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Abstract

It has become clear that aberrant gene expression, via alterations in promoter methylation or
histone acetylation, is a contributing factor for carcinogenesis, perhaps as important as genetic
mutation. This is particularly evident in endometrial cancer, in which multiple genes are silenced
through hypermethylation. In this review, we discuss the field of epigenetics and relevant
techniques to characterize methylation and acetylation alterations. The CpG island methylator
phenotype, epimutations and the effects of aging on methylation are also discussed. In endometrial
cancer there is evidence that hypermethylation of relevant genes can be reversed using epigenetic
inhibitors, resulting in re-expression of silenced genes. Preliminary data also suggest that a panel
of methylation biomarkers could be useful for diagnosis and even screening in selected
populations at high risk. This disease is particularly well suited for such a strategy given that the
endometrium is readily accessible for testing and endometrial cancer precursors are well defined.
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Introduction

Endometrial cancer (EC) is the most common gynecologic malignancy and the fourth most
common cancer in women, ranking only behind breast, lung and colorectal cancer. The
American Cancer Society estimated that there will be 39,080 new cases of EC in the USA in
2007 (1). Although most women are diagnosed at an early stage and enjoy excellent
survival, patients with advanced disease have a high rate of recurrence and a poor prognosis.
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Despite the intensive efforts for improvement of treatment, 5-year survival is only 25% for
patients with extra-uterine disease. The most common treatment regimen includes the use of
carboplatin or cisplatin, doxorubicin and paclitaxel, alone or in combination. While vaginal
recurrences can be effectively treated with radiation therapy, the 5-year survival rate for
nonvaginal recurrence is 13% or less with a median survival of 10 months (2,3). Therefore,
novel methods for early detection and more effective treatment for patients with advanced or
recurrent disease are paramount to improve long-term outcomes.

It has long been recognized that cancer cells undergo significant changes in 5-
methylcytosine distribution including global hypomethylation and gene-specific
hypermethylation of CpG islands. Epigenetic silencing leads to recessive changes that are
often indistinguishable from those caused by genetic mutation or deletion. For example,
germline mutations in DNA mismatch repair genes hMLH1 and hMSH2 result in hereditary
nonpolyposis colorectal cancer (HNPCC), a familial syndrome associated with elevated risk
of both colorectal cancer and EC (4). However, in sporadic ECs with MSI-H, hMLH1 and
hMSH2 mutations are present in less than 10% of cases, but hMLH1 expression is reduced
in the majority of tumors lacking detectable mutations. This silencing is mediated by
hypermethylation of the hMLH1 promoter resulting in a loss of hMLH1 protein expression
and the development of MSI-H phenotype. Further evidence for a causal link between
hMLH1 epigenetic silencing and MSI has come from in vitro studies showing that
demethylating agents are not only able to reactivate hMLH1 expression, but also restore the
mismatch repair function (5,6). Many other epigenetically silenced genes have been
described in EC, such as O(6)-methylguanine-DNA methyltransferase (MGMT) (7),
phosphatase and tensin homolog (PTEN) (8,9), progesterone receptor (PR) (10-12),
Homeobox gene (HOXA11), thrombospondin-2 (THBS2) (13), paternally expressed gene 3
(PEG3) (14) and glutathione S-transferase P1 (GSTP1) (15). It is noteworthy that
interactions between genetic and epigenetic events have been observed in cancer
pathogenesis. In such cases, one allele of a tumor suppressor gene can be disrupted by
mutation while the other allele is transcriptionally inactivated by DNA hypermethylation
(16,17). In addition, aberrant DNA methylation is a contributing factor for genetic
aberrations including hypermutation (18), loss of heterozygosity (19,20) and aneuploidy
(21,22).

Aberrant DNA methylation is an early carcinogenic event that has been identified in a
variety of cancer precursors (23,24). With regards to EC, Esteller et al. reported that hMLH1
methylation is present in 7% of endometrial hyperplasias (25). This alteration appears to be
restricted to atypical complex hyperplasia, a pathological change considered to be a direct
precursor to endometrial carcinoma (26—-28). Results from an independent study by
Horowitz et al. confirmed these findings (29). DNA methylation alterations are also
associated with later cancer stages, such as metastasis and development of drug resistance
(30-32). These observations highlight the potential use of epigenetic aberrations as
biomarkers for cancer detection. These pathways may also prove to be valuable targets for
new treatment modalities. This review will focus on the application of DNA methylation
assays for risk assessment/screening and epigenetic treatment of patients with EC.
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DNA methylation & its clinical detectionStudy population

The term “‘CpG island’ refers to conserved genomic regions containing more than 50% GC
and enriched CpG dinucleotides with an observed versus predicted ratio exceeding 0.6 over
a stretch of 200 base pairs. It is estimated that approximately 60% of protein-coding regions
are associated with CpG islands in humans (33,34). These sequences are normally refractory
to DNA methylation. However, in carcinomas and other diseases, specific CpG islands
become partially or fully methylated, resulting in silencing of associated genes. Conversely,
repetitive elements and retro—viral sequences that are normally suppressed by methylation
may become demethylated and transcribed. The DNA methylation machinery is tightly
regulated by cell signaling pathways and is composed of DNA methyltransferases (DNMT)
and histone deacetylases. Although some in vitro data suggest that DNA demethylation can
initiate gene transcription, it is debatable whether methylation of a native promoter is the
cause or con—sequence of gene silencing. Despite this uncertainty, a close association
between the presence of methylated CpG and silenced gene expression has been well
established. Furthermore, numerous studies have demonstrated that pharmacological
interference with DNMT inhibitors induces demethylation of methylated promoters and
reverses the gene silencing process. This observation forms the foundation for intense efforts
to identify and validate methylation target genes as cancer biomarkers (35-39). Because the
role in DNA hypomethylation in cancer evolution is less well understood than
hypermethylation and the detection of hypomethylation is less sensitive than
hypermethylation due to the difficulty of achieving 100% bisulfite conversion, most
biomarker research has concentrated on aberrantly hypermethylated DNA sequences.

DNA methylation biomarkers offer several advantages over RNA- or protein-based tests.
First, DNA and its methylation modification is relatively stable and can withstand cell
disruption, repeated freeze and thaw and paraffin fixation procedures performed for
histopathological examination. In addition, PCR-based assays such as methylation-specific
PCR (MSP) can be performed using partially degraded DNA templates, making it suitable
for examination of DNA isolated from body fluids or exfoliated cells. Second, each cancer
cell contains aberrant DNA methylation patterns involving multiple genes. These
abnormalities can be measured in parallel using the same assay (e.g., MSP) with minor
adjustments (e.g., different primers). This enables investigators to apply a panel of
methylation markers with improved sensitivity and specificity. Simultaneous evaluation of
multiple genes governing a wide variety of cell functions and pathways has the potential to
provide information on diagnosis, predict chemo—sensitivity or direct targeted therapy.
Third, unlike genetic mutations that often vary in genomic position over a wide region,
aberrant DNA methylation is generally restricted to specific CpG islands associated with the
target gene (40). Thus, when the MSP method is applied, a single pair of primers will be
adequate for the entire population.

Several methods are currently used to characterize DNA methylation. High-throughput
assays including restriction landmark genomic scanning, differential methylation
hybridization and gene chip hybridization following DNMT inhibitor-induced demethylation
have been used to identify novel methylation targets (41-44). Chromatin
immunoprecipitation (ChlIP) and ChlP-on-chip methods are used to characterize DNA-
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protein interactions and chromatin changes. DNA sequencing and combined bisulfite-
restriction analysis has also been used to analyze gene-specific methylation (45,46). Bisulfite
sequencing and its quantitative version, pyrosequencing, provide detailed information
regarding the methylation of each CpG dinucleotide (47,48). These two methods rely on
DNA sequencing and thus require relatively large amounts of DNA and special equipment.
Compared with bisulfite sequencing, MSP is faster, less expensive and can be performed in
most laboratories. MSP also allows verification of specificity using electrophoretic
examination of the final products. A new trend is to couple MSP to real-time measurement
of amplification products (QMSP). Simultaneous quantification of both methylated and
unmethylated DNA allows the calculation of a ratio, the methylation index, which enables
quantitative comparisons (14,40,49). For these reasons, QMSP has been adopted by many
laboratories as the assay of choice for translational studies and clinical applications.

Aberrantly methylated DNA can be detected in blood or tissues even in patients with
nonmetastatic cancers. DNA isolated from serum has been used to detect lung (50-52) and
prostate cancers (53). Thus, tests for DNA methylation represent a noninvasive means for
cancer diagnosis. There is evidence that circulating nucleosomes associated with methylated
DNA may be protected from DNAases by virtue of the compact configurations that are often
found in association with silenced genes (54). If correct, this concept can help explain the
better than expected success for methylation analysis using DNA purified from virtually all
kinds of body fluids. For example, bronchial aspirates have been used for DNA methylation
tests for APC, P16INK4a and RASSF1A. The results showed that QMSP could be applied
as a reflex test in cases of suspected lung cancer that defy a definite diagnosis using
conventional methods (55). Similar attempts were made for detection of pancreatic
carcinoma using DNA isolated from pancreatic secretions and the results showed varied
levels of success depending on the choice of marker genes (56,57). Quantitative promoter
methylation analysis of nine genes was obtained from DNA purified in urine sediments. In a
cohort of 175 patients with bladder cancer and 69 age-matched controls, a sensitivity of 82%
and specificity of 94% was obtained (58). Methylation analysis of this panel of genes can be
a useful tool for early detection and disease monitoring of patients with bladder cancer.

One report concerning aberrant DNA methylation and lung cancer risk deserves special
attention. Belinsky et al. examined the methylation status of p16, MGMT, DAPK and
RASSF1A in nonmalignant bronchial epithelium from smokers (59). Methylation of p16
was detected in 23 of 66 current and former smokers. Moreover, a high concordance (94%)
of P16 methylation status was found between bronchial epithelium from lung lobes without
cancer and the primary cancer tissues from the same patient. The authors concluded that
aberrant DNA methylation, although not transforming by itself, presents an early surrogate
for acquisition of additional genetic and epigenetic changes leading to lung cancer. As
discussed below, a similar methylation panel may prove useful for the assessment of EC in
patients at high risk.
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Rationale for clinical application of methylation biomarkers in EC
management

The American Cancer Society published detailed analyses and guidelines for early detection
of EC in 2001 (60). It was concluded that there was insufficient evidence to recommend
screening for EC in the general population. This conclusion was partially due to an absence
of detection assays with acceptable sensitivity and specificity that would justify the
associated costs. However, there are many reasons to pursue a screening test for patients
with EC. While patients with early-stage EC can be effectively treated with hysterectomy;,
few options exist for patients with advanced or recurrent disease. Most ECs are detected in
elderly women, suggesting the presence of a relatively long ‘incubation’ time and,
correspondingly, a wide window for early detection. Furthermore, the demographics of EC
have been very well defined. Most EC occur in postmenopausal women with obesity and/or
diabetes. In younger women EC is almost exclusively limited to patients with polycystic
ovarian syndrome or who have been treated with estrogen unopposed by progesterone. Thus,
screening women with these characteristics would be a logical strategy. While aberrant DNA
methylation occurs in the development of virtually all cancers, it plays a particularly
important role in EC. The methylation status and clinicopathological implications of
hMLH1, PTEN, MGMT and steroid hormone receptors have been extensively characterized.
Considered together with recent improvements in DNA isolation and methylation assays, the
clinical application of epigenetic biomarkers for EC screening appears justified.

Tampons as a noninvasive approach for collecting DNA samples

Tampon devices are increasingly accepted by women because of their compatibility with a
modern lifestyle characterized by increased social activities and exercise. This presents an
opportunity for the application as a convenient tool for the collection of DNA samples in the
clinical settings. In an early study, Bader et al. conducted a large trial to compare the
efficacy of the tampon method with standard cervical smears (61). Patients cooperated
readily in the tampon screening program and with proper guidance approximately 98% of
patients successfully completed the trial. In total, 18 cervical and endometrial carcinomas
were discovered by screening 2607 women with 97% overall agreement between tampon
smear and vaginocervical smear, although low specificity was achieved using both methods.
In an independent study, Brunschwig et al. examined the tampon smear method in patients
with endometrial adenocarcinoma diagnosed by conventional biopsy. Sensitivity was 87% in
a cohort of 23 patients (62). Although standard endometrial biopsy can be performed in the
office, an approach utilizing a tampon would be expected to cause less discomfort. An
additional advantage is that specimens could be self-collected by women at high risk (e.g.,
patients with HNPCC, obesity or diabetes). Use of the tampon as a collection device is
noninvasive and associated with few side effects. The prototypic tampon designed by Draghi
was a hand-made device composed of a compressed cotton cylinder covered with a nylon
sheath (63,64). In the past, prolonged use (days to weeks) of high absorbency tampons was
associated with vaginal ulceration (65,66) and staphylococcal toxic shock syndrome (67,68).
Since the super—absorbent tampon made of carboxymethylcellulose was recalled in the
1980s, the risk of ulceration and infection with the normal absorbency tampons such as
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Tampax® (Procter & Gamble) should be minimal. Therefore, when used properly, the
tampon can be a safe and convenient tool for collection of exfoliated DNA from the female
genital tract.

Martin Widschwendter and his group from the University of Innsbruck, Austria, are among
the first investigators who attempted to combine the advantages provided by tampon samples
and methylation markers for EC detection. In an investigation of cervical cancer and
dysplasia, cervicovaginal specimens were collected from patients with low-grade squamous
intra—epithelial lesions (SIL), high-grade SIL and invasive cervical cancers, respectively
(69). Patients who underwent hysterectomy for benign indications were included as controls.
Comfort Mini Tampons (Johnson & Johnson) were inserted in the vagina by a physician
after speculum examination the day before surgery and retained intravaginally for 30 min.
The tampons were washed with 1.2 ml of phosphate buffered saline and supernatant
collected by a brief centrifugation. Following DNA purification using an affinity column,
DNA samples were subjected to real-time PCR methylation analysis of SOCS1, CDH1,
TIMP3, GSPT1, DAPK1, hTERT, CDH13, HSPA2, MLH1, RASSFIA, SOCS2 and ACTB.
For each target gene a ratio between the readings from Sssl-untreated and Sssl-treated DNA
was calculated and the sample was considered methylation positive if the ratio reached more
than 1%.

The investigators found no differences in methylation between the control and low-grade
SIL groups. However, methylation in these two groups was significantly less frequent than
in patients with high-grade SIL and invasive cancer. The elevation of methylation in high-
grade SIL was found in all the genes examined except GSTP1 and SOCS2. Each sample
from cervical cancer patients contains three or more methylated genes, with hTERT found to
be methylated only in cancer samples (80% positivity). This suggests that hnTERT could be
used to differentiate high-grade SIL from invasive carcinoma.

The same group performed a parallel study for the early detection of EC in 124 patients (70).
This study included 15 cases of EC, five cases of invasive cervical cancer, 35 cases of
cervical intraepithelial neoplasia (CIN) and 69 patients with benign uterine diseases.
Applying the same sample collection procedure, 38 genes were examined in DNA samples
from five EC and four control patients to determine the appropriate genes with the greatest
difference between cancer and control samples. Five genes including RASSF1A, hMLH1,
CDH13, HSPA2 and SOCS2, were chosen for further analysis. The sample was considered
methylation positive if three or more genes were found to be hypermethylated. Using this
standard, tampon collected samples from all of the 15 EC patients were found to be positive
whereas 99 of 109 from the other cohort were negative. Of the ten patients who were
methylation positive but did not have EC, one had CIN and four had invasive cervical
cancer.

The investigators also analyzed 16 patient samples collected between the primary (curettage
or punch biopsy of the cervix) and secondary surgery (hysterectomy). All nine EC patients
diagnosed with residual cancer were confirmed to have three or more genes methylated. The
three CIN I11 and one benign patient were methylation negative. Combining all the data from
patients aged between 50 and 75 and excluding CIN 11 or cervical cancers, the sensitivity
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for EC detection was 100% and specificity was 97%, with only one false positive. It should
be pointed out that these preliminary studies were based on a relatively small group of
patients readily diagnosed using conventional methods. Despite this limitation, these results
strongly suggest that a DNA methylation assay on tampon-collected cervicovaginal
secretions is a useful tool for detection of EC. The authors of the above studies felt that, at
this time, the sensitivity and specificity of the DNA methylation assay is still too low to be
used as a screening test. However, the panel of genes utilized has a huge impact on
sensitivity and specificity. The two investigations were based on a small number of
methylation targets selected by literature review. Selection of marker genes based, for
example, on comprehensive profiling data should lead to a panel with improved positive and
negative predictive values.

The discriminating power of MSP relies on the differential sequences of methylated and
unmethylated cytosines following bisulfite conversion. Bisulfite conversion causes
considerable DNA damage and additional DNA is lost in the purification step, such that
DNA quantity becomes a limiting factor in the clinical setting. Nonetheless, the studies
described above demonstrate that a 30-min tampon retention time yielded sufficient DNA
for methylation analysis. In the above studies, tampon samples were subjected to
centrifugation and only supernatants were stored for DNA isolation. Thus, it is not clear if
additional DNA could be recovered from cells/tissues that are presumably present in the
sediments. More rigorous studies are required to assess the integrity, purity, stability
following storage and final quantity of DNA recovered using this method.

It has been reported that hypermethylation of tumor suppressor genes is readily detectable in
atypical complex hyperplasia. Although considered a precancerous condition, when
subjected to vigorous review there is little agreement between pathologists and
approximately 30% of patients with this diagnosis will ultimately be proven to have an
invasive EC when subjected to hysterectomy. The sensitivity and specificity of a DNA
methylation assay as a tool to direct management of this disorder in women who wish to
preserve fertility has not been systematically evaluated, but may prove useful.

Despite their related Miillerian origins, ovarian, cervical and ECs have differing DNA
methylation profiles (71). Using pooled DNA from primary cancers, Yang et al. found that
DAPK is selectively methylated in cervical cancer (41). On the other hand, BRCA1
methylation was only detected in ovarian cancers. Cervical squamous cell carcinoma
(CSCCQ), cervical adenocarcinoma (CA) and endometrial adenocarcinoma (EA) represent the
malignancies most likely to be detected by examination of the tampon collection method.
Kang et al. compared the DNA methylation patterns of nine tumor suppressor genes in EC
(72). Hypermethylation of CDH1 and DAPK were found more frequently in CSCC than CA
(86.6 vs 43.3%; 77.4 vs 46.7%), whereas HLTF and TIMP3 were methylated more often in
CA than CSCC (3.2% vs 43.3; 8.1 vs 53.3%). Most EA (81.0%) contain hypermethylated
RASSF1A, but a smaller percentage of CA (33.3%) carries the same epigenetic abnormality.
These differences were highly statistically significant and suggest that a well-designed panel
of methylation markers may not only indicate the presence of a malignancy, but also suggest
histological subtype.
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Postoperative monitoring for EC recurrence &/or therapeutic response

The CpG island methylator phenotype (CIMP) with con—cordant methylation of multiple
promoters defines a distinct class of cancers associated with several important
clinicopathological characteristics and chemoresistance (73,74). In colorectal cancers, CIMP
is related to microsatellite instability-high (MSI-high), BRAF mutation, loss of
heterozygosity (75-77) and polymorphisms and dietary pattern affecting one-carbon
metabolism (78,79). Studies have linked CIMP with reduced survival in patients with
advanced colorectal cancer treated with 5-fluorouracil-based chemotherapy (80). Ogino et
al. reported that CIMP predicts poor survival in microsatellite stable metastatic colorectal
carcinoma treated with combination chemotherapy (81). These studies support the
application of epigenetic markers for improved management of cancer patients. It is
important to point out that the clinicopathological implication of CIMP is cancer-type
dependent. For example, in contrast to the findings in colorectal cancer, Shaw et al. observed
that in oral cancers CIMP is associated with an upregulated host inflammatory response and
less aggressive tumor behavior (82). Thus, CIMP could be associated with divergent or even
opposite effects in cancers from different cell types, underscoring the need for a detailed
evaluation in each individual cancer type.

Several investigators have proposed that the clustering of methylated genes in a subset of
ECs qualifies as CIMP (13,71). This group of cancers has a three- to fivefold elevated
frequency of aberrant gene methylation. Whitcomb et al. conducted an extensive
methylation analysis in primary and recurrent EC and EC cell lines (13). A high rate of
HOXA11 and THBS2 methylation was observed in cancer tissues and cell lines.
Additionally, HOXA11 promoter methylation occurred in 90 and 51% of recurrent and
primary, nonrecurrent ECs, respectively. Furthermore, HOXA11 methylation in early-stage
cancers was found to be associated with poor outcome. Unlike colorectal and gastric
cancers, more evidence is required for confirmation of the presence of CIMP and to define
the clinicopathological implication of CIMP for ECs.

Despite the uncertainty regarding the significance of CIMP in EC, several studies have
demonstrated that the methylation status of individual genes is predictive of clinical
manifestations and response to treatment. Methylation of E-cadherin was found in 82% of
EC and associated with tumor dedifferentiation, deep myometrial invasion and lymph node
metastasis (83). While PTEN mutation correlated with low International Federation of
Gynecology and Obstetrics (FIGO)-stage, endometrioid subtype, low grade and favorable
prognosis (84), PTEN hypermethylation appeared to be associated with metastatic disease
and MSI (9). These findings suggest that characterization of methylation in specific genes
can provide useful prognostic information and guide postsurgical treatment of EC.

DNA methylation aberrations and gene silencing can be modified by the use of epigenetic
modification reagents. DNMT and histone deacetylase (HDAC) inhibitors are small
hydrophobic compounds that can easily reach their nuclear targets. Because of their power
to reactivate many tumor suppressors and to restore the normal regulatory pathways
disrupted by the epigenetic silencing mechanism, these reagents have shown antiproliferative
and/or cell killing effects in various cancers. In vitro studies using cancer cell lines have
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suggested that DNA demethylation, histone modification and reactivation of expression can
be achieved using one-tenth the IC50 concentration. Therefore, relatively low concentrations
of epigenetic modification reagents may be sufficient to restore the cell cycle and/or cell
apoptosis pathways. Conceivably, this re-sensitization scheme could be enhanced by the use
of additional chemotherapeutic agents. If lower doses are required, this will also lead to a
reduction in the side effects of chemotherapy. Our in vitro studies in EC cell lines have
shown synergism between HDAC inhibitors and several conventional chemotherapy drugs
including paclitaxel, doxorubicin and carboplatin (85). Studies from this and other
laboratories have suggested that both cell cycle and apoptotic regulatory pathways are
involved (86-88). Monitoring DNA methylation changes before and during drug
administration will guide rational design for the most effective combination treatment
regimen. In this context, reversal of epigenetic silencing of the PR using DNMT and HDAC
inhibitors provides an example. Progestational therapy is effective against endometrial
hyperplasia and well-differentiated invasive EC (89,90) and most of the anti-cancer effects
are mediated by PR-B (91,92). Advanced and poorly differentiated ECs are frequently PR-B
negative and therefore resistant to progestational therapy (10,93). It has been shown that PR-
B is silenced by the hypermethylation mechanism in EC and DNMT inhibitors in
combination with HDAC inhibitors can reverse the silencing process and induce PR-B
expression (11,12). Preliminary studies also suggest that re-activation of PR-B restores EC
response to progestins [Unpublished Data, Jiang et al.].

DNA methylation assay for risk assessment

Germline errors in DNA methylation and associated changes in expression patterns in high
eukaryotes are also called ‘epi—mutations’. Several studies indicate the presence of germline
epi—mutations in humans. Suter et al. documented two individuals with heterozygous,
hypermethylated hMLH1 promoters in various normal tissues as well as spermatozoa (94).
The immediate importance of this discovery is that it helps to explain the origin of the
epigenetic background and provides a potential mechanism for inheritance of epigenetic-
related diseases. Follow-up investigations by the same group have confirmed the inheritance
of hMLH1 epimutations from a mother to her son (95). Individuals carrying germline
aberrant methylation of hMLH1 develop multiple carcinomas with mismatch repair
deficiency. The spectrum and pathology of malignancies in colorectal and ECs in these
patients are very similar to those seen in HNPCC (94,96,97). More recently, a heritable
germline epimutation of MSH2 in a family with HNPCC was identified (98). In this case,
three siblings were found to carry the epimutation and developed early-onset colorectal
cancer or EC. It was proposed that a mosaic state of methylation in different tissues could
act as the first hit for tumorigenesis.

Germline epimutations do not follow the usual rules for stable genetic transmission of
sequences to produce a Mendelian trait. Rather, germline epimutation is often stochastic,
mosaic and reversible. It has been estimated that the rate of primary epi—mutations is one or
two orders of magnitude greater than somatic DNA mutations (99). Some investigators argue
that epimutations may constitute a previously overlooked basis for many common diseases
(96). It remains to be investigated how frequently epi—mutations are inherited, what
percentage of the population is affected and what the associated risk is to carriers. The clear
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tendency for increased cancer risk seems to suggest the need for more aggressive screening
in MLH1 and MSH2 epimutation carriers and their descendants. Also, hypermethylation of
hMLH1 in somatic cells suggests that these individuals may suffer defects in one or more
methylation pathways and are therefore predisposed to aberrant DNA methylation in
additional genes as observed in CIMP.

DNA methylation patterns are also affected by the aging process. Early studies examining
the total content of methylated cytosine indicated a tendency for decreased global DNA
methylation levels with age in most vertebrate tissues (100). However, these studies did not
investigate changes in transcription. Subsequent studies examined the effects of aging on
methylation in or near specific genes. Demethylation with age in p-actin was observed in rat
spleen, but not brain or liver. The c-myc gene was demethylated with age in murine spleen,
but this did not affect the steady state of its MRNA levels. Age-related changes in
methylation also occur outside of coding regions. Repetitive DNA sequences in the brain
(101) of aged rats contain greater amounts of methylated cytosines than identical sequences
from younger rats. However, an opposite trend was found in other tissues, including the
thymus and heart (102). It was suggested that this hypomethylation may promote
chromosomal translocation with aging (103).

Age-dependent changes in methylation have been found in several genes relevant to cancer.
For example, CpG islands associated with ER and IGF become increasingly methylated with
age in human colonic mucosa (104,105). The same group also reported that 19 of 30 genes
known to be abnormally methylated in colo-rectal carcinoma became hypermethylated with
age in normal colorectal mucosa (106). Thus, age-related methylation change can occur in a
clonal or cell-type-specific manner, a pattern consistent with the clonal expansion process
during cancer development. These observations suggest that methylation changes could be
one of many factors predisposing the elderly to an increased risk of malignancy (100).
Toyota and Issa proposed a model based on global profiling of DNA methylation in
colorectal cancer (73). According to this model, methylated cytosines are classified into two
categories, type A (age-related) and type C (cancer-related). Initially, type A methylation
arises as a function of age in normal colorectal epithelial cells. The role of this type of
methylation in tumorigenesis in not clear. However, by affecting genes regulating growth
and/or differentiation, such methylation events result in a predisposition to colon carcinoma.
In contrast, type C methylation was found exclusively in a subset of cancers that display the
CpG island methylator phenotype. This type of aberrant methylation affects a number of
tumor suppressor genes and directly contributes to cancer development. Since age is a
significant risk factor for EC, comparative studies on methylation profiles in normal
endometrium from young and old women will provide insight into the pathogenesis of EC.

Expert commentary

Until recently, the majority of cancer research has focused on genetic mutation and
downstream effects of these alterations. The epigenetic regulation of gene expression is
understudied and our understanding of these changes must evolve in order to develop the
next generation of therapeutics. At the present time, the first generation of epigenetic
inhibitors is US FDA approved and has been demonstrated to have a low toxicity profile in
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comparison with traditional cytotoxic agents. New HDAC inhibitors, now in Phase | and Il
clinical trials, appear to be even better tolerated.

Recent results have raised the possibility of applying DNA methylation assays for EC
management. Although these studies are in the early stages of development, DNA samples
sufficient for methylation analysis are readily accessible via minimally invasive measures in
patients at high risk. Genome-wide profiling of DNA methylation targets is necessary to
identify a panel of markers with the highest specificity and sensitivity. Ultimately,
prospective clinical studies must be performed for validation. Additional research is needed
in order to elucidate the mechanisms by which methylation is regulated and determine how
risk factors such as hormonal use or diabetes impact methylation in EC patients.
Establishment of the causal relationship among the hormonal alteration, DNMT regulation
and dysfunction in precancerous cells and the hypermethylation of tumor suppressor genes
will provide a theoretical foundation for the clinical application of epigenetic biomarkers.

Five-year view

Given that germline genetic mutation as a cause of cancer constitutes a small minority of
cases and that gene therapy has been slow to materialize in the clinic, epigenetic research
will command an ever increasing presence in the field of cancer research and therapeutics.
An epigenome will be established, in a similar way that the genome was sequenced. This
will facilitate comparisons between normal and diseased subjects, not just in cancer
research, but in the study of medical disorders as well. Technical innovation will lead to
further streamlining and/or automation of DNA methylation assays. Faster, more cost-
effective kits requiring smaller amounts of DNA samples for bisulfite conversion and
methylation detection will be commercially available in a few years. These developments
will significantly speed up the process to establish standards for DNA methylation analysis.

It is particularly exciting that, in contrast to genetic mutation, changes in gene expression are
reversible. DNMT inhibitor Decitabine and HDAC inhibitor vorinostat have been approved
by FDA. Multiple epigenetic inhibitors are currently being investigated in both preclinical
and clinical settings. The generation of epigenetic inhibitors will continue to grow. The
regulation and function of DNA methylation enzymes and their interaction with other
chromatin components and cellular pathways will be intensively investigated. Development
of drugs with specificity to subclasses of acetylases and methyltransferases will also occur in
the near future. More research will uncover important differences in splice variants which
will also be exploited by drug development. Preliminary data support synergy between these
inhibitors and traditional cytotoxic agents. Future drug regimens will include combinations
of these agents with improved efficacy and lower toxicity.
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Key issues

Cancer cells undergo changes in 5-methylcytosine distribution that may lead
to recessive changes indistinguishable from those caused by genetic mutation
or deletion.

Epigenetic silencing can be reversed using small molecule inhibitors of
methylation and deacetylation, some of which are either US FDA approved or
currently in clinical trials.

Preclinical studies suggest that epigenetic inhibitors may synergize with other
cytotoxic agents for cancer treatment.

Methylation-specific PCR is the fastest, most economical and most
convenient technique to characterize epigenetic changes at specific promoter
sites or throughout the entire genome; chromatin immunoprecipitation, DNA
sequencing combined bisulfite-restriction analysis and pyrosequencing are
also useful modalities.

DNA methylation analysis offers several practical advantages over protein or
RNA-based indices of gene expression in the clinic.

Tissue suitable for DNA methylation assays is readily accessible from
patients for endometrial cancer and may prove useful for screening, diagnosis,
prognostication or direct therapy.

Genome-wide profiling efforts may lead to identification of more and better
epigenetic markers useful for cancer management with improved sensitivity
and specificity.

Age-dependent changes in methylation have been found in several genes
relevant to cancer and suggest one explanation for the rising prevalence of
cancer in the elderly.
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