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DNA Methylation: Its Role in Cancer Development and Therapy
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Inflammation and Methylation Changes

Changes in the genome which result in cancer promotion remain a complex interplay of
aberrant methylation in the setting of a multitude of epigenetic changes. The events leading to
these disruptions in methylation have been postulated; though remain to be fully elucidated.
A causal relationship between inflammation and cancer has long been accepted in multiple
tumor types, most prominently colon cancer; an association supported by the evidence that
non-steroidal anti-inflammatory medications can potentially stop the development of colon
cancer. Investigations in patients with ulcerative colitis who have a predisposition to the
development of colon cancer have established a potential link between inflammation and
cancer by the demonstration of hypermethylated gene promoters in early dysplastic lesions. .
The mechanisms responsible for the contribution of inflammation to cancer remain to be fully
understood. Mutagenesis resulting from the production of halogenated nucleotide precursors
in activated neutrophlls and eosinophils with subsequent incorporation into DNA has been
demonstrated in vitro.2:3 The link between inflammation-induced halogenated nucleotides and
aberrant methylation stems from the demonstration that methyl-binding proteins cannot
distinguish between methylated cytosine residues and chlorinated or brominated cytosine
nucleotides. Furthermore, DNMT1 also could not distinguish between 5-methylcytosine and
some 5- halocytosme products which could potentially result in mistaken methylation at sites
of inflammation.# These halogenated cytosine residues were not recognized by DNA repair
enzymes suggesting the possibility of accumulation of heritable changes within the genome.

Infection with Helicobacter pylori has been implicated in the development of gastric cancer
with a relative risk increase of 2.2- to 6 fold when infection is detected.>~8 The mechanism of
cancer development in this setting has been attributed to inflammation leading to cell
proliferation resulting in a propensity for gene mutation. Aberrant methylation due to H.
pylori infection has been suggested as an additional mechanism bridging the gap between
inflammation and cancer. In a series of 154 healthy volunteers and 72 patients with gastric
cancer, methylation of 8 regions of 7 CpG islands was assessed. 1 Among the healthy
volunteers, the extent of DNA methylation was 5.4~ to 303-times higher in the H. pylori positive
cases compared to the H. pylori negative cases (p<0.0001) suggesting an increase in
methylation levels due to the presence of H. pylori. However, the comparison of methylation
levels between healthy volunteers and patients with gastric cancer stratified by H. pylori status
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revealed an increase in methylation in H. pylori positive gastric cancer patients in one of the
gene promoters studied when compared to H. pylori positive individuals without gastric cancer.
However, in patients with H. pylori negative status, those with gastric cancer had significantly
higher methylation levels in CpG islands of all genes chosen for study than in healthy
volunteers. That H. pylori positive individuals have higher methylation levels than H. pylori
negative gastric cancer patients could result from H. pylori infection conferring aberrant
methylation status on all gastric cells including stem cells such that cancer-inducing stem cells
persist while the gastric cells die. After resolution of the infection, it could appear that the
methylation changes have resolved despite the continued presence of methylated, gastric stem
cells capable of promoting cancer. The increased methylation in H. pylori positive individuals,
the independence of methylation status from age and gender, and the association between prior
H. pylori exposure and subsequent gastric cancer risk suggests that aberrant methylation is a
potential biomarker for cancer prediction and surveillance among patients with H. pylori
infection.9 With the proposed association between H. pylori infection, aberrant methylation
and subsequent gastric cancer evolves the question of whether eradication of H. pylori infection
can mitigate increased methylation with a potential to halt carcinogenesis. Fuccio, et al.
investigated this idea.10 In previous work by them and others, it has been demonstrated that
E-cadherin, a tumor suppressor gene, is aberrantly methylated in H. pylori infected gastric
specimens as well as in gastric tumor specimens. A decrease in methylation of E-cadherin has
been demonstrated after treatment of H. pylori infection, suggesting the possibility that
methylation changes induced by infection can be mitigated by treatment directed against the
bacteria.10-1

Alcohol mediated methylation changes

Chronic alcohol consumption has a number of health-related consequences and is causally
related to the development of cancers of the oral cavity, pharynx, larynx, esophagus, liver,
colon, rectum and breast. Since the beginning of the 20t century, it has been hypothesized that
alcohol and/or its metabolites act as carcinogens, through a variety of mechanisms including
the activation of other pro-carcinogens, the generation of reactive oxygen species as well as
metabolism to carcinogens such as acetaldehyde.13 Methylation changes due to a variety of
alcohol related factors have been proposed as an additional mechanism of carcinogenesis. S-
adenosyl-L-methionine (SAMe), a coenzyme which acts as a methyl donor, is principally
produced in the liver from L-methionine and ATP. The isoenzymes of methionine
adenosyltransferase, which catalyze this reaction, are encoded by the MAT1A (MAT | and 111
isoenzymes) and MAT2A (MATII) genes. MATI and MATIII are predominantly active in adult
liver while MATII is found in fetal and regenerating liver. Because the enzymes encoded by
MAT1A are most able to maintain adequate levels of SAMe, the gene is active in normal liver.
However, in the presence of liver injury such as from alcohol use, the production of nitric oxide
and reactive oxygen species are thought to result in decreased levels of MATI and 111 with
resultant decrease in SAMe production. Subsequent diminished levels of MAT1A products are
due to an as yet unknown mechanism of promoter hypermethylation. The decrease in SAMe,
amethyl donor, is thought to result in hypomethylation of MAT2A such that MAT I production
is increased resulting in an increase in hepatocyte growth and promotion of cell division cycle.
MAT2A is hypomethylated in hepatocellular cancer and hypermethylated in normal liver
si%pfd?rting the above as a mechanism of methylation changes resulting in cancer promotion.

The reduced intake amongst alcoholics of key nutrients as well as the perturbation of enzymatic
processes such as the production of SAMe by alcohol ingestion leads to further disturbance of
important methylation reactions. One such example is the folate and methionine deficiency
found in alcoholics which is associated with higher rates of colorectal cancer, an association
that is not seen in occasional drinkers with replete levels of these nutritional factors.1® The
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hypomethylation detected in colorectal cancer, thought to be in part a result of folate depletion,
remains an association despite the findings that folate supplementation resulted in higher rates
of carcinoma in a randomized controlled trial. Folate depletion appears to play an important
role in the very early stages of carcinogenesis with changes in methylation levels impacting
the development of tumors later on. Folate supplementation in the setting of pre-existing cancer
cells, however, appears to be a tumor promoter due to the increased folate requirements of
cancer cells and the associated increase in folate receptors on malignant cells.16

DNA methylation changes and aging

The association between aging and increased incidence of cancer has long been noted and has
been largely attributed to the accumulation of genetic mutations over time. Of late, the
alterations in the epigenome as a result of aging have gained increased attention. As seen in
patients already diagnosed with cancer, aging brings about a global hypomethylation with
hypermethylation of specific gene promoters. A pertinent example is found in sporadic
colorectal tumors with microsatellite instability. Hypermethylation of the MLH1 gene in these
patients led to an interest in the possibility that this finding was a precursor to the development
of cancer. Normal colonic mucosa in patients with colorectal cancer was obtained and the 700-
bp region upstream of MLH1 was analyzed.17 Partially methylated alleles were noted in 44%
of samples from patients under the age of 60 years, while 83% of patients above the age of 80
demonstrated increased methylation levels from the 51 CpG islands studied. Fully methylated
alleles were detected in the majority of microsatellite unstable specimens and in only 20% of
those tumors without microsatellite instability. The location of the hypermethylated regions
was detected in cryptal cells close to the lumen. The results from this series suggest that
molecular changes accumulate with age with a contribution from environmental influences
resulting in methylation changes over the entire promoter region of MLH1 and subsequent
development of microsatellite unstable colon cancers. An important caveat to these findings
is the fact that the samples were derived from patients with documented colon cancer such that
definitive conclusions about the molecular sequence of events resulting in carcinoma cannot
as yet be made.

Disease-Associated Methylation Changes

Myelodsyplastic Syndromes

The myelodysplastic syndromes encompass a group of stem cell disorders characterized by
ineffective erythropoiesis with varying probability of leukemic transformation. The disease is
characterized by the presence of cytopenias and is often diagnosed on routine laboratory
examination.18 Patients are sometimes asymptomatic, but may suffer from symptoms
secondary to low blood cell counts, infection or autoimmune manifestations. Approximately
10,000 cases are diagnosed annually and most commonly in persons over the age of 60. Based
on the most recent SEER data, 3 year survival rates remain a dismal 35 percent.19

The genetic map of MDS has not yet been fully elucidated; however, the methylation of several
gene promoters has been demonstrated and is thought to contribute to its pathogenesis. In
particular, interstitial deletions of chromosome 5 are associated with a distinct sub-type of
MDS known as 5q syndrome as well as therapy-related MDS and some types of leukemia.
20,21 Investigation into a possible tumor suppressor gene in this region of chromosome 5 led
to the identification of the reversion induced LIM (RIL) gene located in this region as a
candidate tumor suppressor gene.22 Methylation of RIL was identified in only 6% of patients
classified as having low-risk MDS while over 50% of patients with intermediate- to high-risk
MDS demonstrated aberrant methylation of the gene. Furthermore, among the higher risk
patients, those with RIL methylation had a median survival of only 55 weeks compared with
119 weeks in the samples without methylation suggesting a role of the gene in the pathogenesis
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of MDS. Methylation of the p15'NK4b gene, which inhibits cyclin dependent kinases 4 and 6,
has been associated with MDS cases and seems to correlate with percentage of blasts. As
methylation of the gene was uniformly found in cases of AML arising from MDS, its presence
may signal disease evolution. 23 Similar results were obtained by Tien, et al. in which an
increasing proportion of p15'NK4b methylated cells were found in patlents as their disease
evolved into AML suggesting a relationship with leukemic transformation.24 While a detailed
understanding of the methylation changes driving the pathogenesis of MDS has not yet been
reached, the effort to clarify the pertinent changes to be used for prognostication and targeted
therapy is well under way.

Other Hematologic Malighancies

Acute Leukemias—Hypermethylation of the 5’ CpG island within the p15/NK4b gene is
found in the overwhelming majority of acute myelogenous leukemia (AML) series studied,
thus confirming its role in AML, particularly in light of the fact that this aberrant methylation
is not detected in normal bone marrow progenitor cells.25=27 While p15'NK4b methylation is
the most frequently associated with AML, several other gene promoters have demonstrated
aberrant methylation including ER, PR, RIL, BRCA1, and Apaf-1, among others. 22,28-31

Several genes have been identified as being aberrantly mutated in acute lymphocytic leukemia
(ALL) and are thought to contribute to the cellular proliferation and apoptosis resistance found
in leukemic cells. Some of these candidate genes include those that target the cell cycle, such
as p21, p15 and p16, and those that influence apoptosis, including DAPK and TMS-1. In
addition, E-cadherin and H-cadherin both methylated in ALL are thought to inhibit apoptotic
signaling in addition to their cell adhesion effects.32-35 The number of methylated genes in
a series of 251 patients with ALL was analyzed and found to correlate with survival such that
the survival rate at 11 years in those patients with only 1 methylated gene was 45.5% vs 7.8%
in the group with 4 or more methylated genes (p = 0. 0004) 6 As techniques in identifying
aberrant methylation have improved, the ability to detect wide-scale methylation changes has
evolved. Several more candidate genes have been identified in lymphoblasts from ALL patients
and have even allowed differentiation between B- and T-ALL. In vitro, modulation of the
methylation status of these genes by exposure to demethylating agents as well as demonstration
of cell line growth inhibition has been demonstrated providing a basis for future targeted
therapies in this disease. 37 While the ability to restore gene expression after exposure to
demethylating agents has been proven in a variety of cell lines, whether this restoration of gene
expression results in cell growth inhibition has not been demonstrated to our knowledge.

Chronic Leukemias—In contrast with AML, chronic myelogenous leukemia (CML)
samples have not demonstrated a consistent inactivation of p15/NK4b, 26,38 |nterestingly,
methylation of p15'NK4b was not detected even in patients with blast crisis. Methylation of the
C-ABL promoter has been studied in patients with CML and appears to correlate with disease
progressmn Though of questionable prognostic significance, the changes in methylation of
the oncogene promoter are apparent in a proportion of patients with chronic phase CML and
appear to increase in patients with blast crisis. In vitro treatment with IFN-alpha demonstrated
reversion of the promoter to an unmethylated state and correlated with response to the agent.

—41 The reported lack of methylated p15'NK4b in CML samples has been attributed to less
sensitive methods of detection. In an attempt to identify aberrant methylation through more
sensitive methods, Nguyen, et al. utilized a quantitative bisulfite PCR assay and detected
p15!NK4b methylation in 24% of CML samples from all phases of disease.*2 Furthermore, C-
ABL promoter methylation did not appear to have prognostic significance.

In patients with chronic lymphocytic leukemia (CLL), the predominant finding has been global
hypomethylation, though hypermethylation of some gene promoters have been noted such as
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E-cadherin?3 and DXS255.44 Though analysis for hypermethylation has principally been
undertaken one gene at a time, the utility of genome wide methylation detection has become
more apparent as the methodology has evolved. Also termed restriction landmark genomic
scanning (RLGS), the process involves two-dimensional electrophoresis and utilization of
radiolabeled restriction endonucleases which are methylation sensitive resulting in a map of
radiolabeled unmethylated sites in the DNA being studied.4 A total of 193 methylated
sequences were identified in a series of 10 CLL samples and were deemed to be nonrandom
changes. One gene with a hypermethylated promoter, G-protein coupled metabotropic
glutamate receptor 7 (GRM7), was evaluated further because of its 5’ CpG spanning the
regulatory region as well as its effects on signaling in apoptosis.46 Methylation of GRM7 was
confirmed by bisulfite PCR sequencing. In vitro, treatment with decitabine resulted in
upregulation of expression of GRM7, even at low doses. In a similar study also utilizing RLGS,
secreted frizzled-related protein 4 (SFRP4), a Wnt pathway anatagonist, was found to be
methylated in all of the CLL samples studied. Treatment of cells with decitabine restored gene
expression. However, whether this was associated with inhibition of cell growth was not
reported."’7

Solid Tumors—A detailed description of the methylation patterns of every solid tumor is
beyond the scope of this article. However, analysis has revealed several key aberrantly
methylated genes common to several tumor types.

Perhaps one of the most extensively studied of such genes is human MutL homolog 1,
hMLH1, a mismatch repair (MMR) gene. Deficiency in MMR has been a hallmark of colorectal
cancer arising from hereditary nonpolyposis colorectal cancer (HNPCC) and is detected in an
estimated 13% of sporadic colon tumors.48; Sporadic cases of colorectal cancer are
associated with hypermethylation of hMLH1, resulting in a deficiency in MMR, and are
associated with those tumors exhibiting microsatellite instability (MSI).50 In vitro utilization
of decitabine results in reexpression of hMLH1 as well as restoration of the cells’ mismatch
repair ability. Quantitative anaylsis of hMLH1 methylation has revealed differences in sporadic
MSI colorectal tumors from those arising out of HNPCC, a distinction that has been often
difficult to make.>1 A significant difference in methylation of hAMLH1 has been detected in
MSI tumors based on the site of origin such that proximal tumors are associated with a
significantly greater frequency of hMLH1 than distal colon cancers further supporting the
heterogeneous nature of these cancers.>2 Promoter hypermethylation of hMLH1 with
associated decreased mRNA protein expression has been detected in over half of non-small
cell lung cancer specimens in one series. Furthermore, matched sputum samples from this
cohort demonstrated these methylation changes as well.93 Amongst samples from patients
with adenocarcinoma of the lung, the decrease in hMLH1 expression differed by sex with over
80% of samples from women and about half of samples from men demonstrating reduced
protein expression.54 The rates of lung cancer amongst women without a history of smoking
are much higher in Taiwan than in other places including the U.S. In a series of non-smoking
female patients from Taiwan, the methylation of hMLH1 was detected in almost 70% of
samples.55 Whether these epigenetic changes can be found in women without a smoking
history in other parts of the world or whether they will impact prognosis and treatment response
remain to be determined.

Approximately, 13% of ovarian cancer samples display hypermethylation of the hMLH1

promoter, with concomitant decrease in hMLHL1 protein expression in tumors. In vitro studies
of ovarian cancer cell lines display increasing methylation of hMLHZ1 with increasing cisplatin
resistance. Pre-treatment with 5-azacitidine restored platinum susceptibility in these cell lines.
561na patient series, the methylation status of h(MLHL1 in patients treated with carboplatin and
a taxane revealed that 25% of patients developed hypermethylation of the promoter at relapse
when they did not demonstrate increase in methylation prior to exposure to chemotherapy.57
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Furthermore, hypermethylation at relapse correlated with poorer survival independent of other
factors.

Though inactivation of the BRCAL gene has been most commonly associated with inherited
forms of breast cancer, its hypermethylation is thought to play a role in some sporadic tumors
as well. Up to 30% of sporadic breast tumors are thought to have a BRCA1 hypermethylation.
In a study confirming this percentage, Wei, et al. demonstrated that the methylation was more
common in tumor samples from young patients with hormone receptor negative, high %rade
tumors, an observation similar to that seen in patients with hereditary BRCAL deletion. 8
Aé)proximately 15% of sporadic ovarian tumors demonstrate BRCAL hypermethylation.59'

60 n aseries comparing the methylation status of BRCA1 amongst tumor samples from patients
with benign ovarian tumors, borderline tumors as well as carcinomas, promoter methylation
was detected in 31% of carcinomas but in none of the benign or borderline tumors.61
Interestingly, decreased BRCA1 expression was noted in 16% of benign tumors, 38% of
borderline tumors and 72% of carcinomas suggesting the possibility that pathways upstream
to BRCAL are altered resulting in diminished expression without evidence of loss of
heterozygosity or hypermethylation of BRCAL in the low grade tumors. In the ovarian cancer
samples, loss of heterozygosity and hypermethylation were thought to account for the
decreased BRCAL expression. A significant correlation between methylation of BRCA1 and
reduced protein expression was demonstrated.

A number of genes have been associated with hypermethylation in non-small cell lung cancer
patients. In fact, h}/permethylation of several genes has been associated with a decrease in
overall survival.62,63 However, few of these studies have been replicated with the exception
of those involving the tumor suppressor gene p16, the product of which inhibits cyclin-
dependent kinase 4. In the largest series to date by Gu, et al., tumor samples from 150 patients
with various stages of non-small cell lung cancer of either squamous or adenocarcinoma
histology were analyzed.64 Those with methylated p16 had a statistically significant decreased
median survival compared to those who did not (21.7 months vs. 62.5 months, p = 0.0001).
Methylation of the p16 promoter is thought to be induced by tobacco smoke exposure as its
direct correlation with number of pack-years smoked, duration of smoking history and indirect
correlation with time elapsed since smoking cessation have been statistically significant in a
large series of patients with NSCLC.85 When studied in combination with other genesina
series of samples from patients with NSCLC, healthy volunteers as well as smokers without
evidence of lung cancer, the hypermethylation of p16 appeared to be a later event during lung
cancer progression. None of the 4 genes studied was hypermethylated in the normal volunteers.
66 The above are a few examples of genes hypermethylated in various solid tumors, which
may contribute to the establishment and/or progression of cancer. A more detailed list is
included in Table 1.

Methylation Changes as a Biomarker

The research associating methylation changes with the development of cancer have identified
these epigenetic modifications as early events thought to often precede the appearance of tumor.
Furthermore, investigations into whether therapeutic intervention of these epigenetic changes
can alter the course of disease are being undertaken. A corollary to these observations is an
interest in utilizing methylation changes as biomarkers to aid in the detection and monitoring
of cancer. Though current screening methods for breast cancer have made significant strides
in the detection of early stage breast cancer, the combination of mammography and MRI have
a combined specificity of 77% and a sensitivity of 94% with increased cost.67 Whether the
incorporation of MRI into the screening of high-risk women improves survival remains to be
determined. The quest for more accurate detection of breast cancer in women has led to the
analysis of nipple duct fluid as a means of direct assessment. However, the process has been
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hampered by difficulties in sampling of nipple duct fluid as well as the lack of predictive
capability by cytologic analysis.6 In one series, the methylation status of 11 tumor suppressor
genes from ductal eé)ithelial cells predicted sporadic and hereditary cancer with an accuracy
approaching 90%.6 Importantly, it appears that methylation changes are apparent in the ductal
epithelial cells obtained from nipple duct fluid regardless of the location of the primary breast
tumor.

In patients with non-small cell lung cancer (NSCLC), the heterogeneity in clinical behavior
amongst patients with early stage disease has prompted the investigation of methods to improve
prognostication. In a nested case-control study of patients with stage | NSCLC, promoter
methylation of the cyclin-dependent kinase inhibitor 2A gene p16 and the H-cadherin gene
CDH13, was associated with an odds ratio of recurrent cancer of 25 when primary tumor and
resected lymph nodes were evaluated by methylation specific PCR.63 This association was
independent of age, race, sex, tumor histology, stage or smoking history. While efforts to
predict the risk of recurrence in patients with an existing diagnosis of NSCLC will hopefully
result in the ability to determine which patients need adjuvant therapy, research into methods
to screen patients at risk for NSCLC may have even more far-reaching effects. In the first
prospective study of its kind, Belinksy, et al. studied the methylation pattern of 14 genes in
exfoliated cells from sputum.70 Study participants were recruited beginning in 1993 as part of
the University of Colorado Cancer Center Sputum Screening Cohort Study and had a history
of at least 30 pack-years of smoking with no prior diagnosis of cancer. Participants were
followed periodically and sputum samples obtained routinely. The methylation patterns of
sputum cells from patients who developed NSCLC were compared with those patients who
did not. Of the 14 genes studied, 6 were identified as being associated with a greater than 50%
likelihood of developing cancer. When 3 or more of the 6 genes were methylated, a 6.5 fold
increased risk of cancer was noted. The sensitivity and specificity of this association was 64%.
In a similar study, the sputum samples obtained from patients with and without squamous cell
lung cancer participating in a lung cancer surveillance study were analyzed.71 The presence
of methylation of the p16 and O%-methylguanine-DNA methyltransferase (MGMT) promoters
were determined by PCR. Aberrant methylation was detected in 100% of the patients with
squamous cell carcinoma and was identified in samples from up to 3 years prior to diagnosis.
The finding of p16 and MGMT methylation in high risk patients without cancer approximated
their lifetime risk of lung cancer. At the time the study was published, two of these patients
did in fact develop lung cancer. The search for a screening approach in patients at risk for
NSCLC continues, however, results from prospective studies such as this certainly provide a
basis for future investigations. The determination of additional methylated genes can perhaps
increase the accuracy of sputum analysis and may provide a determination of which patients
would benefit from frequent radiologic assessment. /0

Hepatocellular carcinoma (HCC) poses challenges in early detection both in the U.S. and
globally, and improvements in screening in high risk patients could have a far-reaching impact
in this often incurable disease. Using blood samples from a community screening program in
Taiwan, the DNA of patients with and without a diagnosis of HCC was extracted and
methylation specific PCR was performed to detect the pre-diagnosis methylation status of three
genes, p15, p16 and ras association domain family 1a (RASSFlA).72 Amongst the 50 cases
of HCC, RASSF1A was the most frequently methylated at a rate of 70%. Six HCC patients did
not demonstrate methylation of any of the three genes. When combined with other risk factors
such as hepatitis B surface antigen status, anti-hepatitis C antibody status, smoking and alcohol
use, the hypermethylation biomarkers had a predictive accuracy of 89%, a sensitivity of 84%
and a specificity of 94%. Methylation changes were detected in the samples up to 9 years prior
to the diagnosis of HCC. The current method of screening patients at risk for HCC includes
alpha-fetoprotein testing in combination with ultrasound. The effectiveness of such an
approach remains controversial and the establishment of a molecular signature predicting for
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the development of HCC could prove useful, particularly in the setting of chemopreventive
techniques. The ease of blood sampling may also increase compliance and potentially be more
cost-effective and sensitive than routine radiologic screening.

As research into the treatment of various cancers has progressed over the last few decades, the
notion of customizing therapy to a particular tumor’s characteristics has gained increased
interest. No example better illustrates this concept than the use of temozolomide in the
treatment of glioma. The use of this alkylator in combination with radiation therapy became
standard of care in the adjuvant treatment of glioblastoma with the demonstration of a clinically
meaningful survival advantage of 2.5 months in the group that received temozolomide with
radiation therapy as opposed to those who received radiation alone.”3 Given that MGMT
repairs the damage caused by such alkyating agents as temozolomide, an investigation into
whether MGMT methylation affected response to the drug was initiated.’4 The MGMT
promoter methylation status was evaluated in the tumors of patients enrolled in the adjuvant
trial comparing radiation therapy with and without temozolomide described above. MGMT
promoter methylation was detected in 45% of the assessable cases and was associated with a
more favorable prognosis regardless of the therapy administered. Among those patients who
received temozolomide with radiation therapy, the presence of MGMT promoter methylation
was associated with a survival advantage with a median survival of 21.7 months compared to
15.3 months in the radiation alone cohort (p = 0.007). An association has also been described
between MGMT promoter methylation and the incidence of pseudoprogression on MRI
(defined as the radiologic appearance of tumor progression due to increased contrast
enhancement). This radiographic change is thought to be caused by blood-brain barrier
disruption from radiation therapy resulting in capillary disruption, fluid transudation and finally
brain edema. In a series of patients with glioblastoma treated with radiation therapy and
temozolomide, MRI pseudoprogression was noted in 91% of patients with MGMT promoter
methylation and in 41% of those with unmethylated promoter (p = 0.0002).75 Overall survival
was significantly longer in patients with MGMT promoter methylation and in those patients
who developed radiologic pseudoprogression (p = 0.001 and p = 0.045, respectively). Thus,
methylation status may potentially be used to offer treatment to those patients with glioma for
whom it has the most chance of efficacy while also providing a means to ensure that treatment
is not prematurely discontinued.

One disease in which genetic alterations have had a significant impact on use of noninvasive
screening methods is colorectal cancer. With the publishing of the most recent joint guidelines
of the screening and surveillance for the early detection of cancer and adenomatous polyps by
the American Cancer Society, US Multi-Society Task Force on Colorectal Cancer and the
American College of Radiology, the first time incorporation of a fecal DNA test has the
potential to significantly impact providers’ approach to colorectal cancer screening.76 Though
the test does not include a search for methylation changes, such DNA alterations in fecal DNA
are found in patients with colorectal cancer and could impact the further development of
screening tests in the future. In a series studying the fecal DNA of patients with colorectal
cancer and adenomas as well as samples from normal individuals revealed a higher rate of
methylation of the target genes studied in the patients with cancer.” In fact, of the three genes
studied, over 96% of patients with cancer and 81% of patients with precancerous lesions had
at least one methylated gene. In the normal individuals, only 1 patient of the 24 studied had a
methylated gene. This analysis, which was performed using methylation-specific PCR had a
sensitivity of 93.7% and a specificity of 77.1%. The presence of free-circulating tumor DNA
in patients with colorectal cancer has provided an even easier option for testing in patients and
a foundation on which to build further genetic testing.78'79 Hypermethylated p16 in circulating
DNA of patients with colorectal cancer has been associated with advanced stage and has been
found in patients with recurrent disease.80,81 Methylation changes in the serum yielding a
diagnosis of colorectal cancer could further build on existing testing and provide an even less
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invasive means of diagnosis than fecal DNA testing. Epigenetic changes in the serum of
patients already diagnosed with colorectal cancer provide a potential means of prognostication
before and during therapy.

The disease most notably associated with hypermethylation due to the use of demethylating
agents in its treatment is the myelodysplastic syndromes (MDS). In an assessment of
methylation patterns of several key genes including p15/NK4B, E-cadherin (CDH1),
hypermethylated in cancer 1(HIC1), and estrogen receptor (ER), hypermethylation was
associated with leukemic transformation and poor prognosis in low-risk MDS.82 In particular,
patients with early MDS who demonstrated hypermethylation of at least one gene had a
significantly shorter survival (20 months vs. 102 months, p=0.002). Analysis of the methylation
patterns of p15!NK4B CDH1 and HIC1 in elderly patients with high risk MDS or acute myeloid
leukemia (AML) following MDS who underwent standard induction therapy revealed absence
of comglete responses (CR) in those patients with hypermethylation of all three genes (p =
0.03).8 CR was achieved in over 50% of the patients with no hypermethylation which is the
same or marginally better than CR rates in other studies of similar patients.884:85 This was the
first study to demonstrate the effect of methylation on the response to treatment amongst
patients with high risk MDS and AML arising from MDS. Whether incorporation of agents
that modulate hypermethylation can improve outcomes in these patients remains to be
determined.

The epigenetic changes well-established in MDS and AML arising from MDS have also been
investigated in other types of AML. While the attainment of a complete response with standard
induction therapy is feasible in most patients, the relapse rate is greater than 50%.
Prognostication of individuals at greater risk of relapse could prove useful in the effort to
develop risk-adapted therapy. In an evaluation of over 180 patients with and without AML,
methylation of ERa and p15'NK4B occurred specifically in patients with AML and in none of
the controls.86 Increased methylation levels in one or both genes in patients in complete
remission were associated with decreased relapse free survival. Importantly, all patients who
demonstrated hypermethylation of ERa and p15'NKB relapsed whereas 17% of patients with
methylation of neither gene had recurrence. The most obvious utility of studying methylation
changes in cancer cells is the creation of novel agents; however, a very important potential
outcome of this increasing knowledge is also in the arena of diagnostics. While the ultimate
goal is the eradication of cancer through the development of preventive tactics, the fact remains
that a significant proportion of the population will likely be affected by cancer and the
development of biomarkers to use as diagnostic and monitoring tools can be an important part
of our goals for the very near future.

Therapeutic Modulation of Gene Hypermethylation

Azacitidine

Azacitidine in MDS—Azacitidine (5-azacytidine) differs from its analogue cytidine by the
substitution of a nitrogen atom for a carbon atom in the 5 position of the heterocyclic ring. 7
The mechanism of action of azacitidine as a hypomethylating agent is through its inhibition of
DNA methyltransferase 1 in replicating cells. It is also cytotoxic through the incorporation into
RNA of 5-aza-deoxycytidine triphosphate, a byproduct of a series of reduction and
phosphorylation reactions of the parent compound 5-azacytidine.88 In vitro studies suggest
the predominant activity of azacitidine is DNA demethylation with lower dose administration.
91n 2004, the Food and Drug Administration (FDA) approved azacitidine as an injectable
suspension for the treatment of the following subtypes of MDS as designated in the FAB
classification: refractory anemia (RA), RA with ringed sideroblasts (RARS) (if accompanied
by neutropenia, thrombocytopenia or anemia requiring transfusion), refractory anemia with
excess blasts (RAEB), RAEB in transformation (RAEB-T) or chronic myelomonocytic
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leukemia. The three trials which supported the FDA approval of the agent in the treatment of
MDS were Cancer and Leukemia Group B (CALGB) 9221, 8921 and 8421, all sponsored by
the National Cancer Institute. CALGB 9221 was a randomized controlled trial of
subcutaneously administered azacitidine compared with best supportive care in patients with
MDS. This randomized trial was undertaken as a result of the activity of azacitidine in two
phase I1 studies.20 Both studies, CALGB 8421 and 8921, investigated a 7 day continuous
schedule of azacitidine at 75 mg/m?2/day, however, it was administered intravenously in the
former and subcutaneously in the latter. Of the 43 evaluable patients in CALGB 8421, 21 had
a response (49%) with a median survival of 13.3 months for all patients. The mean number of
cycles required for best response was 3.8 with a range of 2 to 11 cycles suggesting the need
for prolonged administration. CALGB 8921 produced similar results with a response rate of
approximately 50% with a 27% complete response (CR) rate compared with a 12% CR rate in
CALGB 8421.91 Based on the activity of azacitidine in these phase |1 studies, CALGB 9221
was undertaken. In the trial, 191 patients were randomized to either azacitidine 75 mg/m2/day
administered subcutaneously for 7 days or best supportive care. Responses, defined as complete
and partial responses as well as hematologic improvement (see Table 2 for response criteria),
were detected in 60% of patients receiving the drug compared with 5% in the patients who
received best supportive care (p < 0.001). Cross-over was allowed in the study and
approximately half of the patients receiving supportive care eventually received azacitidine.
To correct for this confounding effect, the survival analysis was performed on three different
groups. In one group were the patients who either received supportive care throughout or
changed to azacitidine after 6 months of supportive care. In a second group were the patients
who were randomized to supportive care but who received azacitidine within the first 6 months
of randomization. The final group included those patients who were initially randomized to
azacitidine therapy. The analysis revealed a median survival after the landmark 6 month date
of 11, 14, and 18 months, respectively. The difference in survival was significantly different
between the group who received azacitidine when compared with the supportive care group
regardless of whether the latter crossed over late or did not cross over at all (p = 0.03). Amongst
the supportive care patients, those who crossed over early had a longer survival than those who
crossed over late or never, however, this difference was not statistically significant (p = 0.11).
92 |n addition to improved efficacy, quality of life assessments revealed significant
improvements in multiple facets, particularly fatigue and psychological well-being in the
azacitidine arm than in the supportive care arm.93 At the time these important trials were
conducted, the WHO classification of MDS, the International Working Group (IWG) response
criteria and the International Prognostic Scoring System (IPSS) were not yet in use. To
determine if the documented response rates in the three CALGB trials would change with the
use of the WHO classification and the IWG response criteria, an additional comprehensive
analysis including pathology review was undertaken.94 The response rates across the studies
were 40% to 47% validating the prior results. The baseline diagnoses of patients did not change
significantly with the exception of the patients subsequently classified as having AML utilizing
the WHO criteria. The response rates in the AML patients across the three studies ranged from
35% to 48%. Of those patients with AML, the median duration of response was 7.3 months
and ranged from 2.2 to 25.9 months. Though upon reanalysis only 7% of the patients in CALGB
9221 were determined to have AML, the overall survival was 19.3 months in the patients
assigned to the treatment arm compared with 12.9 months in the patients who received
supportive care.

The use of azacitidine in these trials was at a standard dose of 75 mg/m?/day though route of
admininistration differed. While the response rates approximated each other across the studies
regardless of whether the agent was given subcutaneously or intravenously, the lack of
extensive pharmacokinetic data on this drug prompted a randomized trial amongst patients
with MDS to determine the bioavailability and compare the single-dose pharmacokinetics of
the two routes.9° Patients received 75 mg/m? as a single dose in a cross-over design with a
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minimum of 7 days and a maximum of 28 days between drug administrations. The area under
the curve (AUC) values for the subcutaneous administration was 89% of those for the
intravenous administration and ranged of 70% to 112% with a significantly longer half-life,
0.69 hours + 0.14 hours compared with 0.36 hours + 0.02 in the intravenous administration.
This pharmacokinetic study helped to validate the more easily administered subcutaneous
dosing. To further ease the treatment of MDS patients with azacitidine, a multi-center, phase
Il study of alternative dosing schedules was initiated. 96 Over 150 patients with both low and
high risk MDS received azacitidine in one of three ways: A) 75 mg/m2/day for 5 consecutive
days, then 2 days of rest, followed by 2 additional days at 75 mg/m2/day, B) 50 mg/m2/day for
5 consecutive days, followed by 2 days of rest, and then an additional 5 days at 50 mg/m2/day,
and C) 75 mg/m?/day for 5 days. Analysis of the initial 6-month phase of the trial demonstrates
consistent rates of hematologic improvement and transfusion dependence among all three
cohorts. The dosing schedules were all well tolerated though grade 3—4 hematologic adverse
events were greatest in group A at 44% versus 18% in group C. The 12 month phase of the
trial is ongoing, so whether the 7 day schedule can be curtailed remains to be determined,
though preliminary results appear promising.

Since the results of the phase 111 trial demonstrating an overall survival advantage in patients
with MDS who receive azacitidine compared to those who receive best supportive care only,
another phase Il trial éAZA-OOl) was reported which compared azacitidine to conventional
care regimens (CCR). 7 CCR was defined as best supportive care, low-dose cytarabine or
standard induction/consolidation regimens. Patients with higher risk MDS with an IPSS of
Int-2 or High were eligible. A total of 358 patients were randomized at 79 international sites.
Overall survival in the azacitidine group was statistically significantly higher than in the CCR
cohort (24.4 months vs 15 months, p = 0.001). When azacitidine was compared with each of
the three groups within the CCR cohort, the differences in the median overall survival times
were as follows: 12.9 months in the best supportive care group (p = 0.0003), 9.1 months in the
low-dose cytarabine patients (p =0.016) and 8.7 months in the standard induction/consolidation
group (p = 0.19). As in prior trials, azacitidine was tolerated well with no unexpected events.
While the establishment of a CR has translated to a survival benefit in patients with AML, the
same has not been established in patients with MDS, although the assumption has been that
better responses result in better survival .98 Analysis of the AZA-001 for survival benefit
according to response has helped to partially dispel this notion. Patients who achieved a CR
by azacitidine treatment benefited with a prolonged survival when compared to patients who
achieved CR in the CCR group though this did not reach statistical significance (26.3 mo vs.
21.9 mo, p = 0.078). Similarly, patients who achieved hematologic improvement or a partial
response also benefited suggesting that obtaining a CR is not a requirement to extend survival.
Furthermore, these results indicate that the extension of azacitidine treatment in the absence
of disease progqression is a reasonable approach in an effort to better the chances of survival
prolongation. 9 The initial studies of azacitidine in the treatment of MDS began over twenty
years ago and its proven efficacy in multiple trials has placed it at the forefront of MDS therapy.

Azacitidine in Leukemia—One of the first published reports of the use of azacitidine in
leukemia patients was published in 1973 as a phase | trial in pediatric AML resistant to
cytarabine.100 Of the 14 patients with AML, 5 achieved a complete response lasting at least
3 months. Of the 22 patients with ALL, one achieved a complete response for 3 months. The
maximally tolerated dose in this trial was 150 to 200 mg/m? over 15 minutes for 5 days every
14 days with dose-limiting toxicities of nausea/vomiting and diarrhea at doses above 150 mg/
m2. Myelosuppression accompanied nearly all of the responses. When investigated in
combination with etoposide in children with AML who suffered from induction failures, the
two drug combination resulted in a 60% complete response rate.101
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Similarly, when investigated in combination with amsacrine and etoposide in children with
AML in a randomized phase Il study, the addition of azacitidine yielded significantly higher
complete response rate in those patients who had failed primary induction than when the two
drugs were used without azacitidine (53% vs. 18% p = 0.03).1 2 Azacitidine appears to have
some activity in pediatric patients with AML particularly those with primary induction failure,
but remains to be studied in a randomized phase 111 trial to confirm these initial findings.

The activity of azacitidine in the MDS patients with high blast counts, later classified as having
AML has prompted its study in adults with acute leukemia. In a retrospective analysis of
patients with a diagnosis of MDS but were qualified as having AML by WHO criteria and had
received azacitidine, an overall response rate of 60% was detected. Complete responders
comprised 20% of the cases analyzed.103 As previously discussed, in the combined analysis
of CALGB 8241, 8921, 9221 after the WHO criteria were developed, the 27 patients classified
as having AML demonstrated a median overall survival of 19.3 months compared with 21.9
months in the 25 patients who received best supportive care alone.94 In a series of 17 patients
with AML, azacitidine was administered at a dose of 75 mg/m? subcutaneously for 5 days
every 4 weeks. The patients were nearly evenly represented with regard to those who were
receiving azacitidine as first line therapy and those who had relapse or were refractory to
standard induction. The overall response rate was 65%, the majority of which were complete
responses. Response was observed after a median of 3 cycles per patient. Patients who
underwent first line therapy did better than relapse/refractory patients. Median duration of
response was 18 weeks. The five day regimen was well-tolerated and further supports the
activity of single agent azacitidine in AM L.104 | a series of 33 patients over the age 60 with
AML, patients were offered azacitidine, standard induction therapy or supportive are alone.
When compared with standard induction therapy, those patients who received azacitidine had
similar median survival rates (276 days vs. 397 days, p = 0.7). The patients who received
azacitidine had significantly less transfusional support, bacteremia as well as days in the
hospital.105 In a phase Il study in elderly patients with AML, Batients were given standard 7
day dosing of azacitidine followed by gemtuzumab on day 8.106 Of the 13 patients treated
thus far, 11 achieved a CR (76%) with no treatment related toxicities. Nine patients remain
alive and in CR at a median of 7 months of therapy. All treatment was administered as an
outpatient. Completion of this study may provide an option for elderly patients with AML in
whom treatment related mortality from standard induction therapy remains approximately
30%.

Azacitidine in Solid Tumors—Initial studies investigating the efficacy of azacitidine in
patients with solid tumors date back over 30 years ago, though with disappointing results. In
one series of over 150 patients, five partial regressions were seen which lasted 28 to 77 days.
At a starting dose of 225 mg/m? for 5 days every 3 weeks, toxicity resulted in a dose reduction
to 150 mg/m2.107 Responses were few and were associated with significant toxicity resulting
in 13 deaths. Published in the same year, in a series of 177 patients, a lower dose with a more
prolonged schedule resulted in a 17% response rate in patients with breast cancer and 21% in
patients with lymphoma. Though this schedule was less toxic, the responses were transient and
resistance appeared to develop quickly.108 Since these early trials, the investigation of
azacitidine in patients with non-hematological cancers had nearly halted until recently when a
more in depth understanding of the epigenetic modulation of cancer evolved. Based on their
preclinical work demonstrating the ability of azacitidine to reverse in vitro platinum resistance
in ovarian cancer cells, Bast and colleagues administered azacitidine at 75 mg/m? for 5 days
followed by carboplatin at an AUC of 5 on day 2 repeated every 28 days after its tolerability
was demonstrated in a phase | trial 109 Thirty patients with confirmed ovarian cancer who had
either progressed within six months of platinum therapy or who progressed while receiving a
platinum were eligible for participation. When including stable disease, the response rate was
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47% with a one-year survival rate of 53%. Platinum resistant patients had even better responses
when compared to the patients with platinum refractory disease.

In patients with prostate cancer, loss of androgen receptor expression is associated with
resistance to androgen blockade and is thought to result from hypermethylation of the androgen
promoter. In vitro data suggests that exposure to a demethylating agent can reverse this loss
of androgen receptor expression and possibly restore responsiveness to androgen blockade.
110 Interim results of a phase Il trial in patients with castration resistant prostate cancer who
were treated with azacitidine at 75 mg/m? for 5 days of every 28 days with continued complete
androgen blockade suggests this reversal may be possible. 11 The primary endpoint was
modulation of prostate specific antigen (PSA) doubling time. Of the 20 evaluable patients thus
far, the PSA doubling time was significantly prolonged when compared to baseline (p = 0.01)
with a median PFS of 13.1 weeks. Biologic evaluation included plasma DNA methylation
which was noted to be significantly decreased over time Studies of azacitidine in patients with
solid tumors at the doses and schedules initially investigated did not demonstrate significant
anti-tumor activity. As the knowledge of the role of methylation in epithelial cancers has
evolved, trials investigating azacitidine, particularly in combination with other agents, permit
the scientific community to revisit the possibility of its use in solid tumors.

Decitabine in MDS—Decitabine, first synthesized over 40 years ago, is also known as 5-
aza-2'-deoxycitabine. Its mechanisms of action are attributed to the ability of its triphosphate
metabolite to incorporate into DNA resulting adduct formation with DNMT leading to cellular
differentiation or apoptosis. Because decitabine contains a deoxyribose group, it is only
incorporated into DNA, unlike azacytidine which is able to incorporate into RNA. At relatively
low doses, the depletion of DNMT by decitabine causes DNA demethyation and gene re-
expression.llzll 3 Phase Il studies of decitabine in patients with high-risk MDS demonstrated
its initial efficacy. One of a 72-hour continuous infusion to 29 patients resulted in a response
rate of 54%.114 The major toxicity was myelosuppression which resulted in 5 toxicity
associated deaths. The results of this small study prompted a larger, multi-institutional phase
Il study also in elderly patients with high-risk MDS.120 Decitabine was administered to 66
patients at a dose of 15 mg/m? over 4 hours, every 8 hours for 3 days. Dosing was repeated
every 6 weeks. The prior results were confirmed with an overall response rate of 49%, for
patients with IPSS high-risk score, the response rate increased to 64%. Response was defined
as complete and partial responses as well as hematologic improvement. Myelosuppression was
the most common toxicity and resulted in a 7% treatment related death rate. The pivotal phase
I11, which supported the FDA approval of decitabine, was a randomized trial initiated on the
basis of decitabine’s efficacy in phase Il trials included 170 patients with a diagnosis of MDS.
83 patients received either 15 mg/m? every 8 hours for 3 days repeated every 6 weeks or best
supportive care. Patients who received decitabine had a significantly higher overall response
rate (defined as CR + PR) (17% vs. 0%, p < 0.001), as well as a longer median time to AML
transformation or death (12.1 months vs. 7.8 months, p = 0.16). Median survival did not differ
significantly between the two groups though transfusion requirements were significantly less
in the treatment arm. The discrepancy in response rates between this phase 111 trial and the
prior phase Il trials has been postulated to be secondary to the higher median number of cycles
administered in the latter.83

The FDA approved schedule of 15 mg/m2 administered as a continuous three hour infusion
every 8 hours for 3 days can be cumbersome due to the schedule and instability of the agent
making it not very amenable to outpatient treatment. Preclinical data suggest a more protracted
administration may be more efficacious.8” Based on these observations, a phase I trial of
varying doses of decitabine was undertaken in patients with MDS and acute leukemia at doses
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ranging from 5 to 20 mg/m2/day intravenously over 1 hour for 10 doses over 2 weeks.116
Some patients received amore prolonged administration at 15 mg/m? for 15 to 20 days. Though
the therapy was well-tolerated and responses were seen at all dose levels, the patients who were
treated at 15 mg/m? for 10 days had the highest response rate at 65%. Dose escalation or
prolonged administration resulted in a response rate of 11%. Based on these findings as well
as the notion that maintenance of higher dose intensity maximizes hypomethylation, a
randomized study of three dosing schedules in patients with MDS and CMML was initiated.

7 Ninety-five patients were treated with one of three dosing schedules: (1) 20 mg/m?2
intravenously each day for 5 days, (2) 20 mg/m? subcutaneously daily for 5 days, (3) 10 mg/
m? intravenously each day for 10 days. Courses were repeated every 4 weeks instead of every
6-8 weeks and treatment was administered regardless of myelosuppression, unless
complications due to low blood counts were encountered. The highest CR rate was in the 5
day intravenous schedule (39%) compared with 21% in the 5-day subcutaneous group and 24%
in the 10 day intravenous group. At the time of publication, 65% of patients on the 5 day
intravenous schedule were still on therapy compared with 21% and 35% in the subcutaneous
and 10 day intravenous schedules, respectively. Pharmacodynamic analysis of LINE-1
methylation as a marker of global methylation as well as the methylation status of p15'NK48
was performed. Results of these analyses demonstrated the greatest hypomethylation and
induction of p15/NK4B in the cohort with the highest complete response rate. That the median
number of cycles administered in this study was 6+ compared with a median of 3 cycles in
other decitabine and azacitidine studies implies the utility of administration at a higher dose
intensity. Though the CR rate of 39% in the 5 day intravenous dosing was superior to the other
dose schedules in this study, the 21% CR rate in the more easily administered subcutaneous
schedule merits consideration of a randomized comparison of the two.

Though the evidence suggests that at least 3 cycles of treatment may be required to yield the
best response when treating MDS patients with decitabine or azacitidine, the optimal treatment
duration is unknown as well as the optimal treatment approach upon disease recurrence. This
question was posed as part of a trial by Ruter, et al.118 patients with MDS were enrolled based
on their prior participation in phase Il trials in which the use of decitabine was continued for
2 additional cycles beyond best response. In the 22 patients studied, decitabine retreatment at
the standard dose of 15 mg/m? over 1 hour, three times per day for 3 days resulted in a response
rate of 45%. Despite the ability to again achieve response with decitabine retreatment, the
quality and duration of response were not equal to that achieved initially suggesting that
extension of therapy and possibly maintenance dosing may become a component of MDS
treatment approaches. As more and more patients previously treated with azacitidine or
refractory to azacitidine were encountered, a trial to investi%ate the response rate to decitabine
in patients with prior azacitidine exposure was undertaken. 19 Fourteen patients were treated
with dectiabine at 20 mg/m2 intravenously over 1 hour for 5 days, and repeated every 4 weeks.
An interim analysis demonstrated a CR and PR rate of 28% with decreases in global
methylation detected. While decitabine appears to demonstrate activity in patients with MDS
whose disease progresses on or is refractory azacitidine, these results are preliminary and are
not derived from a randomized trial.

Decitabine in Leukemias—In one of the first published reports of the use of decitabine in
patients with previously treated ALL and AML, the response rate, which included complete
and partial responses, was 37% utilizing a continuous infusion dosing schedule ranging from
36 to 60 hours.220 The survival after response was 5 months + 3 (mean, + SD) and responses
were short-lived. Since initial observations of activity in acute leukemia, the study of decitabine
has also been performed in patients undergoing allogeneic transplantation. In a series of patients
with AML or transformed CML who had relapsed after prior transplant, decitabine was
administered prior to a repeat infusion of stem cells from the original donor.121 Fourteen
patients were treated with doses of decitabine ranging from 100 to 150 mg/m? every 12 hours
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for 5 days. Therapy was very well-tolerated with no grade 3 or 4 toxicities attributed to the
agent. Eight of the 14 patients had a complete or partial hematologic remission, the latter
defined as no evidence of peripheral or bone marrow blasts but with platelet count below 100/
pL. Median survival was 190 days (11 to 1215 days). When high-dose decitabine was
incorporated into a preparative regimen with busulfan and cyclophosphamide in patients with
hematologic malignancies eligible for allo%eneic stem cell transplant, 21 of 23 patients were
engrafted and achieved disease remission. 22 The median survival was 17.2 months with a
disease free survival of 8.9 months. With a long term follow-up of over 3 years, 26% remained
alive. Amongst the patients with AML, 40% were alive at the end of 3 years. While decitabine
appears to have clinical activity in patients with acute leukemia, its precise role remains to be
determined by the multiple ongoing trials in the disease.

The anti-leukemic effects of dectiabine were also investigated in patients with CML whose
disease was in either blastic or accelerated phase. Patients were given doses of either 75 mg/
m2 over 6 hours, every 12 hours for 10 doses (750 mi;/mzlcycle) or 100 mg/m?2 over 6 hours,
every 12 hours for 10 doses (1000 mg/m? per cycle). 23 Overall response rates were 25% in
the patients in blastic phase and 53% in accelerated phase, with myelosuppression being the
most common serious side effect. Based on these promising results, a larger trial was initiated
in 130 patients with CML in various phases.124 Patients initially accrued to the trial were
treated with 1000 mg/m? per course (100 mg/m? over 6 hours, repeated every 12 hours for 5
days) and this dose was eventually reduced to 500 mg/m? per course (50 mg/m?2 over 6 hours,
repeated every 12 hours for 5 days) based on the occurrence of prolonged and delayed
myelosuppression. Objective response rates were 28% in the blastic phase, 55% in the
accelerated phase and 63% in the chronic phase with a 3 year survival rate of 27% in the
accelerated phase. Similar to prior experiences in MDS, the time to best response was after a
median of 3 courses supporting the notion of improved drug activity with lower dose and more
prolonged drug administration, possibly by increased hypomethylation. The results of this
study preceded the advent of imatinib, which completely changed the treatment approach to
CML patients. As the development of intolerance and resistance to the drug was increasingly
encountered, the search for effective agents in this arena was actively pursued. In that vein, a
phase Il study in CML patients of all phases who were either intolerant or refractory to imatinib
therapy was initiated. 129 Thirty-five patients were treated with decitabine at a dose of 15 mg/
m? intravenously over one hour daily for 5 days followed by a 2 day rest and then repeated for
another 5 days. Each cycle would be repeated every 6 weeks. After the first 10 patients were
treated, the dose was lowered to 10 mg/m2 with the same schedule because of prolonged
myelosuppression. Because of prior data supporting a longer duration of treatment, it was
recommended that patients be treated with at least 2 cycles whether or not a response was seen.
The total hematologic response rates defined as the rates of complete and partial responses
were 83% among the patients with chronic phase disease, 41% in those with accelerated phase
and 34% in the patients with blastic phase. The highest rate of major cytogenetic responses
was detected in patients with chronic phase at a rate of 25%. Duration of responses was
generally short-lived, but the similarity of response rates to decitabine in this setting and in the
trial of imatinib naive patients support a differing mechanism of action between the two agents.
Imatinib resistance does not appear to imply decitabine resistance. The activity of the agent in
this setting merits its study in combination with novel therapies and could provide an option
in patients whose disease loses imatinib sensitivity.

Given the differing mechanisms of action of imatinib and decitabine, the subsequent logical
pursuit was the combination of the two agents in patients with CML. In vitro synergy of the
two agents further supported the endeavor, although continued imatinib sensitivity appeared
to be necessary for this synergy.126 Twenty-eight patients with CML in either accelerated or
blastic phase were given 15 mg/m? of decitabine intravenously for 10 days over a 2 week period
with 600 mg of imatinib daily as part of a phase 11 trial. 127 About 90% of the patients had

Curr Probl Cancer. Author manuscript; available in PMC 2009 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kurkjian et al.

Page 16

previously been treated with imatinib. The rate of combined complete and partial responses
were 45% in the patients in accelerated phase and 20% in those in blastic phase such that
combination therapy did not impart a greater advantage than decitabine alone in this population
of imatinib exposed patients. These results were consistent with the in vitro studies of
combination imatinib treatment which suggested the requirement for residual imatinib
sensitivity for the combination therapy to be any more effective. Thus, decitabine therapy does
not appear to reverse imatinib resistance.

Decitabine in Solid Tumors—Like azacitidine, early evidence demonstrating any activity
of decitabine in solid tumors have been scant. In one of the earliest trials of the agent in solid
tumors, a phase | trial with pharmacokinetics identified 3 infusions at 75 mg/m? over 1 hour
every 7 hours as the recommended phase |1 dose.128 Myelosuppression was the dose limiting
toxicity with a nadir at day 22. One patient with an undifferentiated tumor of the ethmoid sinus
responded to therapy at a dose of 100 mg/m? and was in a complete response 15 months after
therapy. In a followup trial by the EORTC, decitabine was administered to approximately 100
patients with colorectal cancer, squamous cell carcinoma of the head and neck, melanoma or
renal cell carcinoma at a dose of 75 mg/m? intravenously for one hour, every 7 hours for 3
doses and repeated every 5 weeks. 129 Only one partial response was noted in a patient with
melanoma. Multiple clinical trials in other types of epithelial cancers yielded similar results
with little to no activity in prostate, non-seminomatous testicular and ovarian cancers.130-
132 The existence of hypermethylated gienes in non-small cell lung cancer as well as the activity
of decitabine in lung cancer cell lines. 33 prompted multiple clinical trials of the agent in
patients with advanced disease. In a phase I/11 trial, decitabine was administered as a single 8
hour infusion ranging from 200-660 mg/m? in pretreated patients with lung cancer.133 Of the
15 patients treated, 9 were assessable and had a median survival of 6.7 months. Three of these
patients survived longer than 15 months.

The investigations of decitabine as a single agent in solid tumors yielded less than dramatic
results, which prompted the pursuit of combination studies. In vitro, decitabine has
demonstrated the ability to reverse cisplatin resistance in ovarian cancer cells as well as act
synergistically with the platinum in multiple human tumor cell lines.134.135 This combined
with the fact that cisplatin is an accepted therapy in patients with non-small cell lung cancer
resulted in a phase I/11 trial of the combination in patients with advanced tumors.13° In the
phase | portion of the trial, a combination of 100 mg/m? of cisplatin was combined with
escalating doses of decitabine. The recommended phase Il decitabine dose based on the initial
phase of this trial was 67 mg/m? as a one hour infusion daily for three days prior to cisplatin
administration on the third day. In the phase Il portion of the trial, 14 patients with previously
untreated stage I11B or IV non-small cell lung cancer were treated with the combination. There
were no objective responses, a disappointing result particularly in light of the 15% response
rate to single agent cisplatin in prior studies.

The lack of activity in these solid tumor trials led to a search for alternate dosing schedules in
hopes of finding a more efficacious treatment approach. With the few responses seen in the
trial of non-small cell lung cancer patients treated with an 8 hour infusion133 Aparicio, et al.
found that 20 to 40 mg/m? over a 72 hour infusion was well-tolerated with the expected dose
limiting toxicity of myelosuppression. There were no objective tumor responses and
methylation changes in tumor biopsies were not consistent. 137 Samlowski, et al. tested a 7 day
continuous infusion in an effort to identify a maximally hypomethylating dose with ultimate
goal of using decitabine in future combination trials. Dose-limiting myelosuppression was
encountered at the lowest dose of 2 mg/m?2/day for 7 days. The methylation changzes induced
by decitabine were transient and reverted to normal soon after treatment cessation.138 Building
on these findings, a phase I trial investigating a 72 hour infusion of decitabine in patients with
primary thoracic malignancies or extrathroacic primary cancers with thoracic metastases was
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undertaken with the intent to also identify molecular changes induced by the agent.la9 Thirty-
five patients were enrolled and the maximum tolerated dose was 60 to 75 mg/m? (which equaled
total dose administered over 72 hour infusion). Those patients with fewer prior cytotoxic
regimens were able to tolerate the higher dose. Tumor biopsies were performed on a proportion
of patients to determine molecular response after treatment. Although there were no objective
radiologic responses, approximately 30% exhibited a molecular response after treatment as
evidenced by target gene induction.139 The genes of interest in this study were NY-ESO-1,
MAGE-3 and p16. A tumor suppressor %ene, p16, has been shown to be aberrantly methylated
in lung cancer as previously discussed. 40 NY-ESO-1 and MAGE-3 encode cancer-testis
antigens and are thought to be expressed in patients with lung cancer and can elicit an immune
response by cytotoxic T lypmphocytes, though antigen expression in tumors is not thought to
be robust enough to result in any significant cancer immunotoxicity.l‘uv142 In the phase I trial
described above, 8 of 22 patients who underwent tumor biopsies demonstrated induction of
one of the three genes studied. In the 3 patients’ tumors where NY-ESO-1 induction, serologic
activity was noted suggesting that decitabine treatment could in fact elicit an immunogenic
response. Clinical trials investigating decitabine at a lower dose and in a more chronic
administration are ongoing.

Other Demethylating Agents

As described in the previous sections, the demethylating capabilities of the 5-azacytosine
analogs prevail at lower doses with cytoxicity the primary mechanism of action at higher doses.
In those studies in which methylation changes in target genes were noted after treatment with
a demethylating agent, the hypomethylation effects were noted to be lost within days after
therapy cessation. An orally bioavailable alternative to the currently approved agents would
permitamore chronic dosing schedule with the potential for more durable methylation changes.
Zebularine, a cytidine analog, which was first developed with the intent to use as combination
therapy with nucleoside analogs because of its abiliztly to inhibit cytidine deaminase, the enzyme
responsible for inactivation of nucleoside analogs1 3,144 Many years later, its ability to inhibit
DNA methylation was characterized.14% This newly discovered demethylating activity as well
as the fact that zebularine was known to be more stable in aqueous solution than azacitidine
and decitabine made it an attractive agent for development as a potential oral DNMT inhibitor.
When administered chronically in a mouse intestinal cancer model, the average number of
polyps decreased from 58 to 1 in female mice with decreased DNA methylation.146 The
therapy was well-tolerated in the chronic dosing schedule. However, when zebularine was
administered orally to primates, bioavailability was less than 1%, a disappointing finding
considering its in vivo activity when administered orally to murine tumor models.

The activity of 5-fluorodeoxycytidine (FdCyd), a fluorinated pyrimidine, was initially ascribed
to its deamination to 5-fluorodeoxyuridine (FdUrd), another fluorinated pyrimidine. After
deamination, conversion of FdUrd to FAUMP resulted in an irreversible binding to thymidylate
synthase and subsequent DNA synthesis inhibition.148 However, the increased activity against
tumor models of FACyd when compared with other fluorinated pyrimidines yielded a search
for other potential mechanisms of action. Furthremore, because the deamination of FdCyd was
thought to be a necessity for the production of an active compound, then a logical conclusion
may be that inhibition of cytidine and deoxycytidylate deaminase would result in less
cyotoxicity. However, it was found that FdCyd was incorporated into the DNA of MCF-7
human breast cancer cells and that the addition of tetrahydrouridine (THU), a deaminase
inhibitor, resulted in an increase in the extent of FdCyd incorporation into DNA and resultant
cytotoxicity, which challenged this concept. FdCyd was additionally found to inhibit DNMT
and decrease methylation of MCF-7 DNA.149 Given the demethylating capability of FdCyd
when used in combination with THU, a phase I trial of the combination was initiated and is
ongoing.150
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The addition of a 2-(p-nitrophenyl)ethoxycarbonyl (NPEOC) group to the N4 carbon of the
azacytosine ring of decitabine created N4-NPEOC-DAC, another nucleoside analog.151 In
vitro studies have demonstrated the ability to cleave this NPEOC group by carboxylesterase
enzymes resulting in the production of decitabine. The compound has demonstrated molecular
changes in human cancer cell lines as evidenced by decreased global and gene specific
methylation, however, this effect was limited to cells expressing carboxylesterase 1. The agent
is still early in its development and in vivo efficacy is being tested. Whether a bioavailable oral
formulation of N4-NPEOC-DAC can be produced also remains to be determined.

All the agents discussed thus far are nucleoside analogs and require incorporation into RNA
or DNA in order to inhibit DNMT. Non-nucleoside analogs which have demethylation
capabilities appear to act by directly impairing the action of DNMT. RG108, which was
designed to block the active site of DNMT1, is a small molecule with a significantly longer
half-life in aqueous solution than 5-azacitidine (~20 days vs. 17 hours).15 It has exhibited a
significant concentration dependent demethylating capability in vitro without cytoxicity. In a
comparison study with other non-nucleoside and nucleoside analogs, RG108 was the only
agent which directly inhibited purified recombinant DN MT.153 Other non-nucleoside analogs
include hydralazine and procainamide, drugs that have been traditionally utilized for their anti-
hypertensive and anti-arrythmic properties, respectively. Their DNA demethylating
capabilities were first noted in 1988.154 A more recent discovery has been the ability of (-)-
egisgalIocatechin—3—ga|late (EGCQG), the principal polyphenol in green tea, to inhibit DNMT.
155 The biological effects of these agents were studied and compared with azacitidine by
Chuang, et al and found that azacitidine had a much more profound effect on DNA methylation
and gene reactivation in various cell lines than any of these agents.156 However, the
compounds did exhibit some degree of demethylation such that their tolerability and mild
activity may be considered as part of a longer term therapy. The advent of novel agents and
the identification of novel activities for known agents have provided the basis for further study
in an evolving arena of cancer therapeutics and will hopefully yield agents that can be safely
administered orally with improved efficacy.

Histone Acetylation and Methylation

The focus of this article has been on the role of DNA methylation in silencing the transcription
of key tumor suppressor genes and thus promoting the development and progression of cancer.
However, other epigenetic changes working in concert with DNA methylation affect either the
establishment or promulgation of cancer and have the potential to be exploited in the
development of novel therapeutic approaches. The configuration of the chromatin structure
can vary and dictate whether certain genes will be transcribed. The nucleosome is comprised
of 146 base pairs of DNA wrapped around a complex of eight histones. The configuration of
nucleosomes is partly dependent on the methylation status of the genes such that its shape
differs when genes are methylated and silent or unmethylated and transcriptionally active.88:
157 The configuration of the nucleosome is also affected by the acetylation of the lysine
residues on the histones. Removal of acetylases by histone deactylase (HDAC) results in a
positive charge thereby attracting the histones more tightly to the DNA causing transcriptional
inactivation. Conversely, histone acetylase activity produces a negative charge on the histones
such that the chromatin structure accessible for transcription. Aberrant activity of histone
deacetylases is thought to play a role in carcin%ggenesis through the suppression of genes
involved in cell differentiation and apoptosis.1 159 Furthermore, methylation of lysine
residues on particular histones by histone methylases also regulates their activity such that
methylation of lysine-4 in histone-3 is associated with transcriptional activation whereas
methylation of lysine-9 in histone-4 is associated with the conversel60,161 Methylation and
histone acetylation work in concert to regulate gene transcription as evidenced by the key
observation that the binding of 5-methyl-cytosine binding protein causes the recruitment of
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HDAC.162 | vitro, this interaction has been corroborated by the synergistic activation of
several genes including, pJl6CDKN2A, with the concomitant exposure to an HDAC inhibitor
with either azacitidine or decitabine.163,164,165

These findings subsequently provided the rationale for clinical trials investigating the
combination of a demethylating agent with and HDAC inhibitor. The first trial published with
this combination utilized azacitidine for 5, 10 or 15 days followed bg/ a 7 day continuous
infusion of sodium phenylbutyrate in patients with MDS or AM L.166 Responses were more
frequent in those patients who received the most prolonged duration of azacitidine exposure,
but treatment was well-tolerated in all groups. Correlative studies were a major focus of this
trial, and interestingly, histone acetylation was detected prior to any phenlbutyrate exposure
suggesting additional epigenetic effects of azacitidine. Administration of both agents was
associated with acetylation of histones H3 and H4. In patients who demonstrated pretreatment
methylation of p15, all patients who responded demonstrated demethylation after therapy.
Conversely, none of the patients without a response exhibited promoter demethylation post-
treatment. Valproic acid, which has an established role as an anti-convulsant and as a mood
stabilizer, has been shown to inhibit histone de<'slcetyIEJLse.167-168 In a phase 1/2 study of the
combination of azacitidine with escalating doses of valproic acid in patients with AML showed
an overall complete response rate of 22%.169 Median survival amongst patients who
responded was 15.3 months (range, 4.6-20.2+ months). Induction of DNA hypomethylation
and histone acetylation was evident in the patient samples, although effects were transient. In
another trial, this time combining decitabine with valproic acid, an optimal biologic dose
(OBD) of decitabine alone in Batients with relapsed AML or elderly patients with de novo
disease was first identified.1 70 This OBD was defined as the dose at which at least 5 of 6
patients enrolled demonstrated a >100% increase in the mMRNA expression of p15 and/or ER.
Decitabine was administered intravenously days 1 through 10 and repeated every 28 days.
After the OBD was identified, valproic acid was added in increasing doses from day 5 until
day 21. The OBD of decitabine was 20 mg/m2/day for 10 consecutive days. The maximum
tolerated dose of valproic acid in combination with decitabine was 20 mg/kg/d with
encephalopathy being the dose limiting toxicity. The overall response rate was 44% and re-
expression of ER was significantly associated with leukemia response (p< 0.05). However,
gene re-expression did not appear to be greater with the combination of the two agents when
compared to the decitabine alone phase of the trial. Though responses were found in this trial,
it is unclear what valproic acid contributed. This combined with its encephalopathy limit its
development particularly in the elderly population with AML. The use of other HDAC
inhibitors such as vorinostat have been initiated in combination with DNA demethylating
agents based on single agent activity of vorinostat in AML and MDS.171 Based on in vitro
data demonstrating greater apoptosis with sequential therapy,172 a phase I/11 trial in patients
with MDS and leukemia was conducted evaluation azacitidine administered for 3 days prior
to the addition of vorinostat.1 73 A total of 23 patients were treated and 18 were evaluable. The
overall complete response rate was 61% with a probability of survival at 1 year of 86.4%. The
median number of cycles to response was 2. The most significant adverse events were grade
3 fatigue which appeared to be related to the duration of vorinostat with those patients who
received the drug for 14 days rather than 7 days more likely to experience the side effect. Based
on supportive in vitro data, a phase I trial in AML patients is addressing the question of whether
there is an improvement in clinical activity with sequential administration of a demethylating
agent and an HDAC inhibitors.174 In this ongoing trial, patients received vorinostat and
decitabine either sequentially or concurrently. The maximum tolerated dose has not yet been
reached in the three dose levels planned and no grade 3 or 4 toxicities have been encountered.
Several clinical responses have been encountered thus far suggesting activity for the
combination. A number of clinical trials with other HDAC inhibitors are also ongoing. The
utility of the combination of an HDAC inhibitor with a demethylating agent illustrates another
example frequently encountered in cancer therapy research; as the mechanisms of cell and
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cancer growth are definitively understood more opportunities to exploit those integral survival
mechanisms arise.

Conclusion

Though the knowledge that methylation of tumor suppressor genes dates back for almost 30
years, it is only recently that we have gained enough insight into this DNA modification to use
it to our advantage. While the most obvious outcome of our increasing understanding of cancer
epigenetics is the development of new therapies, these discoveries have also afforded us the
possibility to better understand the development of cancer. Associations between cancer and
inflammation, aging and environmental toxins have long been identified, but the sequence of
events leading to carcinogenesis are now coming to light in the context of epigenetic changes.
That the treatment of H. pylori infection could possibly halt the development of gastric cancer
has far-reaching possibilities the world over. The discovery of azacitidine and decitabine
decades ago initially thought only to be cytotoxic agents have now been more completely
understood, and, as a result changed the treatment of myelodysplastic disease, for which we
previously had no survival prolonging therapies. Future gains in pharmaceutical research will
likely offer patients more efficacious, safer and orally bioavailable agents and further
revolutionize treatment approaches. With every new discovery in the epigenetic landscape of
tumors comes a new opportunity for targeted agents. As our understanding of the intricate
machinery of the cancer cell continues to evolve, we are hopeful that the days of therapies
targeting only the rapidly dividing nature of cancer cells begin to fade and be replaced by more
sophisticated and effective means of cancer growth inhibition and ultimately, cancer
prevention.

References

1. Issa JP, Ahuja N, Toyota M, Bronner MP, Brentnall TA. Accelerated age-related CpG island
methylation in ulcerative colitis. Cancer Res 2001;61:3573-3577. [PubMed: 11325821]

2. Henderson JP, Byun J, Williams MV, et al. Bromination of deoxycytidine by eosinophil peroxidase:
A mechanism for mutagenesis by oxidative damage of nucleotide precursors. Proceedings of the
National Academy of Sciences 2001;98:1631-1636.

3. Whiteman M, Jenner A, Halliwell B. Hypochlorous Acid-Induced Base Modifications in Isolated Calf
Thymus DNA. Chem Res Toxicol 1997;10:1240-1246. [PubMed: 9403176]

4. Valinluck V, Sowers LC. Inflammation-Mediated Cytosine Damage: A Mechanistic Link between
Inflammation and the Epigenetic Alterations in Human Cancers. Cancer Res 2007;67:5583-5586.
[PubMed: 17575120]

5. Forman D, Newell DG, Fullerton F, et al. Association between infection with Helicobacter pylori and
risk of gastric cancer: evidence from a prospective investigation. BMJ 1991;302:1302-1305.
[PubMed: 2059685]

6. Hansen S, Melby KK, Aase S, Jellum E, Vollset SE. Helicobacter pylori infection and risk of cardia
cancer and non-cardia gastric cancer. A nested case-control study. Scand J Gastroenterol 1999;34:353-
360. [PubMed: 10365894]

7. Nomura A, Stemmermann GN, Chyou PH, Kato I, Perez-Perez G, Blaser MJ. Helicobacter pylori
infection and gastric carcinoma among Japanese Americans in Hawaii. N Engl J Med 1991;325:1132—
1136. [PubMed: 1891021]

8. Parsonnet J, Friedman GD, Vandersteen DP, et al. Helicobacter pylori infection and the risk of gastric
carcinoma. N Engl J Med 1991;325:1127-1131. [PubMed: 1891020]

9. Maekita T, Nakazawa K, Mihara M, et al. High Levels of Aberrant DNA Methylation in Helicobacter
pylori-Infected Gastric Mucosae and its Possible Association with Gastric Cancer Risk. Clin Cancer
Res 2006;12:989-995. [PubMed: 16467114]

10. Fuccio L, Zagari RM, Minardi ME, Bazzoli F. Systematic review: Helicobacter pylori eradication

for the prevention of gastric cancer. Alimentary Pharmacology & Therapeutics 2007;25:133-141.
[PubMed: 17229238]

Curr Probl Cancer. Author manuscript; available in PMC 2009 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kurkjian et al.

11.

12.

13.

14.

15.

16.

17.

Page 21

Moayyedi P, Wason C, Peacock R, et al. Changing patterns of Helicobacter pylori gastritis in long-
standing acid suppression. Helicobacter 2000;5:206-214. [PubMed: 11179985]

Zerbib F, Lenk C, Sawan B, et al. Long-term effects of Helicobacter pylori eradication on gastric
antral mucosa in duodenal ulcer patients. Eur J Gastroenterol Hepatol 2000;12:719-725. [PubMed:
10929896]

Seitz HK, Stickel F. Molecular mechanisms of alcohol-mediated carcinogenesis. Nat Rev Cancer
2007;7:599-612. [PubMed: 17646865]

Martinez-Chantar ML, Garcia-Trevijano ER, Latasa MU, et al. Importance of a deficiency in S-
adenosyl-L-methionine synthesis in the pathogenesis of liver injury. Am J Clin Nutr 2002;76:1177S—
1182. [PubMed: 12418501]

Giovannucci E, Rimm EB, Ascherio A, Stampfer MJ, Colditz GA, Willett WC. Alcohol, low-
methionine--low-folate diets, and risk of colon cancer in men. J Natl Cancer Inst 1995;87:265-273.
[PubMed: 7707417]

Cole BF, Baron JA, Sandler RS, et al. Folic Acid for the Prevention of Colorectal Adenomas: A
Randomized Clinical Trial. JAMA 2007;297:2351-2359. [PubMed: 17551129]

Nakagawa H, Nuovo GJ, Zervos EE, et al. Age-related Hypermethylation of the 5’ Region of MLH1
in Normal Colonic Mucosa Is Associated with Microsatellite-unstable Colorectal Cancer
Development. Cancer Res 2001;61:6991-6995. [PubMed: 11585722]

18. Albitar M, Manshouri T, Shen Y, et al. Myelodysplastic syndrome is not merely “preleukemia”. Blood

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

2002;100:791-798. [PubMed: 12130488]

Ma X, Does M, Raza A, Mayne ST. Myelodysplastic syndromes: incidence and survival in the United
States. Cancer 2007;109:1536-1542. [PubMed: 17345612]

Lai F, Godley LA, Joslin J, et al. Transcript Map and Comparative Analysis of the 1.5-Mb Commonly
Deleted Segment of Human 5g31 in Malignant Myeloid Diseases with a del(5q). Genomics
2001;71:235-245. [PubMed: 11161817]

Le Beau MM, Albain KS, Larson RA, et al. Clinical and cytogenetic correlations in 63 patients with
therapy- related myelodysplastic syndromes and acute nonlymphocytic leukemia: further evidence
for characteristic abnormalities of chromosomes no. 5and 7. J Clin Oncol 1986;4:325-345. [PubMed:
3950675]

Boumber YA, Kondo Y, Chen X, et al. RIL, a LIM Gene on 5931, Is Silenced by Methylation in
Cancer and Sensitizes Cancer Cells to Apoptosis. Cancer Res 2007;67:1997-2005. [PubMed:
17332327]

Quesnel B, Guillerm G, Vereecque R, et al. Methylation of the p15INK4b Gene in Myelodysplastic
Syndromes Is Frequent and Acquired During Disease Progression. Blood 1998;91:2985-2990.
[PubMed: 9531610]

Tien H-F, Tang J-L, Tsay W, et al. Methylation of the p15INK4B gene in myelodysplastic syndrome:
it can be detected early at diagnosis or during disease progression and is highly associated with
leukaemic transformation. British Journal of Haematology 2001;112:148-154. [PubMed: 11167795]
Herman JG, Graff JR, Myohanen S, Nelkin BD, Baylin SB. Methylation-specific PCR: a novel PCR
assay for methylation status of CpG islands. Proc Natl Acad Sci U S A 1996;93:9821-9826. [PubMed:
8790415]

Herman JG, Civin Cl, Issa J-PJ, Collector MlI, Sharkis SJ, Baylin SB. Distinct Patterns of Inactivation
of p15INK4B and p16INK4A Characterize the Major Types of Hematological Malighancies. Cancer
Res 1997;57:837-841. [PubMed: 9041182]

Melki JR, Vincent PC, Clark SJ. Concurrent DNA Hypermethylation of Multiple Genes in Acute
Myeloid Leukemia. Cancer Res 1999;59:3730-3740. [PubMed: 10446989]

Issa J-PJ, Zehnbauer BA, Civin Cl, et al. The Estrogen Receptor CpG Island Is Methylated in Most
Hematopoietic Neoplasms. Cancer Res 1996;56:973-977. [PubMed: 8640788]

Liu Z-J, Zhang X-B, Zhang Y, Yang X. Progesterone receptor gene inactivation and CpG island
hypermethylation in human leukemia cancer cells. FEBS Letters 2004;567:327-332. [PubMed:
15178346]

Scardocci A, Guidi F, D’Alo F, et al. Reduced BRCA1 expression due to promoter hypermethylation
in therapy-related acute myeloid leukaemia. Br J Cancer 2006;95:1108-1113. [PubMed: 17047656]

Curr Probl Cancer. Author manuscript; available in PMC 2009 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kurkjian et al.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Page 22

Furukawa Y, Sutheesophon K, Wada T, et al. Methylation Silencing of the Apaf-1 Gene in Acute
Leukemia. Mol Cancer Res 2005;3:325-334. [PubMed: 15972851]

Ponder BAJ. Cancer genetics. Nature 2001;411:336-341. [PubMed: 11357140]

Garcia-Manero G, Daniel J, Smith TL, et al. DNA Methylation of Multiple Promoter-associated CpG
Islands in Adult Acute Lymphocytic Leukemia. Clin Cancer Res 2002;8:2217-2224. [PubMed:
12114423]

Corn PG, Smith BD, Ruckdeschel ES, Douglas D, Baylin SB, Herman JG. E-Cadherin Expression
Is Silenced by 5’ CpG Island Methylation in Acute Leukemia. Clin Cancer Res 2000;6:4243-4248.
[PubMed: 11106238]

Roman-Gomez J, Jimenez-Velasco A, Barrios M, et al. Poor prognosis in acute lymphoblastic
leukemia may relate to promoter hypermethylation of cancer-related genes. Leukemia and
Lymphoma 2007;48:1269-1282. [PubMed: 17613754]

Roman-Gomez J, Jimenez-Velasco A, Castillejo JA, et al. Promoter hypermethylation of cancer-
related genes: a strong independent prognostic factor in acute lymphoblastic leukemia. Blood
2004;104:2492-2498. [PubMed: 15198948]

Taylor KH, Pena-Hernandez KE, Davis JW, et al. Large-Scale CpG Methylation Analysis Identifies
Novel Candidate Genes and Reveals Methylation Hotspots in Acute Lymphoblastic Leukemia.
Cancer Res 2007;67:2617-2625. [PubMed: 17363581]

Kusy S, Cividin M, Sorel N, et al. p14ARF, p15INK4b, and p16INK4a methylation status in chronic
myelogenous leukemia. Blood 2003;101:374-375. [PubMed: 12485942]

Zion M, Ben-Yehuda D, Avraham A, et al. Progressive de novo DNA methylation at the ber-abl locus
in the course of chronic myelogenous leukemia. Proc Natl Acad Sci U S A 1994;91:10722-10726.
[PubMed: 7938018]

Asimakopoulos FA, Shteper PJ, Krichevsky S, et al. ABL1 methylation is a distinct molecular event
associated with clonal evolution of chronic myeloid leukemia. Blood 1999;94:2452-2460. [PubMed:
10498618]

Issa JP, Kantarjian H, Mohan A, et al. Methylation of the ABL1 promoter in chronic myelogenous
leukemia: lack of prognostic significance. Blood 1999;93:2075-2080. [PubMed: 10068681]
Nguyen TT, Mohrbacher AF, Tsai YC, et al. Quantitative measure of c-abl and p15 methylation in
chronic myelogenous leukemia: biological implications. Blood 2000;95:2990-2992. [PubMed:
10779450]

Melki JR, Vincent PC, Brown RD, Clark SJ. Hypermethylation of E-cadherin in leukemia. Blood
2000;95:3208-3213. [PubMed: 10807790]

Crossen PE, Morrison MJ. Hypermethylation of the M27beta (DXS255) locus in chronic B-cell
leukaemia. Br J Haematol 1998;100:191-193. [PubMed: 9450810]

Rush LJ, Plass C. Restriction landmark genomic scanning for DNA methylation in cancer: past,
present, and future applications. Analytical Biochemistry 2002;307:191-201. [PubMed: 12202234]
Rush LJ, Raval A, Funchain P, et al. Epigenetic Profiling in Chronic Lymphocytic Leukemia Reveals
Novel Methylation Targets. Cancer Res 2004;64:2424-2433. [PubMed: 15059895]

Liu T-H, Raval A, Chen S-S, Matkovic JJ, Byrd JC, Plass C. CpG Island Methylation and Expression
of the Secreted Frizzled-Related Protein Gene Family in Chronic Lymphocytic Leukemia. Cancer
Res 2006;66:653-658. [PubMed: 16423993]

Aaltonen LA, Peltomaki P, Leach FS, et al. Clues to the pathogenesis of familial colorectal cancer.
Science 1993;260:812-816. [PubMed: 8484121]

Thibodeau SN, Bren G, Schaid D. Microsatellite instability in cancer of the proximal colon. Science
1993;260:816-819. [PubMed: 8484122]

Herman JG, Umar A, Polyak K, et al. Incidence and functional consequences of hMLH1 promoter
hypermethylation in colorectal carcinoma. Proceedings of the National Academy of Sciences of the
United States of America 1998;95:6870-6875. [PubMed: 9618505]

Bettstetter M, Dechant S, Ruemmele P, et al. Distinction of Hereditary Nonpolyposis Colorectal
Cancer and Sporadic Microsatellite-Unstable Colorectal Cancer through Quantification of MLH1
Methylation by Real-time PCR. Clin Cancer Res 2007;13:3221-3228. [PubMed: 17545526]

Curr Probl Cancer. Author manuscript; available in PMC 2009 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kurkjian et al.

Page 23

52. Watanabe T, Kobunai T, Toda E, et al. Distal Colorectal Cancers with Microsatellite Instability (MSI)

53.

54.

55.

56.

57.

58.

59.

60.

Display Distinct Gene Expression Profiles that Are Different from Proximal MSI Cancers. Cancer
Res 2006;66:9804-9808. [PubMed: 17047040]

Wang YC, Lu YP, Tseng RC, et al. Inactivation of hMLH1 and hMSH2 by promoter methylation in
primary non-small cell lung tumors and matched sputum samples. J Clin Invest 2003;111:887-895.
[PubMed: 12639995]

Xinarianos G, Liloglou T, Prime W, et al. hAMLH1 and hMSH2 Expression Correlates with Allelic
Imbalance on Chromosome 3p in Non-Small Cell Lung Carcinomas. Cancer Res 2000;60:4216—
4221. [PubMed: 10945633]

Hsu H-S, Wen C-K, Tang Y-A, et al. Promoter Hypermethylation Is the Predominant Mechanism in
hMLH1 and hMSH2 Deregulation and Is a Poor Prognostic Factor in Nonsmoking Lung Cancer.
Clin Cancer Res 2005;11:5410-5416. [PubMed: 16061855]

Strathdee G, MacKean MJ, llland M, Brown R. A role for methylation of the hAMLH1 promoter in
loss of hMLH1 expression and drug resistance in ovarian cancer. Oncogene 1999;18:2335-2341.
[PubMed: 10327053]

Gifford G, Paul J, Vasey PA, Kaye SB, Brown R. The Acquisition of hMLH1 Methylation in Plasma
DNA after Chemotherapy Predicts Poor Survival for Ovarian Cancer Patients. Clin Cancer Res
2004;10:4420-4426. [PubMed: 15240532]

Wei M, Grushko TA, Dignam J, et al. BRCA1 Promoter Methylation in Sporadic Breast Cancer Is
Associated with Reduced BRCA1 Copy Number and Chromosome 17 Aneusomy. Cancer Res
2005;65:10692-10699. [PubMed: 16322213]

Baldwin RL, Nemeth E, Tran H, et al. BRCA1 Promoter Region Hypermethylation in Ovarian
Carcinoma: A Population-based Study. Cancer Res 2000;60:5329-5333. [PubMed: 11034065]
Wilcox CB, Baysal BE, Gallion HH, Strange MA, DeLoia JA. High-resolution methylation analysis
of the BRCA1 promoter in ovarian tumors. Cancer Genetics and Cytogenetics 2005;159:114-122.
[PubMed: 15899382]

61. Wang C, Horiuchi A, Imai T, et al. Expression of BRCAL protein in benign, borderline, and malignant

62.

63.

64.

65.

66.

67.

68.

69.

70.

epithelial ovarian neoplasms and its relationship to methylation and allelic loss of the BRCA1 gene.
J Pathol 2004;202:215-223. [PubMed: 14743504]

Seng TJ, Currey N, Cooper WA, et al. DLEC1 and MLH1 promoter methylation are associated with
poor prognosis in non-small cell lung carcinoma. Br J Cancer 2008;99:375-382. [PubMed:
18594535]

Brock MV, Hooker CM, Ota-Machida E, et al. DNA Methylation Markers and Early Recurrence in
Stage | Lung Cancer. N Engl J Med 2008;358:1118-1128. [PubMed: 18337602]

Gu J, Berman D, Lu C, et al. Aberrant Promoter Methylation Profile and Association with Survival
in Patients with Non-Small Cell Lung Cancer. Clin Cancer Res 2006;12:7329-7338. [PubMed:
17189404]

Kim D-H, Nelson HH, Wiencke JK, et al. p16INK4a and Histology-specific Methylation of CpG
Islands by Exposure to Tobacco Smoke in Non-Small Cell Lung Cancer. Cancer Res 2001;61:3419—
3424. [PubMed: 11309302]

Russo AL, Thiagalingam A, Pan H, et al. Differential DNA Hypermethylation of Critical Genes
Mediates the Stage-Specific Tobacco Smoke-Induced Neoplastic Progression of Lung Cancer. Clin
Cancer Res 2005;11:2466-2470. [PubMed: 15814621]

Leach MO, Boggis CR, Dixon AK, et al. Screening with magnetic resonance imaging and
mammography of a UK population at high familial risk of breast cancer: a prospective multicentre
cohort study (MARIBS). Lancet 2005;365:1769-1778. [PubMed: 15910949]

Johnson-Maddux A, Ashfaq R, Cler L, et al. Reproducibility of cytologic atypia in repeat nipple duct
lavage. Cancer 2005;103:1129-1136. [PubMed: 15685620]

Suijkerbuijk KPM, van der Wall E, Vooijs M, van Diest PJ. Molecular Analysis of Nipple Fluid for
Breast Cancer Screening. Pathobiology 2008;75:149-152. [PubMed: 18544970]

Belinsky SA, Liechty KC, Gentry FD, et al. Promoter Hypermethylation of Multiple Genes in Sputum
Precedes Lung Cancer Incidence in a High-Risk Cohort. Cancer Res 2006;66:3338-3344. [PubMed:
16540689]

Curr Probl Cancer. Author manuscript; available in PMC 2009 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kurkjian et al.

71.

72.

73.

74.

75.

76.

7.

78.

79.

Page 24

Palmisano WA, Divine KK, Saccomanno G, et al. Predicting Lung Cancer by Detecting Aberrant
Promoter Methylation in Sputum. Cancer Res 2000;60:5954-5958. [PubMed: 11085511]

Zhang Y-J, Wu H-C, Shen J, et al. Predicting Hepatocellular Carcinoma by Detection of Aberrant
Promoter Methylation in Serum DNA. Clin Cancer Res 2007;13:2378-2384. [PubMed: 17438096]

Stupp R, Mason WP, van den Bent MJ, et al. Radiotherapy plus Concomitant and Adjuvant
Temozolomide for Glioblastoma. N Engl J Med 2005;352:987-996. [PubMed: 15758009]

Hegi ME, Diserens A-C, Gorlia T, et al. MGMT Gene Silencing and Benefit from Temozolomide in
Glioblastoma. N Engl J Med 2005;352:997-1003. [PubMed: 15758010]

Brandes AA, Franceschi E, Tosoni A, et al. MGMT Promoter Methylation Status Can Predict the
Incidence and Outcome of Pseudoprogression After Concomitant Radiochemotherapy in Newly
Diagnosed Glioblastoma Patients. J Clin Oncol 2008;26:2192-2197. [PubMed: 18445844]

Levin B, Lieberman DA, McFarland B, et al. Screening and Surveillance for the Early Detection of
Colorectal Cancer and Adenomatous Polyps, 2008: A Joint Guideline from the American Cancer
Society, the US Multi-Society Task Force on Colorectal Cancer, and the American College of
Radiology. CA Cancer J Clin 2008;58:130-160. [PubMed: 18322143]

Huang ZH, Li LH, Yang F, Wang JF. Detection of aberrant methylation in fecal DNA as a molecular
screening tool for colorectal cancer and precancerous lesions. World J Gastroenterol 2007;13:950—
954. [PubMed: 17352030]

Lecomte T, Berger A, Zinzindohoue F, et al. Detection of free-circulating tumor-associated DNA in
plasma of colorectal cancer patients and its association with prognosis. Int J Cancer 2002;100:542—
548. [PubMed: 12124803]

Ito SHK, Nakayama H, et al. Detection of tumor DNA in serum of colorectal cancer patients. Jpn J
Cancer Res 2002;93:1266-1269. [PubMed: 12460469]

80.ZouH-Z, YuB-M, Wang Z-W, et al. Detection of Aberrant p16 Methylation in the Serum of Colorectal

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Cancer Patients. Clin Cancer Res 2002;8:188-191. [PubMed: 11801557]

Nakayama H, Hibi K, Takase T, et al. Molecular detection of p16 promoter methylation in the serum
of recurrent colorectal cancer patients. Int J Cancer 2003;105:491-493. [PubMed: 12712439]

Aggerholm A, Holm MS, Guldberg P, Olesen LH, Hokland P. Promoter hypermethylation of
p15INK4B, HIC1, CDH1, and ER is frequent in myelodysplastic syndrome and predicts poor
prognosis in early-stage patients. European Journal of Haematology 2006;76:23-32. [PubMed:
16343268]

Kantarjian H, Issa JP, Rosenfeld CS, et al. Decitabine improves patient outcomes in myelodysplastic
syndromes: results of a phase 111 randomized study. Cancer 2006;106:1794-1803. [PubMed:
16532500]

Ganser AHG, Seipelt G, et al. Intensive chemotherapy with idarubicin, ara-C, etoposide, and m-
AMSA followed by immunotherapy with interleukin-2 for myelodysplastic syndromes and high-risk
acute myeloid leukemia (AML). Ann Hematol 2000;79:30-35. [PubMed: 10663618]

de Witte TM, Suciu S, Peetermans M, et al. Intensive chemotherapy for poor prognosis
myelodysplasia (MDS) and secondary acute myeloid leukemia (SAML) following MDS of more than
6 months duration. A pilot study by the Leukemia Cooperative Group of the European Organisationi
for Research and Treatment in Cancer (EORTC-LCG). Leukemia 1995;9:1805-1811. [PubMed:
7475266]

Agrawal S, Unterberg M, Koschmieder S, et al. DNA Methylation of Tumor Suppressor Genes in
Clinical Remission Predicts the Relapse Risk in Acute Myeloid Leukemia. Cancer Res
2007;67:1370-1377. [PubMed: 17283175]

Jones PA, Taylor SM. Cellular differentiation, cytidine analogs and DNA methylation. Cell
1980;20:85-93. [PubMed: 6156004]

Baylin SB. DNA methylation and gene silencing in cancer. Nat Clin Pract Oncol 2005;2 (Suppl 1):S4—
11. [PubMed: 16341240]

Glover AB, Leyland-Jones BR, Chun HG, Davies B, Hoth DF. Azacitidine: 10 years later. Cancer
Treat Rep 1987;71:737-746. [PubMed: 2440570]

Silverman LRHJ, Weinberg RS, et al. Effects of treatment with 5-azacytidine on the in vivo and in
vitor hematopoiesis in patienst with myelodysplastic syndromes. Leukemia 1993;7:21-29. [PubMed:
7683352]

Curr Probl Cancer. Author manuscript; available in PMC 2009 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kurkjian et al.

Page 25

91. Silverman LHJ, Demakos E, et al. Azacitidine in myelodysplastic syndromes: CALGB studies 8421
and 8921. Ann Hematol 1994;68:A12.

92. Silverman LR, Demakos EP, Peterson BL, et al. Randomized controlled trial of azacitidine in patients
with the myelodysplastic syndrome: a study of the cancer and leukemia group B. J Clin Oncol
2002;20:2429-2440. [PubMed: 12011120]

93. Kornblith AB, Herndon JE 2nd, Silverman LR, et al. Impact of azacytidine on the quality of life of
patients with myelodysplastic syndrome treated in a randomized phase 111 trial: a Cancer and
Leukemia Group B study. J Clin Oncol 2002;20:2441-2452. [PubMed: 12011121]

94. Silverman LR, McKenzie DR, Peterson BL, et al. Further Analysis of Trials With Azacitidine in
Patients With Myelodysplastic Syndrome: Studies 8421, 8921, and 9221 by the Cancer and Leukemia
Group B. J Clin Oncol 2006;24:3895-3903. [PubMed: 16921040]

95. Marcucci G, Silverman L, Eller M, Lintz L, Beach CL. Bioavailability of Azacitidine Subcutaneous
Versus Intravenous in Patients With the Myelodysplastic Syndromes. J Clin Pharmacol 2005;45:597—
602. [PubMed: 15831784]

96. Lyons RM, Cosgriff T, Modi S, et al. Results of the Initial Treatment Phase of a Study of Three
Alternative Dosing Schedules of Azacitidine (Vidaza(R)) in Patients with Myelodysplastic
Syndromes (MDS). ASH Annual Meeting Abstracts 2007;110:819.

97. Fenaux P, Mufti GJ, Santini V, et al. Azacitidine (AZA) Treatment Prolongs Overall Survival (OS)
in Higher-Risk MDS Patients Compared with Conventional Care Regimens (CCR): Results of the
AZA-001 Phase 11 Study. ASH Annual Meeting Abstracts 2007;110:817.

98. Cheson BD, Greenberg PL, Bennett JM, et al. Clinical application and proposal for modification of
the International Working Group (IWG) response criteria in myelodysplasia. Blood 2006;108:419—
425. [PubMed: 16609072]

99. List AFFP, Mufti GJ, et al. Effect of azacitidine on overall survival in higher-risk myelodysplastic
syndromes without complete remission. J Clin Oncol 2008;26:#7006.

100. Karon M, Sieger L, Leimbrock S, Finklestein JZ, Nesbhit ME, Swaney JJ. 5-Azacytidine: a new

active agent for the treatment of acute leukemia. Blood 1973;42:359-365. [PubMed: 4125239]

101. Kalwinsky DK, Dahl GV, Mirro J, Jackson CW, Look AT. Induction failures in childhood acute
nonlymphocytic leukemia: etoposide/5-azacytidine for cases refractory to daunorubicin/cytarabine.
Med Pediatr Oncol 1986;14:245-250. [PubMed: 2431255]

102. Steuber CP, Krischer J, Holbrook T, et al. Therapy of refractory or recurrent childhood acute myeloid
leukemia using amsacrine and etoposide with or without azacitidine: a Pediatric Oncology Group
randomized phase 11 study. J Clin Oncol 1996;14:1521-1525. [PubMed: 8622066]

103. Sudan N, Rossetti JM, Shadduck RK, et al. Treatment of acute myelogenous leukemia with outpatient
azacitidine. Cancer 2006;107:1839-1843. [PubMed: 16967444]

104. Al-Ali HK, Schwind S, Becker C, Mueller C, Niederwieser D. 5-Azacitidine Induces Hematologic
Responses in a High Proportion of Patients with Acute Myeloid Leukaemia Refractory to or Not
Eligible for Intensive Chemotherapy. ASH Annual Meeting Abstracts 2006;108:1953.

105. Goldberg SL, Hsu JW, Orr AR, et al. 5-Azacitidine Therapy in Elderly Patients with Acute
Myelogenous Leukemia Yields Similar Survival Compared to 3+7 Induction Chemotherapy with
Less Transfusional Support, Bacteremias, and Hospital Days. ASH Annual Meeting Abstracts
2006;108:4569.

106. Nand S, Godwin J, Smith S, Barton K, Germano E, Stiff P. Azacitidine Plus Gemtuzumab
Ozogamicin (GO): A Novel Combination in the Treatment of Acute Myeloid Leukemia (AML)
and High-Risk Myelodysplastic Syndromes (MDS) in the Elderly. ASH Annual Meeting Abstracts
2006;108:1981.

107. Quagliana JMOBR, Baker L, et al. Phase 1l study of 5-azacytidine in solid tumors. Cancer Treat
Rep 1977;61:51-54. [PubMed: 67893]

108. Weiss AIMG, Nealon TF. Phase Il study of 5-azacytidine in solid tumors. Cancer Treat Rep
1977,61:55-58. [PubMed: 67894]

109. Bast RCLR, Hu W. A phase Ila study of a sequential regimen using azacitidine to reverse platinum
resistance to carboplatin in patients with platinum resistant or refractory epithelial ovarian cancer.
J Clin Oncol 2008;26:#3500.

Curr Probl Cancer. Author manuscript; available in PMC 2009 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kurkjian et al.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Page 26

Jarrard DF, Kinoshita H, Shi Y, et al. Methylation of the androgen receptor promoter CpG island is
associated with loss of androgen receptor expression in prostate cancer cells. Cancer Res
1998;58:5310-5314. [PubMed: 9850055]

Sonpavde GAA, Delaune R, et al. Azacitidine for castration-resistant prostate cancer progressing
on combined androgen blockade. J Clin Oncol 2008;26:#5172.

de Vos D, van Overveld W. Decitabine: a historical review of the development of an epigenetic
drug. Ann Hematol 2005;84 (Suppl 1):3-8. [PubMed: 16220311]

Pliml JSF. Synthesis of 2'-deoxy-D-ribofuranosyl-5-azacytosine. Coll Czeck Chem Commun
1964;29:2576-2577.

Wijermans PW, Krulder JW, Huijgens PC, Neve P. Continuous infusion of low-dose 5-Aza-2'-
deoxycytidine in elderly patients with high-risk myelodysplastic syndrome. Leukemia 1997;11:1—
5. [PubMed: 9001409]

Wijermans P, Lubbert M, Verhoef G, et al. Low-dose 5-aza-2'-deoxycytidine, a DNA
hypomethylating agent, for the treatment of high-risk myelodysplastic syndrome: a multicenter
phase 1l study in elderly patients. J Clin Oncol 2000;18:956-962. [PubMed: 10694544]

Issa JP, Garcia-Manero G, Giles FJ, et al. Phase 1 study of low-dose prolonged exposure schedules
of the hypomethylating agent 5-aza-2'-deoxycytidine (decitabine) in hematopoietic malignancies.
Blood 2004;103:1635-1640. [PubMed: 14604977]

Kantarjian H, Oki Y, Garcia-Manero G, et al. Results of a randomized study of 3 schedules of low-
dose decitabine in higher-risk myelodysplastic syndrome and chronic myelomonocytic leukemia.
Blood 2007;109:52-57. [PubMed: 16882708]

Ruter B, Wijermans PW, Lubbert M. Superiority of prolonged low-dose azanucleoside
administration? Results of 5-aza-2'-deoxycytidine retreatment in high-risk myelodysplasia patients.
Cancer 2006;106:1744-1750. [PubMed: 16532502]

Borthakur G, Ahdab SE, Ravandi F, et al. Activity of decitabine in patients with myelodysplastic
syndrome previously treated with azacitidine. Leukemia and Lymphoma 2008;49:690-695.
[PubMed: 18398735]

Momparler RL, Rivard GE, Gyger M. Clinical trial on 5-AZA-2'-deoxycytidine in patients with
acute leukemia. Pharmacology & Therapeutics 1985;30:277-286. [PubMed: 2433702]

Ravandi F, Kantarjian H, Cohen A, et al. Decitabine with allogeneic peripheral blood stem cell
transplantation in the therapy of leukemia relapse following a prior transplant: results of a phase |
study. Bone Marrow Transplant 2001;27:1221-1225. [PubMed: 11548839]

de Lima M, Ravandi F, Shahjahan M, et al. Long-term follow-up of a phase | study of high-dose
decitabine, busulfan, and cyclophosphamide plus allogeneic transplantation for the treatment of
patients with leukemias. Cancer 2003;97:1242-1247. [PubMed: 12599231]

Kantarjian HM, O’Brien SM, Keating M, et al. Results of decitabine therapy in the accelerated and
blastic phases of chronic myelogenous leukemia. Leukemia 1997;11:1617-1620. [PubMed:
9324279]

Kantarjian HM, O’Brien S, Cortes J, et al. Results of decitabine (5-aza-2'deoxycytidine) therapy in
130 patients with chronic myelogenous leukemia. Cancer 2003;98:522-528. [PubMed: 12879469]
Issa J-PJ, Gharibyan V, Cortes J, et al. Phase 11 Study of Low-Dose Decitabine in Patients With
Chronic Myelogenous Leukemia Resistant to Imatinib Mesylate. J Clin Oncol 2005;23:3948-3956.
[PubMed: 15883410]

La Rosee P, Johnson K, Corbin AS, et al. In vitro efficacy of combined treatment depends on the
underlying mechanism of resistance in imatinib-resistant Ber-Abl-positive cell lines. Blood
2004;103:208-215. [PubMed: 12933582]

Oki Y, Kantarjian HM, Gharibyan V, et al. Phase 1l study of low-dose decitabine in combination
with imatinib mesylate in patients with accelerated or myeloid blastic phase of chronic myelogenous
leukemia. Cancer 2007;109:899-906. [PubMed: 17236224]

van Groeningen CJ, Leyva A, O’Brien AMP, Gall HE, Pinedo HM. Phase | and Pharmacokinetic
Study of 5-Aza-2'-deoxycytidine (NSC 127716) in Cancer Patients. Cancer Res 1986;46:4831—
4836. [PubMed: 2425959]

Abele R, Clavel M, Dodion P, etal. The EORTC Early Clinical Trials Cooperative Group experience
with 5-aza-2'-deoxycytidine (NSC 127716) in patients with colo-rectal, head and neck, renal

Curr Probl Cancer. Author manuscript; available in PMC 2009 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kurkjian et al.

130.

131.

132.

133.

Page 27

carcinomas and malignant melanomas. Eur J Cancer Clin Oncol 1987;23:1921-1924. [PubMed:
2449354]

Clavel M, Monfardini S, Fossa S, Smyth J, Renard J, Kaye SB. 5-Aza-2'-deoxycytidine (NSC
127716) in non-seminomatous testicular cancer. Phase Il from the EORTC Early Clinical Trials
Cooperative Group and Genito-Urinary Group. Ann Oncol 1992;3:399-400. [PubMed: 1377488]
Sessa C, ten Bokkel Huinink W, Stoter G, Renard J, Cavalli F. Phase 11 study of 5-aza-2'-
deoxycytidine in advanced ovarian carcinoma. The EORTC Early Clinical Trials Group. Eur J
Cancer 1990;26:137-138. [PubMed: 1691012]

Thibault A, Figg WD, Bergan RC, et al. A phase Il study of 5-aza-2'deoxycytidine (decitabine) in
hormone independent metastatic (D2) prostate cancer. Tumori 1998;84:87-89. [PubMed: 9619724]
Momparler RL, Bouffard DY, Momparler LF, Dionne J, Belanger K, Ayoub J. Pilot phase I-11 study
on 5-aza-2'-deoxycytidine (Decitabine) in patients with metastatic lung cancer. Anticancer Drugs
1997,8:358-368. [PubMed: 9180389]

134. Abbruzzese JL, Frost P. Studies on the mechanism of the synergistic interaction between 2'-deoxy-5-

135.

136.

137.

138.

139.

140.

141.

azacytidine and cisplatin. Cancer Chemother Pharmacol 1992;30:31-36. [PubMed: 1375133]

Lenzi R, Frost P, Abbruzzese JL. Modulation of cisplatin resistance by 2’-deoxy-5-azacytidine in
human ovarian tumor cell lines. Anticancer Res 1994;14:247-251. [PubMed: 7513143]

Schwartsmann G, Schunemann H, Gorini CN, et al. A phase | trial of cisplatin plus decitabine, a
new DNA-hypomethylating agent, in patients with advanced solid tumors and a follow-up early
phase Il evaluation in patients with inoperable non-small cell lung cancer. Invest New Drugs
2000;18:83-91. [PubMed: 10830142]

Aparicio A, Eads CA, Leong LA, et al. Phase | trial of continuous infusion 5-aza-2'-deoxycytidine.
Cancer Chemother Pharmacol 2003;51:231-239. [PubMed: 12655442]

Samlowski WE, Leachman SA, Wade M, et al. Evaluation of a 7-Day Continuous Intravenous
Infusion of Decitabine: Inhibition of Promoter-Specific and Global Genomic DNA Methylation. J
Clin Oncol 2005;23:3897-3905. [PubMed: 15753459]

Schrump DS, Fischette MR, Nguyen DM, et al. Phase | Study of Decitabine-Mediated Gene
Expression in Patients with Cancers Involving the Lungs, Esophagus, or Pleura. Clin Cancer Res
2006;12:5777-5785. [PubMed: 17020984]

Merlo A, Herman JG, Mao L, et al. 5’ CpG island methylation is associated with transcriptional
silencing of the tumour suppressor p16/CDKN2/MTS1 in human cancers. Nat Med 1995;1:686—
692. [PubMed: 7585152]

Stockert E, Jager E, Chen YT, et al. A survey of the humoral immune response of cancer patients
to a panel of human tumor antigens. J Exp Med 1998;187:1349-1354. [PubMed: 9547346]

142. Tureci O, Mack U, Luxemburger U, et al. Humoral immune responses of lung cancer patients against

143.

144.

145.

146.

147.

148.

tumor antigen NY-ESO-1. Cancer Lett 2006;236:64-71. [PubMed: 15992994]

Driscoll JS, Marquez VE, Plowman J, Liu PS, Kelley JA, Barchi JJ Jr. Antitumor properties of 2
(1H)-pyrimidinone riboside (zebularine) and its fluorinated analogues. J Med Chem 1991;34:3280-
3284. [PubMed: 1956046]

McCormack PL, Palmer DG. Sulphydryl dependence of the inhibition of mitogen-induced human
lymphocyte proliferation by sodium aurothiomalate. Biochem Pharmacol 1980;29:3333-3336.
[PubMed: 6783048]

Cheng JC, Matsen CB, Gonzales FA, et al. Inhibition of DNA Methylation and Reactivation of
Silenced Genes by Zebularine. J Natl Cancer Inst 2003;95:399-409. [PubMed: 12618505]

Yoo CB, Chuang JC, Byun H-M, et al. Long-term Epigenetic Therapy with Oral Zebularine Has
Minimal Side Effects and Prevents Intestinal Tumors in Mice. Cancer Prev Res 2008:1940-
6207.CAPR-1907-0008

Holleran JL, Parise RA, Joseph E, et al. Plasma Pharmacokinetics, Oral Bioavailability, and
Interspecies Scaling of the DNA Methyltransferase Inhibitor, Zebularine. Clin Cancer Res
2005;11:3862-3868. [PubMed: 15897587]

Newman EM, Santi DV. Metabolism and mechanism of action of 5-fluorodeoxycytidine. Proc Natl
Acad Sci U S A 1982;79:6419-6423. [PubMed: 6959127]

Curr Probl Cancer. Author manuscript; available in PMC 2009 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kurkjian et al.

Page 28

149. Kaysen J, Spriggs D, Kufe D. Incorporation of 5-fluorodeoxycytidine and metabolites into nucleic
acids of human MCF-7 breast carcinoma cells. Cancer Res 1986;46:4534-4538. [PubMed:
2425957]

150. Beumer JH, Parise RA, Newman EM, et al. Concentrations of the DNA methyltransferase inhibitor
5-fluoro-2’-deoxycytidine (FdCyd) and its cytotoxic metabolites in plasma of patients treated with
FdCyd and tetrahydrouridine (THU). Cancer Chemother Pharmacol 2008;62:363-368. [PubMed:
17899082]

151. Byun HM, Choi SH, Laird PW, et al. 2'-Deoxy-N4-[2-(4-nitrophenyl)ethoxycarbonyl]-5-
azacytidine: A novel inhibitor of DNA methyltransferase that requires activation by human
carboxylesterase 1. Cancer Lett 2008;266:238-248. [PubMed: 18499340]

152. Brueckner B, Garcia Boy R, Siedlecki P, et al. Epigenetic Reactivation of Tumor Suppressor Genes
by a Novel Small-Molecule Inhibitor of Human DNA Methyltransferases. Cancer Res
2005;65:6305-6311. [PubMed: 16024632]

153. Stresemann C, Brueckner B, Musch T, Stopper H, Lyko F. Functional Diversity of DNA
Methyltransferase Inhibitors in Human Cancer Cell Lines. Cancer Res 2006;66:2794-2800.
[PubMed: 16510601]

154. Cornacchia E, Golbus J, Maybaum J, Strahler J, Hanash S, Richardson B. Hydralazine and
procainamide inhibit T cell DNA methylation and induce autoreactivity. J Immunol
1988;140:2197-2200. [PubMed: 3258330]

155. Fang MZ, Wang Y, Ai N, et al. Tea Polyphenol (-)-Epigallocatechin-3-Gallate Inhibits DNA
Methyltransferase and Reactivates Methylation-Silenced Genes in Cancer Cell Lines. Cancer Res
2003;63:7563-7570. [PubMed: 14633667]

156. Chuang JC, Yoo CB, Kwan JM, et al. Comparison of biological effects of non-nucleoside DNA
methylation inhibitors versus 5-aza-2'-deoxycytidine. Mol Cancer Ther 2005;4:1515-1520.
[PubMed: 16227400]

157. Momparler RL. Cancer epigenetics. Oncogene 22:6479-6483. [PubMed: 14528271]

158. Bird A. DNA methylation patterns and epigenetic memory. Genes Dev 2002;16:6-21. [PubMed:
11782440]

159. Bird AP, Wolffe AP. Methylation-Induced Repression-- Belts, Braces, and Chromatin. Cell
1999;99:451-454. [PubMed: 10589672]

160. Fahrner JA, Eguchi S, Herman JG, Baylin SB. Dependence of Histone Modifications and Gene
Expression on DNA Hypermethylation in Cancer. Cancer Res 2002;62:7213-7218. [PubMed:
12499261]

161. Jenuwein T, Allis CD. Translating the Histone Code. Science 2001;293:1074-1080. [PubMed:
11498575]

162. Jones PL, Jan Veenstra GC, Wade PA, et al. Methylated DNA and MeCP2 recruit histone deacetylase
to repress transcription. Nat Genet 1998;19:187-191. [PubMed: 9620779]

163. Cameron EE, Bachman KE, Myohanen S, Herman JG, Baylin SB. Synergy of demethylation and
histone deacetylase inhibition in the re-expression of genes silenced in cancer. Nat Genet
1999;21:103-107. [PubMed: 9916800]

164. Gagnon J, Shaker S, Primeau M, Hurtubise A, Momparler RL. Interaction of 5-aza-2'-deoxycytidine
and depsipeptide on antineoplastic activity and activation of 14-3-3sigma, E-cadherin and tissue
inhibitor of metalloproteinase 3 expression in human breast carcinoma cells. Anticancer Drugs
2003;14:193-202. [PubMed: 12634613]

165. Mélanie Primeau JGRLM. Synergistic antineoplastic action of DNA methylation inhibitor 5-
AZA-2prime-deoxycytidine and histone deacetylase inhibitor depsipeptide on human breast
carcinoma cells. International Journal of Cancer 2003;103:177-184.

166. Gore SD, Baylin S, Sugar E, et al. Combined DNA Methyltransferase and Histone Deacetylase
Inhibition in the Treatment of Myeloid Neoplasms. Cancer Res 2006;66:6361-6369. [PubMed:
16778214]

167. Gottlicher M, Minucci S, Zhu P, et al. Valproic acid defines a novel class of HDAC inhibitors
inducing differentiation of transformed cells. EMBO J 2001;20:6969-6978. [PubMed: 11742974]

Curr Probl Cancer. Author manuscript; available in PMC 2009 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kurkjian et al.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

Page 29

Phiel CJ, Zhang F, Huang EY, Guenther MG, Lazar MA, Klein PS. Histone Deacetylase Is a Direct
Target of Valproic Acid, a Potent Anticonvulsant, Mood Stabilizer, and Teratogen. J Biol Chem
2001;276:36734-36741. [PubMed: 11473107]

Garcia-Manero G, Kantarjian HM, Sanchez-Gonzalez B, et al. Phase 1/2 study of the combination
of 5-aza-2'-deoxycytidine with valproic acid in patients with leukemia. Blood 2006;108:3271-3279.
[PubMed: 16882711]

Blum W, Klisovic RB, Hackanson B, et al. Phase | Study of Decitabine Alone or in Combination
With Valproic Acid in Acute Myeloid Leukemia. J Clin Oncol 2007;25:3884-3891. [PubMed:
17679729]

Garcia-Manero G, Yang H, Bueso-Ramos C, et al. Phase 1 study of the histone deacetylase inhibitor

vorinostat (suberoylanilide hydroxamic acid [SAHA]) in patients with advanced leukemias and
myelodysplastic syndromes. Blood 2008;111:1060-1066. [PubMed: 17962510]

Weiser TS, Guo ZS, Ohnmacht GA, et al. Sequential 5-Aza-2'-deoxycytidine-Depsipeptide
FR901228 Treatment Induces Apoptosis Preferentially in Cancer Cells and Facilitates Their
Recognition by Cytolytic T Lymphocytes Specific for NY-ESO-1. J Immunother 2001;24:151—
161.

Silverman LR, Verma A, Odchimar-Reissig R, et al. A phase I/11 study of vorinostat, an oral histone
deacetylase inhibitor, in combination with azacitidine in patients with the myelodysplastic
syndrome (MDS) and acute myeloid leukemia (AML). Initial results of the phase I trial: A New
York Cancer Consortium. J Clin Oncol 2008;26:#7000.

Yee KWL, Minden MD, Brandwein J, et al. A Phase | Trial of Two Sequence-Specific Schedules
of Decitabine and Vorinostat in Patients with Acute Myeloid Leukemia (AML). ASH Annual
Meeting Abstracts 2007;110:908.

LinJ, Yao D-m, Qian J, et al. Methylation status of fragile histidine triad (FHIT) gene and its clinical
impact on prognosis of patients with myelodysplastic syndrome. Leukemia Research
2008;32:1541-1545. [PubMed: 18367246]

Wu Q, Lothe R, Ahlquist T, et al. DNA methylation profiling of ovarian carcinomas and their in
vitro models identifies HOXA9, HOXB5, SCGB3A1, and CRABP1 as novel targets. Molecular
Cancer 2007;6:45. [PubMed: 17623056]

Johan MF, Bowen DT, Frew ME, Goodeve AC, Reilly JT. Aberrant methylation of the negative
regulators RASSFIA, SHP-1 and SOCS-1 in myelodysplastic syndromes and acute myeloid
leukaemia. Br J Haematol 2005;129:60-65. [PubMed: 15801956]

lhalainen JPS, Savolainen ER, Janssen SE, Palotie A. Hypermethylation of the calcitonin gene in
the myelodysplastic syndromes. Leukemia 1993;7:263-267. [PubMed: 8426480]

179. Jost E, Schmid J, Wilop S, et al. Epigenetic inactivation of secreted Frizzled-related proteins in acute

180.

181.

182.

183.

184.

185.

myeloid leukaemia. Br J Haematol. 2008

Kroeger H, Jelinek J, Estecio MRH, et al. Aberrant CpG island methylation in acute myeloid
leukemia is accentuated at relapse. Blood 2008;112:1366—1373. [PubMed: 18523155]

Hess CJ, Errami A, Berkhof J, et al. Concurrent methylation of promoters from tumor associated
genes predicts outcome in acute myeloid leukemia. Leukemia and Lymphoma 2008;49:1132 —
1141. [PubMed: 18569637]

Schmelz K, Wagner M, Dorken B, Tamm |. 5-Aza-2'-deoxycytidine induces p21WAF expression
by demethylation of p73 leading to p53-independent apoptosis in myeloid leukemia. Int J Cancer
2005;114:683-695. [PubMed: 15609309]

Oka T, Quchida M, Koyama M, et al. Gene Silencing of the Tyrosine Phosphatase SHP1 Gene by
Aberrant Methylation in Leukemias/Lymphomas. Cancer Res 2002;62:6390-6394. [PubMed:
12438221]

Hoshino K, Quintas-Cardama A, Yang H, Sanchez-Gonzalez B, Garcia-Manero G. Aberrant DNA
methylation of the Src kinase Hck, but not of Lyn, in Philadelphia chromosome negative acute
lymphocytic leukemia. Leukemia 2007;21:906-911. [PubMed: 17344919]

Agirre X, Roman-Gomez J, Vazquez I, et al. Abnormal methylation of the common PARK2 and
PACRG promoter is associated with downregulation of gene expression in acute lymphoblastic
leukemia and chronic myeloid leukemia. Int J Cancer 2006;118:1945-1953. [PubMed: 16287063]

Curr Probl Cancer. Author manuscript; available in PMC 2009 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kurkjian et al.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

Page 30

Liu TC, Lin SF, Chang JG, Yang MY, Hung SY, Chang CS. Epigenetic alteration of the SOCS1
gene in chronic myeloid leukaemia. Br J Haematol 2003;123:654-661. [PubMed: 14616969]

Nagy E, Beck Z, Kiss A, et al. Frequent methylation of p16INK4A and p14ARF genes implicated
in the evolution of chronic myeloid leukaemia from its chronic to accelerated phase. European
Journal of Cancer 2003;39:2298-2305. [PubMed: 14556920]

Roman-Gomez J, Castillejo JA, Jimenez A, et al. Cadherin-13, a Mediator of Calcium-Dependent
Cell-Cell Adhesion, Is Silenced by Methylation in Chronic Myeloid Leukemia and Correlates With
Pretreatment Risk Profile and Cytogenetic Response to Interferon Alfa. J Clin Oncol 2003;21:1472—
1479. [PubMed: 12697869]

Yang M-Y, Liu T-C, Chang J-G, Lin P-M, Lin S-F. JunB gene expression is inactivated by
methylation in chronic myeloid leukemia. Blood 2003;101:3205-3211. [PubMed: 12506033]
Oka T, Ouchida M, Kayama M, et al. Gene Silencing of the Tyrosine Phosphatase SHP1 Gene by
Aberrant Methylation. Leukemias/Lymphomas 2002;62:6390-6394.

Shteper PJ, Siegfried Z, Asimakopoulos FA, et al. ABL1 methylation in Ph-positive ALL is
exclusively associated with the P210 form of BCR-ABL. Leukemia 2001;15:575-582. [PubMed:
11368359]

Strathdee G, Holyoake TL, Sim A, et al. Inactivation of HOXA Genes by Hypermethylation in
Myeloid and Lymphoid Malignancy is Frequent and Associated with Poor Prognosis. Clin Cancer
Res 2007;13:5048-5055. [PubMed: 17785556]

Papageorgiou SG, Lambropoulos S, Pappa V, et al. Hypermethylation of the p15INK4B gene
promoter in B-chronic lymphocytic leukemia. Am J Hematol 2007;82:824-825. [PubMed:
17546638]

Motiwala T, Majumder S, Kutay H, et al. Methylation and Silencing of Protein Tyrosine Phosphatase
Receptor Type O in Chronic Lymphocytic Leukemia. Clin Cancer Res 2007;13:3174-3181.
[PubMed: 17545520]

Raval A, Tanner SM, Byrd JC, etal. Downregulation of Death-Associated Protein Kinase 1 (DAPK1)
in Chronic Lymphocytic Leukemia. Cell 2007;129:879-890. [PubMed: 17540169]

Petrocca F, lliopoulos D, Qin HR, et al. Alterations of the Tumor Suppressor Gene ARLTS1 in
Ovarian Cancer. Cancer Res 2006;66:10287-10291. [PubMed: 17079447]

Strathdee G, Sim A, Parker A, Oscier D, Brown R. Promoter hypermethylation silences expression
of the HoxA4 gene and correlates with IgVVh mutational status in CLL. Leukemia 2006;20:1326—
1329. [PubMed: 16688227]

Raval A, Lucas DM, Matkovic JJ, et al. TWIST2 Demonstrates Differential Methylation in
Immunoglobulin Variable Heavy Chain Mutated and Unmutated Chronic Lymphocytic Leukemia.
J Clin Oncol 2005;23:3877-3885. [PubMed: 15809452]

Bechter OE, Eisterer W, Dlaska M, Kiihr T, Thaler J. CpG island methylation of the h\TERT promoter
is associated with lower telomerase activity in B-cell lymphocytic leukemia. Experimental
Hematology 2002;30:26-33. [PubMed: 11823034]

Esteller M, Silva JM, Dominguez G, et al. Promoter Hypermethylation and BRCA1 Inactivation in
Sporadic Breast and Ovarian Tumors. J Natl Cancer Inst 2000;92:564-569. [PubMed: 10749912]
Esteller M, Fraga MF, Guo M, et al. DNA methylation patterns in hereditary human cancers mimic
sporadic tumorigenesis. Hum Mol Genet 2001;10:3001-3007. [PubMed: 11751682]

Watanabe Y, Ueda H, Etoh T, et al. A change in promoter methylation of h(MLH1 is a cause of
acquired resistance to platinum-based chemotherapy in epithelial ovarian cancer. Anticancer Res
2007;27:1449-1452. [PubMed: 17595760]

Wiley A, Katsaros D, Chen H, et al. Aberrant promoter methylation of multiple genes in malignant
ovarian tumors and in ovarian tumors with low malignant potential. Cancer 2006;107:299-308.
[PubMed: 16773633]

Choi YL, Kang SY, Shin YK, et al. Aberrant hypermethylation of RASSF1A promoter in ovarian
borderline tumors and carcinomas. Virchows Arch 2006;448:331-336. [PubMed: 16315018]
Makarla PB, Saboorian MH, Ashfaq R, et al. Promoter Hypermethylation Profile of Ovarian
Epithelial Neoplasms. Clin Cancer Res 2005;11:5365-5369. [PubMed: 16061849]

PetroccaF, lliopoulos D, Qin HR, et al. Alterations of the Tumor Suppressor Gene ARLTS1. Ovarian
Cancer 2006;66:10287-10291.

Curr Probl Cancer. Author manuscript; available in PMC 2009 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kurkjian et al.

Page 31

207. Cooper WN, Dickinson RE, Dallol A, et al. Epigenetic regulation of the ras effector//tumour
suppressor RASSF2 in breast and lung cancer. Oncogene 2007;27:1805-1811. [PubMed:
17891178]

208. Toyooka KO, Toyooka S, Virmani AK, et al. Loss of Expression and Aberrant Methylation of the
CDH13 (H-Cadherin) Gene in Breast and Lung Carcinomas. Cancer Res 2001;61:4556-4560.
[PubMed: 11389090]

209. Toyooka S, Toyooka KO, Maruyama R, et al. DNA Methylation Profiles of Lung Tumors. Mol
Cancer Ther 2001;1:61-67. [PubMed: 12467239]

210. Machida EO, Brock MV, Hooker CM, et al. Hypermethylation of ASC/TMS1 Is a Sputum Marker
for Late-Stage Lung Cancer. Cancer Res 2006;66:6210-6218. [PubMed: 16778195]

211. Brock MV, Kim MP, Hooker CM, et al. Pulmonary resection in octogenarians with stage | nonsmall
cell lung cancer: a 22-year experience. Ann Thorac Surg 2004;77:271-277. [PubMed: 14726077]

212. Herman JG, Merlo A, Mao L, et al. Inactivation of the CDKN2/p16/MTS1 Gene Is Frequently
Associated with Aberrant DNA Methylation in All Common Human Cancers. Cancer Res
1995;55:4525-4530. [PubMed: 7553621]

213. Vousden KH. p53: Death Star. Cell 2000;103:691-694. [PubMed: 11114324]

214. Rhee |, Bachman KE, Park BH, et al. DNMT1 and DNMT3b cooperate to silence genes in human
cancer cells. Nature 2002;416:552-556. [PubMed: 11932749]

215. Gazzoli I, Loda M, Garber J, Syngal S, Kolodner RD. A Hereditary Nonpolyposis Colorectal
Carcinoma Case Associated with Hypermethylation of the MLH1 Gene in Normal Tissue and Loss
of Heterozygosity of the Unmethylated Allele in the Resulting Microsatellite Instability-High
Tumor. Cancer Res 2002;62:3925-3928. [PubMed: 12124320]

216. Shen L, Kondo Y, Hamilton SR, Rashid A, Issa J-PJ. p14 methylation in human colon cancer is
associated with microsatellite instability and wild-type p53. Gastroenterology 2003;124:626-633.
[PubMed: 12612901]

217. Whitehall VLJ, Walsh MD, Young J, Leggett BA, Jass JR. Methylation of O-6-Methylguanine DNA
Methyltransferase Characterizes a Subset of Colorectal Cancer with Low-level DNA Microsatellite
Instability. Cancer Res 2001;61:827-830. [PubMed: 11221863]

218. Noetzel E, Veeck J, Niederacher D, et al. Promoter methylation-associated loss of 1D4 expression
is a marker of tumour recurrence in human breast cancer. BMC Cancer 2008;8:154. [PubMed:
18513385]

219. Herman JG, Merlo A, Mao L, et al. Inactivation of the CDKN2/p16/MTS1 Gene Is Frequently
Associated with Aberrant DNA Methylation. All Common Human Cancers 1995;55:4525-4530.

220. Droufakou S, Deshmane V, Roylance R, Hanby A, Tomlinson I, Hart IR. Multiple ways of silencing
E-cadherin gene expression in lobular carcinoma of the breast. Int J Cancer 2001;92:404-408.
[PubMed: 11291078]

221. Sarrio D, Moreno-Bueno G, Hardisson D, et al. Epigenetic and genetic alterations of APC and CDH1
genes in lobular breast cancer: relationships with abnormal E-cadherin and catenin expression and
microsatellite instability. Int J Cancer 2003;106:208-215. [PubMed: 12800196]

222. Munot K, Bell SM, Lane S, Horgan K, Hanby AM, Speirs V. Pattern of expression of genes linked
to epigenetic silencing in human breast cancer. Human Pathology 2006;37:989-999. [PubMed:
16867861]

223. Xu XL, Yu J, Zhang HY, et al. Methylation profile of the promoter CpG islands of 31 genes that
may contribute to colorectal carcinogenesis. World J Gastroenterol 2004;10:3441-3454. [PubMed:
15526363]

224. Stearns V, Zhou Q, Davidson NE. Epigenetic Regulation asa New Target for Breast Cancer Therapy.
Cancer Investigation 2007;25:659-665. [PubMed: 18058459]

225. 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. Proceedings of
the National Academy of Sciences of the United States of America 1994;91:11733-11737.
[PubMed: 7972132]

226. Hu J-F, Nguyen PH, Pham NV, Vu TH, Hoffman AR. Modulation of 1gf2 Genomic Imprinting in
Mice Induced by 5-Azacytidine, an Inhibitor of DNA Methylation. Mol Endocrinol 1997;11:1891—
1898. [PubMed: 9415394]

Curr Probl Cancer. Author manuscript; available in PMC 2009 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kurkjian et al.

Page 32

227. Yegnasubramanian S, Kowalski J, Gonzalgo ML, et al. Hypermethylation of CpG Islands in Primary
and Metastatic Human Prostate Cancer. Cancer Res 2004;64:1975-1986. [PubMed: 15026333]

228.Fu VX, Schwarze SR, Kenowski ML, LeBlanc S, Svaren J, Jarrard DF. A Loss of Insulin-like Growth
Factor-2 Imprinting Is Modulated by CCCTC-binding Factor Down-regulation at Senescence in
Human Epithelial Cells. J Biol Chem 2004;279:52218-52226. [PubMed: 15471867]

229. Herman JG, Latif F, Weng Y, et al. Silencing of the VHL tumor-suppressor gene by DNA
methylation in renal carcinoma. Proceedings of the National Academy of Sciences of the United
States of America 1994;91:9700-9704. [PubMed: 7937876]

230. Kagara I, Enokida H, Kawakami K, et al. CpG Hypermethylation of the UCHL1 Gene Promoter is
Associated With Pathogenesis and Poor Prognosis in Renal Cell Carcinoma. The Journal of Urology
2008;180:343-351. [PubMed: 18499164]

231. Kvasha S, Gordiyuk V, Kondratov A, et al. Hypermethylation of the 5'CpG island of the FHIT gene
in clear cell renal carcinomas. Cancer Letters 2008;265:250-257. [PubMed: 18378390]

232. Christoph F, Weikert S, Kempkensteffen C, et al. Promoter Hypermethylation Profile of Kidney
Cancer with New Proapoptotic p53 Target Genes and Clinical Implications. Clin Cancer Res
2006;12:5040-5046. [PubMed: 16951219]

233. Gumz ML, Zou H, Kreinest PA, et al. Secreted Frizzled-Related Protein 1 Loss Contributes to Tumor
Phenotype of Clear Cell Renal Cell Carcinoma. Clin Cancer Res 2007;13:4740-4749. [PubMed:
17699851]

234. Costa V, Henrique R, Ribeiro F, et al. Quantitative promoter methylation analysis of multiple cancer-
related genes in renal cell tumors. BMC Cancer 2007;7:133. [PubMed: 17645803]

235. Christoph F, Hinz S, Kempkensteffen C, Schostak M, Schrader M, Miller K. mRNA Expression
Profiles of Methylated APAF-1 and DAPK-1 Tumor Suppressor Genes Uncover Clear Cell Renal
Cell Carcinomas With Aggressive Phenotype. The Journal of Urology 2007;178:2655-2659.
[PubMed: 17945286]

236. Zhang Q, Ying J, Zhang K, et al. Aberrant methylation of the 8p22 tumor suppressor gene DLC1
in renal cell carcinoma. Cancer Letters 2007;249:220-226. [PubMed: 17029774]

237. Okuda H, Toyota M, Ishida W, et al. Epigenetic inactivation of the candidate tumor suppressor gene
HOXB13 in human renal cell carcinoma. Oncogene 2005;25:1733-1742. [PubMed: 16278676]

238. Fukushima N, Sato N, Ueki T, et al. Aberrant Methylation of Preproenkephalin and p16 Genes in
Pancreatic Intraepithelial Neoplasia and Pancreatic Ductal Adenocarcinoma. Am J Pathol
2002;160:1573-1581. [PubMed: 12000709]

239. Dammann R, Schagdarsurengin U, Liu L, et al. Frequent RASSF1A promoter hypermethylation and
K-ras mutations in pancreatic carcinoma. Oncogene 22:3806-3812. [PubMed: 12802288]

240. Matsubayashi H, Sato N, Fukushima N, et al. Methylation of Cyclin D2 Is Observed Frequently in
Pancreatic Cancer but Is Also an Age-related Phenomenon in Gastrointestinal Tissues. Clin Cancer
Res 2003;9:1446-1452. [PubMed: 12684418]

241. Fukushima N, Sato N, Sahin F, Su GH, Hruban RH, Goggins M. Aberrant methylation of suppressor
of cytokine signalling-1 (SOCS-1) gene in pancreatic ductal neoplasms. Br J Cancer 2003;89:338—
343. [PubMed: 12865927]

242. Ueki T, Toyota M, Sohn T, et al. Hypermethylation of Multiple Genes in Pancreatic
Adenocarcinoma. Cancer Res 2000;60:1835-1839. [PubMed: 10766168]

243. Esteller M, Silva JM, Dominguez G, et al. Promoter Hypermethylation and BRCA1 Inactivation.
Sporadic Breast and Ovarian Tumors 2000;92:564-569.

244. Winter JM, Ting AH, Vilardell F, et al. Absence of E-Cadherin Expression Distinguishes
Noncohesive from Cohesive Pancreatic Cancer. Clin Cancer Res 2008;14:412-418. [PubMed:
18223216]

245. Dansranjavin T, Mobius C, Tannapfel A, et al. E-cadherin and DAP kinase in pancreatic
adenocarcinoma and corresponding lymph node metastases. Oncol Rep 2006;15:1125-1131.
[PubMed: 16596173]

246. Kang GH, Lee S, Kim JS, Jung HY.. Profile of aberrant CpG island methylation along the multistep
pathway of gastric carcinogenesis. Lab Invest 2003;83:635-641. [PubMed: 12746473]

Curr Probl Cancer. Author manuscript; available in PMC 2009 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kurkjian et al.

Page 33

247. To KF, Leung WK, Lee TL, et al. Promoter hypermethylation of tumor-related genes in gastric
intestinal metaplasia of patients with and without gastric cancer. Int J Cancer 2002;102:623-628.
[PubMed: 12448005]

248. Seidel C, Bartel F, Rastetter M, et al. Alterations of cancer-related genes in soft tissue sarcomas:
hypermethylation of RASSF1A is frequently detected in leiomyosarcoma and associated with poor
prognosis in sarcoma. Int J Cancer 2005;114:442-447. [PubMed: 15551306]

249. Kawaguchi, K-i; Oda, Y.; Saito, T., et al. DNA hypermethylation status of multiple genes in soft
tissue sarcomas. Mod Pathol 2005;19:106-114. [PubMed: 16258501]

250. Seidel C, Schagdarsurengin U, Blumke K, et al. Frequent hypermethylation of MST1 and MST2 in
soft tissue sarcoma. Mol Carcinog 2007;46:865-871. [PubMed: 17538946]

251. Spugnardi M, Tommasi S, Dammann R, Pfeifer GP, Hoon DSB. Epigenetic Inactivation of RAS
Association Domain Family Protein 1 (RASSF1A) in Malignant Cutaneous Melanoma. Cancer Res
2003;63:1639-1643. [PubMed: 12670917]

252. Hoon DSB, Spugnardi M, Kuo C, Huang SK, Morton DL, Taback B. Profiling epigenetic inactivation
of tumor suppressor genes in tumors and plasma from cutaneous melanoma patients. Oncogene
2004;23:4014-4022. [PubMed: 15064737]

253. Worm J, Christensen C, Gronbaek K, Tulchinsky E, Guldberg P. Genetic and epigenetic alterations
of the APC gene in malignant melanoma. Oncogene 2004;23:5215-5226. [PubMed: 15133491]

254. Fischer JR, Ohnmacht U, Rieger N, et al. Promoter methylation of RASSF1A, RAR[beta] and DAPK
predict poor prognosis of patients with malignant mesothelioma. Lung Cancer 2006;54:109-116.
[PubMed: 16893590]

255. Tsou JA, Shen LYC, Siegmund KD, et al. Distinct DNA methylation profiles in malignant
mesothelioma, lung adenocarcinoma, and non-tumor lung. Lung Cancer 2005;47:193-204.
[PubMed: 15639718]

256. Hirao T, Bueno R, Chen C-J, Gordon GJ, Heilig E, Kelsey KT. Alterations of the p16INK4 locus
in human malignant mesothelial tumors. Carcinogenesis 2002;23:1127-1130. [PubMed: 12117769]

Curr Probl Cancer. Author manuscript; available in PMC 2009 September 1.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Kurkjian et al.

Table 1

Methylated Genes by Disease Type

Page 34

Disease

Methylated Genes
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Aggerholm, et al.,82 Lin, et al.,175 Boumber, et al, 22 Wu, et
al., Johan, etal., lhalainen, et al.
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RIL, SFRP, NOR1, CDH13, p15,
NPM2, OLIG2, PGR, HINT1,
SLC26A4, ESR1, IGSF4, p73, SHP1

Boumber, et al.,““ Jost, et al., s Kroe%er, et al.,180 Hess, et
al., Schmelz, et al., Oka, et al.18

Acute Lymphocytic Leukemia

Hck, PARK2, PACRG, SHP1

Hoshino, et aI.,184 Agirre, et aI..185 Oka, et aI.183

Chronic Myelogenous Leukemial

PARK2, PACRG, SOCS1, p16, p14,
CDH-13, JunB, SHP1, ABL1, p15,
HOXA

Agirre, etal., 85 Liu, et aLI.,186 Nagy, et al.,187 Roman-Gomez,
etal., Yang, et al., QOka, etal, 190 Shteper, et al.,19
Nguyen, et al., "< Strathdee, et al.

Chronic Lymphocytic Leukemia

p15, PTPRO, DAPK1, ARLTSI,
HoxA4, SFRP, TWIST2, GRM7,
hTERT

Papagergiou, et alé1 Motiwala, et al?,194 Raval, et al.,195
Petrocca, et aml.,19 Strathdee, et al.,19 Liu, et al.,47 Raval, et
al., Rush, et al., " Bechter, et al.

Ovarian Cancer

BRCAL, ARLTS1, HOXA9, HOXBS,

Esteller, et al.,200 Esteller, et al., 1 Petrocca, et al.,196 Wau, et

SCGB3AL, CRABPL, hMLHL, ER, al., 178 watanabe, et al.,292 wiley, et al., 203 Choi, et al., 204,
RASSI_:lA, RAR beta, E-cadherin, H- Makarla. et al
cadherin, APC, GSTP1, MGMT ! )

Non-Small Cell Lung Cancer ARLTS1, RASSF2, p16, H-cadherin, Petrocca, et a|,,206, Cooper, et al., 207 Belinsky, et al_,70
RASSF1A, APC, MGMT, ASC, DAPK Toyooka, et al..“"° Toyooka, et al.,209 Machida, et al., 210

Brock, et al.

Colorectal Cancer p16, RIL, RASSF2, p53, RAR, cyclin Herman, et al.,212 Boumber, et al.,22 Cooper, et al.,212
Al, CDH-13, DNMT, hMLH1, p14, Vousden, et al., > Rhee,>~~ Gazzoli, et al.,>>> Shen, et al.,
APC, MGMT 6 whitehall, et a1.21’

Breast Cancer BRCAL, ID4, p16, RASSF2, ER, PR, Esteller, etal., “*0 Esteller. etal.,“0* Noetzel, etal. 1 Herman,
E-Cadherin, MGMT, HOXAS, DAPK, etal.,“~ Cooper, et al.,“”’ Droufakou, et al.,““" Sarrio, et al.,
Twist, cyclinD2, GSTP1, RAR-beta Munot, et al. >4 Xu, et al. >4 Stearns, et al.

Prostate Cancer

GSTpi, APC, MGMT, RASSF1A, p16,
PTGS2, ARF

Legzgt al.,225 Hu, et al.,226 Yegnasubarmian, et al.,227 Fu, et|
al.

Renal Cancer

VHL, UCHL1, FHIT, DAPK, SFRP-1,
CDH-1, PTGS2, RASSF1A, APAF-1,
DLC1, HOXB13

Herman, et aLI.,229 Kagara, et aLI.,230 Kvasha, et al.223l
Christoph, et al Gumz, et al., Costa, et al., 34

Pancreatic Cancer

p16, RASSF1A, Cyclin D2, SOCS-1,
RAR beta, APC, E-cadherin, DAPK

Christoph, et al.235 Zhang, et al. 236 Okuda, et al.237

Fukushima, etal., Dammann, etal., Matsubayashi, et al. |
Fukushima, et al., Ueki, et al Esteller, et al.,

Gastric Cancer

GSTP1, RASSF1A, COX-2, hMLHL1,
p16, DAPK, p14, pl15

Winter, etal., 4 Dansranjavin, et al.245
Kang, et al.,246 To, et al.

Sarcoma

RASSF1A, MGMT, MST1, MST2

Seidel, et al. 248 Kawaguchi, et al. 249 Seidel, et al.250

Melanoma

RASSF1A, RARbeta, MGMT, DAPK,
APC

Spugnardi, et al.,251 Hoon, et al.,252 Worm, et al.253

Mesothelioma

RASSF1A, DAPK, RARbeta, PGR1,

ESR1, CDH1, p16

Fischer, et al.,254 Tsou, et al.,255 Hirao, et al.256
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Table 2

Response Criteria in CALGB 9221 Trial92 (Silverman JCO 2002)

Complete Response

Normal bone marrow appearance or with < 5% blasts. No transfusion requirement, normal peripheral blood counts.

Partial Response

Bone marrow blast count is < 50% of pre-treatment count. > 50% increase in the difference between baseline blood
count and normal value in all three peripheral blood cell lines. No transfusion requirement.

Hematologic Improvementl

.>50% increase in the difference between baseline blood count and normal value in all one or two peripheral blood
cell lines. Transfusion requirement is less than 50% of pre-treatment requirement.
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