induce mammary tumours that harbour a G
to A mutation in the H-ras oncogene [22]. The ras
oncogenes were the ®rst transforming factors shown to
be mutated in a human tumour. However, curiously no
ras mutations have been described in breast primary
human tumours. The most commonly mutated member
of the ras family K-ras. Approximately 40% of color-
ectal tumours have K-ras mutations (most being G to A
changes) and the DNA repair gene MGMT is also
inactivated by promoter hypermethylation in 35±40%
of colonic neoplasms. It is possible that the two events
are linked. Our study [23] shows that the vast majority
(71%) of colorectal tumours with G to A mutations in
K-ras are de®cient in MGMT repair due to epigenetic
silencing, while in those tumours with other types of K-
ras mutation, not involving the G to A change, or in
tumours with wild-type K-ras, the MGMT promoter
remains unmethylated in 70% of cases. The detection of
MGMT aberrant methylation in small adenomas [23]
preceding the appearance of K-ras mutations, again
supports a cause±consequence model.
Thus, some questions are answered, but other new

questions are raised. What is going in brain tumours?
MGMT promoter hypermethylation is observed in 40%
of gliomas, but is completely absent in meningiomas. In
gliomas, neither G to A mutations in K-ras nor any
other types of K-ras mutation are observed, suggesting
that the direct activation of K-ras is not a genetic defect
selected in the natural history of this tumour type.
However, MGMT de®ciency due to transcriptional
inactivation by methylation still occurs. Which gene
important for the biology of gliomas is the target?
Importantly, we also have to consider the di�erent kind
of carcinogen exposure sensitivities that exist in brain
and colon tumours, the ®rst being more sensitive to the
action of agents causing O6-ethylguanine. We should
also remember that the MGMT protein has di�erent
repair capacities dependent on the type of radical added
to the guanine [24]. Although further clari®cation is
needed, MGMT epigenetic inactivation is likely to be a
key element in tumorigenesis, causing multiple nucleo-
tide changes in the genomic material.

4. Other candidates, other types of DNA damage: the
cases of GSTP1 and BRCA1

Finally, two more genes related to potential DNA
lesions that undergo inactivation by promoter hyper-
methylation are discussed: the GSTP1 and the breast
cancer familial gene BRCA1.

Fig. 2. Gene inactivation of the DNA repair gene O(6)-methylgua-

nine-DNA methyltransferase (MGMT) by promoter hypermethyla-

tion. (a) Analysis of the methylation status of the MGMT CpG island

by methylation-speci®c polymerase chain reaction (PCR) [21,23] in

non-Hodgkin's lymphomas (NHL). 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 of MGMT. Sample NHL2 is hypermethylated at

MGMT while NHL1 remains unmethylated. Normal lymphocytes

(Lymph) and the colorectal cancer cell line SW48 were used as nega-

tive and positive controls for MGMT methylation, respectively. (b)

The sample NHL1, unmethylated at MGMT, shows strong expression

of the MGMT protein. (c) The sample NHL2, hypermethylated at

MGMT, shows loss of MGMT expression.
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GSTP1 does not repair DNA, but may prevent DNA
damage. GSTP1 is a member of the glutathione-S-
transferase superfamily that catalyses the conjugation of
the peptide glutathione with electrophilic compounds
including carcinogens, resulting in less toxic and more
readily excreted metabolites [25]. In the scienti®c litera-
ture, changes of GSTP1 expression have been widely
documented, but the cause of these changes was unclear
until aberrant methylation of the GSTP1 CpG island in
prostate carcinoma was reported [26]. Following that
study, we investigated approximately 400 primary
tumours, demonstrating that GSTP1 promoter hyper-
methylation is linked to loss of its expression in breast
and renal tumours [27], but the vast majority of other
tumour types do not show this epigenetic alteration
([27], and unpublished observations). Recently, GSTP1
aberrant methylation has also been shown to be a com-
mon event in liver tumours [28]. Is there any linkage
between prostate, breast, kidney and liver? One plau-
sible explanation is that all the tumours derived from
these tissues are related, although at di�erent levels, to
steroid hormone exposure. A putative pathway invol-
ving DNA damage induced by GSTP1 promoter
hypermethylation may be outlined as follows: the
metabolism of oestrogens to catechol oestrogen qui-
nones generates electrophilic intermediates [29] that are
neutralised by their binding to glutathione in the pre-
sence of GSTP1. Epigenetic inactivation of GSTP1
might lead to the accumulation of these dangerous
compounds that covalently bind to DNA, forming
apurinic stable adducts and perhaps mutations. Never-
theless, further con®rmation of this work is necessary.
The correlation between the presence of oestrogen-rela-
ted adducts and the GSTP1 epigenetic lesion and pro-
mising approaches to prevent tumours from these sites
by stimulating the expression of GSTP1 are currently
under study.
BRCA1 is responsible for almost half of the cases of

inherited breast cancer and the majority of familial
ovarian cancer, but the scienti®c community was puz-
zled by the absence of BRCA1 somatic mutations in
sporadic breast and ovarian tumours. However, loss of
BRCA1 mRNA and protein does occur in these tumour
types [30,31]. Our group [32] and others [33,34] have
demonstrated that BRCA1 promoter hypermethylation
leading to loss of BRCA1 function is present in breast
and ovarian primary tumours and cell lines. We have
also shown that biallelic inactivation of BRCA1 is
achieved in many cases by retention of one allele
silenced by methylation in association with loss of the
other allele by genomic deletion in this region [32].
Furthermore, particular breast histological subtypes
overrepresented in the familial tumours are also espe-
cially rich in aberrant methylation [32]. What are the
consequences of losing BRCA1? The strict cellular
function of BRCA1 is still unclear. A function in tran-

scriptional regulation is suggested by the interaction of
BRCA1 with the RNA helicase A and the histone dea-
cetylase complex, both key elements in the transcrip-
tional machinery. But a role for BRCA1 in DNA repair
is also strongly supported. BRCA1 is part of protein
supercomplexes, where we can ®nd other partners such
as RAD51, BARD1, ATM, BRCA2, hMLH1, hMSH2,
hMSH6 and ATM , that activate double-strand break
repair and initiate homologous recombination [35,36].
The existence or not of a genomic context of chromo-
somal chaos (abnormal segregation, high aneuploidy,
mutator phenotype) in those sporadic tumours with an
epigenetic defect in BRCA1 should be the focus of
future investigations. Furthermore, the suspected reci-
procity of BRCA1 alterations with mutations in the
`guardian of the genome', TP53, in both familial and
sporadic tumours is also worthy of further study.

5. Conclusions, perspectives and cross-talk: epigenetics
and genetics

Each coin has two sides. I have outlined how epige-
netic changes, promoter hypermethylation of DNA
repair genes, cause genetic changes, from speci®c point
mutations to gross genomic alterations. But it is likely
that this is also a two-way road. Genetic alterations
a�ecting genes involved in the establishment and main-
tenance of methylation patterns, such as the DNA
methyltransferases (DNMT1, DNMT3a and DNMT3b
are those currently known), putative demethylases (the
proposed MBD2) and methyl-binding proteins (i.e.
MeCP2); the histone acetylases (HATs such as p300,
pCAF and CBP) and deacetylases (HDAC1 and
HDAC2); and the chromatin-remodelling factors (such
as the SWI/SNF family) are ®rst-choice candidates in
this scenario. Supporting this hypothesis, germ line
mutations in DNMT3b observed in the immunode®-
ciency, centromeric instability and facial abnormalities
(ICF) syndrome are associated with abnormal methyla-
tion patterns in satellite DNA [37].
The picture that has emerged in recent years has

shown us that cancer is a polygenetic disease, but also a
polyepigenetic disease, where genes involved through
multiple pathways from the cell cycle to apoptosis, from
cellular adhesion to hormonal response are inactivated
by promoter hypermethylation [4,5]. The patterns of
epigenetic lesions are extremely speci®c in human cancer
and re¯ect the idiosyncrasy and needs of each cell type
as depicted in Fig. 3. This knowledge can be used as a
tool for the monitoring of cancer patients [38±40] and
the design of therapeutic approaches reversing the pro-
cess are currently being studied. Nevertheless, when
aberrant methylation shuts down the expression of
DNA repair genes, such as hMLH1, MGMT, GSTP1
and BRCA1, the cellular DNA is left unprotected in the
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face of exogenous chemical exposures and the reactive
compounds produced endogenously. That cell will now
acquire new genetic aberrations that will push it for-
ward towards and along the non-returnable tumorigenic
road.

References

1. Lengauer C, Kinzler KW, Vogelstein B. Genetic instabilities in

human cancers. Nature 1998, 396, 643±649.

2. Chen RZ, Pettersson U, Beard C, Jackson-Grusby L, Jaenisch R.

DNA hypomethylation leads to elevated mutation rates. Nature

1998, 395, 89±93.

3. Walsh CP, Chaillet JR, Bestor TH. Transcription of IAP endo-

genous retroviruses is constrained by cytosine methylation. Nat-

ure Genet 1998, 20, 116±117.

4. Baylin SB, Herman JG. DNA hypermethylation in tumorigen-

esis: epigenetics joins genetics. Trends Genet 2000, 16, 168±174.

5. Herman JG. Hypermethylation of tumor suppressor genes in

cancer. Semin Cancer Biol 1999, 9, 359±367.

6. Esteller M, Sparks A, Toyota M, et al. Analysis of APC pro-

moter hypermethylation in human cancer. Cancer Res 2000, 60,

4366±4371.

7. Boland CR, Thibodeau SN, Hamilton SR, et al. National Cancer

Institute Workshop on Microsatellite Instability for cancer

detection and familial predisposition: development of interna-

tional criteria for the determination of microsatellite instability in

colorectal cancer. Cancer Res 1998, 58, 5248±5257.

8. Bocker T, Ruscho� J, Fishel R. Molecular diagnostics of cancer

predisposition: hereditary non-polyposis colorectal carcinoma and

mismatch repair defects.BiochimBiophys Acta 1999, 1423, O1±O10.

9. Thibodeau SN, French AJ, Roche PC, et al. Altered expression

of hMSH2 and hMLH1 in tumors with microsatellite instability

and genetic alterations in mismatch repair genes. Cancer Res

1996, 56, 4836±4840.

10. Kane MF, Loda M, Gaida GM, et al. Methylation of the

hMLH1 promoter correlates with lack of expression of hMLH1

in sporadic colon tumors and mismatch repair-defective human

tumor cell lines. Cancer Res 1997, 57, 808±811.

11. Herman JG, Umar A, Polyak K, et al. Incidence and functional

consequences of hMLH1 promoter hypermethylation in colo-

rectal carcinoma. Proc Natl Acad Sci USA 1998, 95, 6870±6875.

12. Esteller M, Levine R, Baylin SB, Ellenson LH, Herman JG.

MLH1 promoter hypermethylation is associated with the micro-

satellite instability phenotype in sporadic endometrial carcino-

mas. Oncogene 1998, 17, 2413±2417.

13. Esteller M, Catasus L, Matias-Guiu X, et al. hMLH1 promoter

hypermethylation is an early event in human endometrial tumor-

igenesis. Am J Pathol 1999, 155, 1767±1772.

14. Fleisher AS, Esteller M, Wang S, et al. Hypermethylation of the

hMLH1 gene promoter in human gastric cancers with micro-

satellite instability. Cancer Res 1999, 59, 1090±1095.

Fig. 3. Patterns of aberrant methylation. Distribution of promoter hypermethylation of DNA repair genes in human cancer and the consequences of

their epigenetic inactivation.

M. Esteller / European Journal of Cancer 36 (2000) 2294±2300 2299



15. Fleisher AS, Esteller M, Tamura G, et al. Microsatellite instabil-

ity in IBD-associated neoplastic lesions is associated with hyper-

methylation and diminished expression of the DNA mismatch

repair gene, hMLH1. Cancer Res 2000, in press.

16. Hampson R, Humbert O, Macpherson P, Aquilina G, Karran P.

Mismatch repair defects and O6-methylguanine-DNA methyl-

transferase expression in acquired resistance to methylating

agents in human cells. J Biol Chem 1997, 272, 28596±28606.

17. Hussain SP, Harris CC. p53 mutation spectrum and load: the gen-

eration of hypotheses linking the exposure of endogenous or exo-

genous carcinogens to human cancer.Mutat Res 1999, 428, 23±32.

18. Pegg AE, Dolan ME, Moschel RC. Structure, function, and

inhibition of O6-alkylguanine-DNA alkyltransferase. Prog Nucl

Acid Res Mol Biol 1995, 51, 167±223.

19. Qian XC, Brent TP. Methylation hot spots in the 50 ¯anking
region denote silencing of the O6-methylguanine-DNA methyl-

transferase gene. Cancer Res 1997, 57, 3672±3677.

20. Watts GS, Pieper RO, Costello JF, Peng YM, Dalton WS, Fut-

scher BW. Methylation of discrete regions of the O6-methylgua-

nine DNA methyltransferase (MGMT) CpG island is associated

with heterochromatinization of the MGMT transcription start

site and silencing of the gene. Mol Cell Biol 1997, 9, 5612±5619.

21. Esteller M, Hamilton SR, Burger PC, Baylin SB, Herman JG.

Inactivation of the DNA repair gene O6-methylguanine-DNA

methyltransferase by promoter hypermethylation is a common

event in primary human neoplasia. Cancer Res 1999, 59, 793±797.

22. Sukumar S, Notario V, Martin-Zanca D, Barbacid M. Induction

of mammary carcinomas in rats by nitroso-methylurea involves

malignant activation of H-ras-1 locus by single point mutations.

Nature 1983, 306, 658±661.

23. Esteller M, Toyota M, Sanchez-Cespedes M, et al. Inactivation of

the DNA repair gene O6-methylguanine-DNA methyltransferase

by promoter hypermethylation is associated with G to A muta-

tions in K-ras in colorectal tumorigenesis. Cancer Res 2000, 60,

2368±2371.

24. Engelbergs J, Thomale J, Galho� A, Rajewsky MF. Fast repair

of O6-ethylguanine, but not O6-methylguanine, in transcribed

genes prevents mutation of H-ras in rat mammary tumorigenesis

induced by ethylnitrosourea in place of methylnitrosourea. Proc

Natl Acad Sci USA 1998, 95, 1635±1640.

25. Tew KD. Glutathione-associated enzymes in anticancer drug

resistance. Cancer Res 1994, 54, 4313±4320.

26. Lee WH, Morton RA, Epstein JI, et al. Cytidine methylation of

regulatory sequences near the pi-class glutathione S-transferase

gene accompanies human prostatic carcinogenesis. Proc Natl

Acad Sci USA 1994, 91, 11733±11737.

27. Esteller M, Corn PG, Urena JM, Gabrielson E, Baylin SB, Her-

man JG. Inactivation of glutathione S-transferase P1 gene by

promoter hypermethylation in human neoplasia. Cancer Res

1998, 58, 4515±4518.

28. Tchou JC, Lin X, Freije D, et al. GSTP1 CpG island DNA

hypermethylation in hepatocellular carcinomas. Int J Oncol 2000,

16, 663±676.

29. Cavalieri EL, Stack DE, Devanesan PD, et al. Molecular origin

of cancer: catechol estrogen-3,4-quinones as endogenous tumor

initiators. Proc Natl Acad Sci USA 1997, 94, 10937±10942.

30. Thompson ME, Jensen RA, Obermiller PS, Page DL, Holt JT.

Decreased expression of BRCA1 accelerates growth and is often

present during sporadic breast cancer progression. Nature Genet

1995, 9, 444±450.

31. Wilson CA, Ramos L, Villasenor MR, et al. Localization of

human BRCA1 and its loss in high-grade, non-inherited breast

carcinomas. Nature Genet 1999, 21, 236±240.

32. Esteller M, Silva JM, Dominguez G, et al. Promoter hyper-

methylation and BRCA1 inactivation in sporadic breast and

ovarian tumors. J Natl Cancer Inst 2000, 92, 564±569.

33. Dobrovic A, Simpfendorfer D. Methylation of the BRCA1 gene

in sporadic breast cancer. Cancer Res 1997, 57, 3347±3350.

34. Catteau A, Harris WH, Xu CF, Solomon E. Methylation of the

BRCA1 promoter region in sporadic breast and ovarian cancer:

correlation with disease characteristics. Oncogene 1999, 18, 1957±

1965.

35. Scully R, Chen J, Plug A, et al. Association of BRCA1 with

Rad51 in mitotic and meiotic cells. Cell 1997, 88, 265±275.

36. Wang Y, Cortez D, Yazdi P, Ne� N, Elledge SJ, Qin J. BASC, a

super complex of BRCA1-associated proteins involved in the

recognition and repair of aberrant DNA structures. Genes Dev

2000, 14, 927±939.

37. Xu GL, Bestor TH, Bourc'his D, et al. Chromosome instability

and immunode®ciency syndrome caused by mutations in a DNA

methyltransferase gene. Nature 1999, 402, 187±191.

38. Esteller M, Sanchez-Cespedes M, Rosell R, Sidransky D, Baylin

SB, Herman JG. Detection of aberrant promoter hypermethyla-

tion of tumor suppressor genes in serum DNA from non-small

cell lung cancer patients. Cancer Res 1999, 59, 67±70.

39. Sanchez-Cespedes M, Esteller M, Hibi K, et al. Molecular detec-

tion of neoplastic cells in lymph nodes of metastatic colorectal

cancer patients predicts recurrence. Clin Cancer Res 1999, 5,

2450±2454.

40. Ahrendt SA, Chow JT, Xu LH, et al. Molecular detection of

tumor cells in bronchoalveolar lavage ¯uid from patients with

early stage lung cancer. J Natl Cancer Inst 1999, 91, 332±339.

2300 M. Esteller / European Journal of Cancer 36 (2000) 2294±2300


