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ABSTRACT: Mammalian genome has a profound effect of DNA methylation or covalent addition of a
methyl group to cytosine with reference to CpG dinucleotide. These modifications are very stable but
reversible. The effect of mutation of a number of Tumor suppressor gene (TSGs) can be mimicked by the
change in methylation of promoter. Hypomethylation and hypermethylation of promoter of proto-oncogenes
are aberrations of genomic DNA which can result in carcinogenesis. Proper embryonic development also
requires DNA methylation. Global hypomethylation has been found to disrupt the normal methylation pattern
in cancer cells along with region specific hypermethylation. If the promoter of a TSG are involved in
hypermethylation event then silencing of that gene occurs which in turn gives cell a growth advantage in a
manner similar to mutations. However the transcription of retrotransposons, protooncogene and gene involved
in the malignant cell metastasis has been observed to be activated if the event of hypomethylation occurs. A
high level of DNA methyltransferase DNMT1 and DNMT3B which plays a crucial role in the catalysis of
methylation of genomic DNA in malignant cells is present in different types of cancers. This review will
provide an overview of cancer, methylation, its various types, what leads to the malfunction in certain gene
due to methylation and various methods how DNA methylation occurs which leads to oncogenesis. © 2015
iGlobal Research and Publishing Foundation. All rights reserved.

es; CpG
Nucleotide. NOTE: Full length manuscript of Singh et al. DNA Methylation in Cancer: Review . 2014; 4(3): 150.
INTRODUCTION

Cancer has become one of the most far reaching diseases
human society has ever faced. Today there are a huge
number of people worldwide which are affected by some
form of cancer. According to National cancer Institute nearly
12 million Americans with a history of cancer were alive in
January, 2008. According to this report the number of cancer
cases to be diagnosed in 2012 is 1,638,910. Carcinoma in
situ (noninvasive cancer) of any site except urinary bladder,
basal and squamous cell skin cancer is not included in this
approximation. More than 1500 people per day, about
577,190 Americans are expected to die of cancer in 2012 [1].
Factors which are making cancer cure difficult are: Lack of
early detection methods and efficient treatments methods.
Estimated new cases and deaths from cancer in the United
States in 2013:

. New cases: 1,660,290 (does not include non-
melanoma skin cancers)
. Deaths: 580,350 [2]

Defining the disease: What is Cancer?

According to National Cancer Institute,U.S.,Cancer is a term
used for diseases in which abnormal cells divide without
control and are able to invade other tissues. Cancer is not just
one disease but many diseases.

According to Cancer research UK, cancer is a disease caused
by normal cells changing so that they grow in an
uncontrolled way. The uncontrolled growth causes a lump
called a tumor to form. If not treated, the tumor can cause
problems in one or more of the following ways:

. Spreading into normal tissues nearby

. Causing pressure on other body structures

. Spreading to other parts of the body through blood
stream.

According to Indian Society of Cancer, Cancer is an
abnormal growth of body cells. Each individual is born with
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a potential for cancer. One cannot catch it as one would an
infection or cold. When the programming of a cell or a group
of cells is affected, growth may become uncontrolled. Some
of the factors that can alter the code are chronic irritation,
tobacco, smoke and dust, radioactive substances, age, sex,
race and heredity.

DNA methylation

All the genes which are needed to produce a human have
nearly been enlisted due to the completion of Human
Genome Project. However the situation in which we need to
understand when and where a particular gene will be
expressed during development is far more complex. This
complete information has been imprinted on DNA in the
form of epigenetic marks. These marks are heritable during
cell division but play no role in alteration of DNA sequence.
In mammals the only known epigenetic modification of
DNA is methylation of cytosine at position C5 in
CpGdinucleotides [3] (Fig 1). A significant role has been
played by Epigentic events in the development and
progression of cancer. The heritable changes in gene
expression which do not come from alteration in the gene
nucleotide sequence have been referred to as Epigenetics
[4].When DNA methylation is present in the promoter region
of transcription initiated sites, genes becomes inactivated or
silent, a characteristic of tumor cells. The normal tumor
suppressor function of cells becomes silent, a phenomon
known as “epigenetic silencing” due to these aberrant
methylation.

The addition of methyl group to cytosine or adenine
nucleotide through a biochemical process is defined as DNA
methylation or DNA methyltransferase (DMNTS) catalyzed
covalent chemical modification of DNA is termed as DNA
methylation [5]. The expression of genes in cell as they are
differentiating from embryonic stem cells is altered by this
process, which can be permanent and unidirectional. DNA
methylation generally occurs in CpG dinucleotide; non-CpG
methylation can be seen in embryonic stem cells [6].

CpG islands are the regions of high CG density are usually
found in 5° promoter ends of genes and are un-methylated

[9].

Approximately 4% of genomic DNA carries 5°-
methylcytosine in mammalian DNA which is primarily
cytosine-guanosinedinuleotides (CpGs) sites. These sites are
present more frequently in a small stretches of DNA termed
as CpG islands, which are present in or near promoter region
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of genes, where transcription is initiated. This sites/island of
CpGs remains unmethylated as compared to the CpG sites
present in genomic DNA which are highly methylated which
in turn allows gene expression [4].

An important component of cancer development has been
recognized as alteration in DNA methylation [13].

Types of DNA methylation
There are two types of alteration

(1) Hypermethylation: In this methylation the region which
is to be methylated has experienced an over activity of
enzymes which causes methylation or an increase in the
epigenetic methylation of cytosine and adenosine residues in
DNA.

(2) Hypomethylation: In this methlyation the region which is
to be methylated has experienced a lower activity of
enzymes which causes methylation or a decrease in the
epigenetic methylation of cytosine and adenosine residues in
DNA. Chromosomal instability and loss of imprinting has
been attributed to Hypomethylation whereas the alteration
which is associated with promoters and which arises
secondary to gene silencing is Hypermethylation [13]. The
reason why some CpG islands are hypermethylated or
hypomethylated in certain cancer is not currently known.

The transcription of genes can be affected by DNA
methylation in two ways. First, impediment is the binding of
transcriptional proteins to the gene by methylation of DNA
(Mun Choy et al, 2010) and second the binding of methyl-
CpG-binding-domain (MBDs) proteins to methylated DNA.
Histone deacetylase and other chromatin remodeling proteins
are then recruited to the locus which can modify histones,
which results in the formation of inactive chromatin, called
heterochromatin. DNA methylation also regulates the storage
of long term memory in humans [5].

DNA methylation and cancer

An intense topic of clinical investigators of cancer has
recently been shifted to DNA methylation. The DNA
methylation sequence has been disrupted in cancerous cell as
compared to normal cells [16]. Hypermethylation generally
occurs in CpG islands and Hypomethylation involves
repetitive DNA sequence [17] (Fig 2).
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Hypermethylation in cancer

Cancer caused by Hypermethylation has been found in huge
number of patients as compared to
Hypomethylation.Hypermethylation in CpG islands has been
prevented by a number of mechanisms. Active transcription,
active demethylation, replication timing, and local chromatin
structure are few processes which prevents access to DNA
methyltransferases (DNMT) [18].

A huge number of genes undergo hypermethylation which
causes cancer (Table 2).

The Genes of cell cycle regulation (p16INK4a, p15INK4a,
Rb, pl4ARF), DNA repair (BRCAl, MGMT), drug
resistance, metastasis are  susceptible for  being
hypermethylated during cancer. (Tablel).

RASSF1A and pl6 are the most commonly methylated
genes in cancer cells in various cancers others but some
cancer are specific to the methylation of some genes. For
example in prostate cancer gene GSTP1 is hypermethylated
in approximately 91% but this same gene is acute myeloid
leukemia is unmethylated [19-20].

More than one gene can undergo hypermethylation in some
tumors (Tablel). Lung cancer has been studied in details to
explain the above phenomenon. In Lung cancer there was
some kind of difference in DNA methylation pattern in more
than 40 genes. RARP, CDNK2A, and APC are few genes
which are recorded to be hypermethylated in a Lung cancer
[21].

Hypermethylation has also been found in various
hematological diseases. In various hematologic cancer,
calcitonin gene, p15INK4B, p21Cipl/Wafl, the ER gene,
and SDC4 are hypermethylated [22].

Hypomethylation in cancer

In various malignancies a second variety of DNA
methylation occurs i.e. Hypomethylation [23-24].Few
examples in which DNA hypomethylation causes cancer are:
cervical cancer, prostate cancer, B-cell chronic lymphocytic
leukemia. Patients with immunodeficiency, centomeric
instability and cancer have pericentic heterochromatin region
of chromosome 1 and 16 hypomethylated. DNMTSs have also
been found mutated in the patients of immunodeficiencies,
centomeric instability which causes the instability of the
chromatin[25].Oncogene such as cMYC and H-RAS has
been activated by hypomethylation in various cancers [23].
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Hypomethylation has also been found contributing in the
development of cancer by activating latent retrotransposons
or by chromosome instability [27-29].

An overview of the Folic acid pathway (Fig 3) shows that
Folic acid is involved in the synthesis of Purines. This
pathway also produces 5’-methylocytosine which s
demethylated by various agents like Zebularine and DNMTs
which in turn recruits MBDs and histone deacetylase which
prevents the binding of transcription factors. Gene silencing
is the end result of this whole process.

DNMTs

The family of enzymes which catalyzes the reaction in which
a methyl group is transferred to DNA is known as DNA
methyltransferases (DNA MTase). A wide variety of
biological function has been served by DNA methylation.

DNMT1, DNMT2, DNMT3A and DNMT3B makes up a
family of enzymes called DNMTs family in mammals.
Maintenance and de novo Methyltransferases are two sub-
categories of this family. DNMT1, maintenance enzyme
performs the task of binding methyl groups to the
hemimethylated DNA during replication, whereas DNMT3A
and DNMT3B, both de novo DNMT play a role in the
methylation of CpG dinucleotides of unmethylated DNA
(Figure).

Mammalian DNA methyltransferase (DNMT)

In mammals three active DNA methyltransferase have been
identified namely DNMT1, DNMT3Aand DNMT3B.
Previously DNMT2 was also considered as a DNA
methyltransferase but now it not included in this list.

DNMT1

This enzyme is coded by DNMT1 gene in humans. It
complete name is DNA (cytosine-5)-methyltransferase 1[30]
[31]The length of this enzyme is 1,620 amino acid. The
regulatory domain consists of 1,100 amino acid and the
catalytic domains comprises of the remaining amino acid.
The presence of both domains is compulsory for the catalytic
function of the enzyme.

It is the most abundant and a key player in the maintenance
of methyltransferases in mammals is DNMT1. The
hemimethylated CpG dinucleotide region are its main site of
action. It has a role in the establishment and regulation of
tissue-specific patterns of methylated cytosine residues [32].
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Table 1

Normal Cell

Cancer Cell

Stop reproducing at the right time

Cancer cells don't stop reproducing

Stick together in the right place

Cancer cells don't stick together

Self-destruct if they are damaged

Cancer cells don't obey signals from other cells

Become specialized or 'mature’

Cancer cells don't specialize, but stay immature

Cancer breaks
through the

basement Cancer cell detaches
- . membrane ©_from tumour and can
Diagram showing how normal cells spread to other parts
make up the tissue in our body of body
Diagram showing a3 malignant tumour
Gene Role in Tumor Development Site of Tumor Reference
APC Deranged regulation of cell proliferation, Breast [45]
cell migration, cell adhesion, cytoskeletal Lung [46]
reorganization, and chromosomal stability Esophageal
BRCA1 Implicated in DNA repair and transcription Breast [47]
activation Ovarian [48]
CDKN2A/p16 Cyclin-dependent kinase inhibitor GIT [49]
Head and neck [50]
NHL [51]
Lung
DAPK1 Calcium/calmodulin-dependent enzyme Lung [52]
that phosphorylates serine/threonine
residues on proteins; Suppression of
apoptosis
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E-cadherin Increasing proliferation, invasion, and/or Breast [53]
metastasis Thyroid [54]
Gastric
ER Hormone resistance Breast [56]
Prostate [57]
GSTP1 Loss of detoxification of active metabolites Prostate [58]
of several carcinogens Breast [59]
Renal [59]
hMLH1 Defective DNA mismatch repair and gene Colon [60]
mutations Gastric [55]
Endometrium [61]
Ovarian [62]
MGMT p53-related gene involved in DNA repair Lung [52]
and drug resistance Brain [59]
p15 Unrestrained entry of cells into activation Leukemia [64]
and proliferation Lymphoma [65]
Squamous cell [66]
carcinoma, lung
RASSF1A Loss of negative regulator control of cell Lung [67]
proliferation through inhibition of G,/S- Breast [67]
phase progression Ovarian [67]
Kidney [68]
Nasopharyngeal [69]
Rb Failure to repress the transcription of Retinoblastoma [70]
cellular genes required for DNA replication Oligodendroglioma
and cell division
VHL Altered RNA stability through and Renal cell cancer [68]
erroneous degradation of RNA-bound
proteins

Abbreviations: APC, adenomatous polyposis coli; BRCA1, breast cancer 1; CDKN2A/p16, cyclin-dependent kinase 2A; DAPK1, death-
associated protein kinase 1; ER, estrogen receptor; GSTP1, glutathione S-transferase Pi 1; hMLH1, Mut L homologue 1; MGMT, O-6
methylguanine-DNA methyltransferase; RASSF1A, Ras association domain family member 1; Rb, retinoblastoma; VHL, von Hippel-Lindau;
GIT, gastrointestinal tract; NHL, non-Hodgkin's lymphoma.

Table 3: Genes Commonly Methylated in Human Cancer and Their Role in Tumor Development

Tumor suppressor gene Tumor type(s) Reference
pRb Retinoblastoma [71]
VHL Renal carcinoma [72]
pl6INK4a Melanoma and many others [73]
p15INK4b Hematologic malignancies [74]
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hMLH1 Colorectal carcinoma [75]
APC Colorectal carcinoma [76]
BRCAl Breast cancer [77]
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Mitotic recombination, Transcriptional repression,
genomic instability loss of TSG expression

DNA repeat Y
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Figure 1 DNA Methylation and cancer. The diagram shows a representative region of genomic DNA in a normal cell. The

region shown contains repeat-rich, hypermethylatedpericentromeric heterochromatin and an activelytranscribed tumor
suppressor gene (TSG) associated with a hypomethylatedCpG island (indicated in red). In tumor cells, repeat- rich
heterochromatin becomes hypomethylated and this contributes to genomic instability, a hallmark of tumor cells, through
increased mitotic recombination events. De novo methylation of CpG islands also occurs in cancer cells, and can result in

the transcriptional silencing of growth-regulatory genes. These changes in methylation are early events in tumorigenesis

(3]

Tumor suppressor genes

Oncogenesis ————» l DNMT

MM

Tumor growth 1—“ Tumor suppressor genes ‘ Metastasis genes  |— Metastasis
L
Z
DNA m3{ylation N

Figure 2 Hypo- and hypermethylation in cancer. In cancer cells two classes of methylation changes occur. Genes who
block uncontrolled growth such as tumor suppressor genes are unmethylated in normal cells, but oncogenic
transformation results in methylation (M) of control regions on these genes. This causes silencing of genes, which impede
tumor growth. Thus in turn it allows the cancer cell to bypass growth arrest signals and promote growth. On the other
hand other genes, which are normally methylated such as genes required for invasion and metastasis, are methylated in
normal and in noninvasive cancerous cells. During transformation to a metastatic state demethylasedemethylates the pro-

143



Indo Global Journal of Pharmaceutical Sciences, 2015; 5(2): 138-148

metastatic gene resulting in its activation and promotion of tumor invasion and metastasis. These processes offer us
therapeutic targets. Inhibition of DNMT would result in demethylation of the tumor suppressor gene its activation and
arrest of tumor growth. Inhibition of demethylase would result in remethylation silencing of pro-metastatic genes and

inhibition of metastasis.

Fohc Acid
Methionine
DHF
dump S-adenosyl  Cytosine
methionine
dTMP- MBD2b
5,10 meth lene 5-methylcytosine
4 DNMT Glycosylase

MTHFR

5 methyl THF Recruits MBD's

GENE
SILENCING

Homocysteine = hvicviost Histone deacetylases

_-me cytosine
DNA synthesis «— Punne yey Prevents transcription
f factor binding

— e e
| Dememylanng agents HDAC inhibitors
| 5 Azacytidine * Butyrate

* Zebularine * Valproic acid

* Procainamide *TSA
DNMT antisense MBD2 Si RNA
’DNMT\ Si HNA

Fig 3. An overview of the folic acid pathway, cytosine methylation, and gene silencing. The mechanism of action of
demethylating agents, HDAC inhibitors,and other agents is also shown. dUMP, deoxyuridine monophosphate; dTMP,
deoxythymidine monophosphate; DHF, dihydrofolate; THF, tetrahydrofolate; MTHFR, methyelenetetrahydro folate
reductase; DNMT, DNA methyltransferase; MBD, methyl CpG binding domain; TSA, trichostatin A [34].

NH2 NH2
. N NZF
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.
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Figure 4: Methylation of cytosine catalyzed by DNMTs.
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|
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Figure 5 (A) Schematic diagram showing how interaction of the various DNMTs (DNMT1, 3a or 3b in this case) with

other cellular proteins may target methylation to the proper regions (shown by interaction with hypothetical protein X)

and protect CpGislands from de novo methylation (shown by hypothetical protein Y blocking access of DNMT to DNA).

Aberrant methylation patterns in tumors may result from mistargeting of DNMTSs or improper expression during the cell

cycle (left) or through any one or a combination of loss of Y, mutation in X, and over expression of one or more of the

DNMTs (right). (B) Mechanism by which CpG methylation may contribute to tumor genesis. The presence of a

methylated CpG within the coding region of a gene may predispose that region to mutation due to deamination and

failure to repair resulting in a point mutation (left). Alternatively alteration in the normal cellular methylation patterns,

by mechanism that remains unknown, results in gene silencing and altered chromatin structure (right). If de novo

methylation occurs within the promoter region of tumor suppresser gene or a gene involved in maintaining genome

stability then that cell may gain a growth advantage. Black lollypops are methylated CpGs and open lollypops are

unmethylatedCpGs. An ‘X’ represents a point mutation or promoter silence. Filed boxes are exons and bent arrows are

promoters [36].

DNMT2

DNMT2 is similar to 5-methyltransferase of both eukaryotes
and prokaryotes but it does not methylated DNA rather it
methylates aspartic acid transfer RNA [33]. Hence the name
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of this enzyme has been changed to TRDMT1 (tRNA
aspartic acid methyltransferase 1)
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DNMT3

The methylation of hemimethylated and unmethylatedCpG at
the same rate can be catalyzed by DNMT3 family. It has
three members: DNMT3a, 3b, and 3L.

DNMT3a and DNMT3b can control gene repression without
methylation. CpG methylation of CpA, CpT and CpC is
preferred by DNMT 3a.

During the time of gametogenesis, genomic imprinting takes
place and DNMT3L is expressed. Bi-allelic expression of
genes is seen in the case of lossof DNMT3L which is not
normally expressed by the maternal allele. DNMT3a and
DNMT3b are found to be intermingled by DNMT3L, which
is co-localized in the nucleus.

Role of DNMTs In cancer

The methylation of cytosine is carried out with the help of
DNMTs. These DNMTSs generally transfer the methyl group
of S-adenoyl-L-methionine (SAM)(FIG 4). For mentioning
the direct role of DNMTSs in carcinogenesis there has been a
debate. When the hypermethylatedalleles of TSG mentioned
in the table 3 were examined then it is concluded that the
maintenance of methylation — free CpGisland is somehow
defective (Fig 5-A).

Several Line of evidence point to a direct role of DNA
methylation in tumorigenesis. 1st is that reduced DNA
methylation suppresses the formation of intestinal polyps in
APCMin/+[37].Secondly in many cases of unilateral
retinoblastoma [38] and renal cancer [39], the role of
promoter region methylation of the retinoblastoma (pRB)
gene and the Von Hippel Lindau (VHL) gene have been
acknowledged respectively. Lastly hypermethylation has also
been documented to silence one copy of a tumor suppressor
gene in wild type, however the second copy is either mutated
or lostiand this supported the motion of DNA
hypermethylation as one of the prime, inactivating events
that lead to tumorigenesis [40].

In general 30% of all point mutations in germline are
advocated to be contributed by CpG site, which have been
found to play as hotspot sites for mutations [41]. Tallying to
it, CpG sites in coding region of TSGs are found to be strong
hotspotsfor acquired somatic mutations leading to cancer
[42-43]. For an instance, in all the human tissues studied the
CpG sites of the p53 coding region are found to be
methylated [44]and contribute to as many as 50% of all
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inactivating mutations in colon cancer and 25% in cancer in
general [45](Fig 5B).

CONCLUSION

DNA methylation, its biological significance in the
regulation of gene expression and role in cancer is
recognized at a much fast rate. We have attempted to
provide an overview of cancer, methylation, its various
types, what leads to the malfunction in certain gene due to
methylation and various methods how DNA methylation
occurs which leads to oncogenesis. But still a huge number
of questions are unanswered like what is the basis of the
establishment and alteration of methylation patterns in DNA.
The relationship between DNA methylation events at
molecular level and its clinical application if understood in
greater detail then it can provide the platform on which the
treatment of cancer can depend.

ACKNOWLEDGEMENT

We are thankful to Department of Biotechnology, G.B. Pant
Engineering College, Pauri - Garhwal, U.K.

REFERENCES

1.Cancer Facts and Figures 2012, American Cancer Society.
2.http://seer.cancer.gov/statfacts/html/all.html

3.Keith D. Robertson, DNA METHYLATION AND HUMAN
DISEASE, 2005, Nature reviews Genetics.

4.Baylin et al. DNA methylation and gene silencing in cancer,
2005, Nature clinical practice oncology.

5.Miller C et al., Sweatt J (2007-03-15). "Covalent modification of
DNA regulates memory formation". Neuron53 (6): 857-869.
d0i:10.1016/j.neuron.2007.02.022. PMID 17359920.

6.Dodge JE, Ramsahoye BH, Wo ZG, Okano M, Li E (2002). "De
novo methylation of MMLYV provirus in embryonic stem cells: CpG
versus non-CpG  methylation”. Gene289 (1-2): 41-48.
doi:10.1016/S0378-1119(02)00469-9

7.Haines TR, Rodenhiser DI, Ainsworth PJ (2001). "Allele-Specific
Non-CpG Methylation of the Nfl Gene during Early Mouse
Development”.  Developmental Biology240 (2): 585-598.
d0i:10.1006/dbio.2001.0504. PMID 11784085

8.Lister R, Pelizzola M, Dowen RH, et al. (October 2009). "Human
DNA methylomes at base resolution show widespread epigenomic
differences". Nature462 (7271): 315-22. doi:10.1038/nature08514.
PMC 2857523. PMID 19829295

9.Choy MK, Movassagh M, Goh HG, Bennett M, Down T, Foo R
(2010). "Genome-wide conserved consensus transcription factor
binding motifs are hyper-methylated". BMC Genomics 11: 519.
d0i:10.1186/1471-2164-11-519. PMC 2997012

10.DNA methylation and gene silencing in cancer, Stephen B
Baylin, 2005, Nature clinical practice oncology

11.Specific gene hypomethylation and cancer: New insights into
coding region feature trends, Elias Daura-Oller, Maria Cabre, 2009
12.DNA METHYLATION AND HUMAN DISEASE Keith D.
Robertson, 2005, Nature reviews Genetics



Indo Global Journal of Pharmaceutical Sciences, 2015; 5(2): 138-148

13.Specific gene hypomethylation and cancer: New insights into
coding region feature trends, Elias Daura-Oller, Maria Cabre, 2009
14.Genome-wide conserved consensus transcription factor binding
motifs are hyper-methylated, Mun-Kit Choy,1 Mehregan
Movassagh, 2010

15.Miller C, Sweatt J (2007-03-15). "Covalent modification of
DNA regulates memory formation”. Neuron53 (6): 857-8609.
d0i:10.1016/j.neuron.2007.02.022. PMID 17359920

16.Baylin SB, Herman JG: DNA hypermethylation in
tumorigenesis: Epigenetics joins genetics. Trends Genet 16:168-
174, 2000

17.Ehrlich M: DNA methylation in cancer: Too much, but also too
little. Oncogene 21:5400- 5413, 2002

18.Clark SJ, Melki J: DNA methylation and gene silencing in
cancer: Which is the guilty party? Oncogene 21:5380-5387, 2002
19.Lee WH, Morton RA, Epstein JI, et al: Cytidine methylation of
regulatory sequences near the pi-class glutathione S-transferase
gene accompanies human prostatic carcinogenesis. Proc Natl Acad
Sci US A91:11733-11737, 1994

20.Melki JR, Vincent PC, Clark SJ: Concurrent DNA
hypermethylation of multiple genes in acute myeloid leukemia.
Cancer Res 59:3730- 3740, 1999

21.Tsou JA, Hagen JA, Carpenter CL, et al: DNA methylation
analysis: A powerful new tool for lung cancer diagnosis. Oncogene
21:5450- 5461, 2002

22.Leone G, Teofili L, Voso MT, et al: DNA methylation and
demethylating drugs in myelodysplastic syndromes and secondary
leukemias. Haematologica 87:1324-1341, 2002

23.Feinberg AP, Vogelstein B: Hypomethylation distinguishes
genes of some human cancers from their normal counterparts.
Nature 301:89-92, 1983

24 Kim YIl, Giuliano A, Hatch KD, et al: Global DNA
hypomethylation increases progressively in cervical dysplasia and
carcinoma. Cancer 74:893-899, 1994

25.0kano M, Bell DW, Haber DA, et al: DNA methyltransferases
Dnmt3a and Dnmt3b are essential for de novo methylation and
mammalian development. Cell 99:247-257, 1999

26.Feinberg AP, Vogelstein B: Hypomethylation of ras oncogenes
in primary human cancers. Biochem Biophys Res Commun 111:47-
54,1983

27.Alves G, Tatro A, Fanning T: Differential methylation of human
LINE-1 retrotransposons in malignant cells. Gene 176:39-44, 1996
28.Singer MF, Krek V, McMillan JP, et al: LINE-1: A human
transposable element. Gene 135:183-188, 1993

29.Tuck-Muller CM, Narayan A, Tsien F, et al: DNA
hypomethylation and unusual chromosome instability in cell lines
from ICF syndrome patients. Cytogenet Cell Genet 89:121-128,
2000

30.Yen RW, Vertino PM, Nelkin BD, Yu JJ, el-Deiry W,
Cumaraswamy A, Lennon GG, Trask BJ, Celano P, Baylin SB
(June 1992).

31.PMID 1594447 "Isolation and characterization of the cDNA
encoding human DNA methyltransferase". Nucleic Acids Res 20
(9): 2287-91. d0i:10.1093/nar/20.9.2287. PMC 312343.

32.PMID 21532572 Klein, CJ; Botuyan, MV, Wu, Y, Ward, CJ,
Nicholson, GA, Hammans, S, Hojo, K, Yamanishi, H, Karpf, AR,
Wallace, DC, Simon, M, Lander, C, Boardman, LA, Cunningham,
JM, Smith, GE, Litchy, WJ, Boes, B, Atkinson, EJ, Middha, S, B
Dyck, PJ, Parisi, JE, Mer, G, Smith, DI, Dyck, PJ (2011-05-01).
"Mutations in DNMT1 cause hereditary sensory neuropathy with
dementia and hearing loss". Nature Genetics43 (6): 595-600.
d0i:10.1038/ng.830. PMC 3102765.

147

33.PMID 16424344 M.G. Goll, F. Kirpekar, K.A. Maggert, J.A.
Yoder, C-L. Hsieh, X. Zhang, K.G. Golic, S.E. Jacobsen, T.H.
Bestor (2006). "Methylation of tRNAAsp by the DNA
Methyltransferase Homolog Dnmt2". Science 311 (5759): 395-398.
doi:10.1126/science.1120976.

34.Das PM, Singal R: DNA methylation and cancer. J Clin Oncol
2004, 22: 4632-4642.

35.Momparler RL: Cancer epigenetics. Oncogene 2003, 22: 6479-
6483.

36.Robertson KD, Jones PA: DNA methylation: past, present and
future directions. Carcinogenesis 2000, 21: 461-467.

37.Laird PW, Jackson-, Suppression of intestinal neoplasia by DNA
hypomethylation, cell, 1995.

38.Millar DS, Extensive DNA methylattion spanning the Rb
promoter in retinoblastoma tumors. Cancer Res. 57, 1997, , paul
CL, Harrison J.

39.Silencing of the VHL tumor suppressing gene by DNA
methylation in renal carcinoma Proc.Natl.Acad.Sci. USA 91, 1994,
Herman JG, Latif F.

40.Baylin SB, Hyper methylation can selectively silenence
individual p16INK4a alleles in neoplasia. Cancer Res., 58, 1998,
Herman JG.

41.Cooper DN, 1988, the CpG dinucleotide and human genetic
disease. Hum. Genet. 78.

42.Rideout WMI Methylocytosine as an endogenous mutagen in
human LDL receptor and P53 gene science, 249, 1990.
43.Greenblatt MS, Muatation in the p53 TSG: Clues to cancer
etiology and molecular pathogenesis cancer res. 54, 1994,
Greenblatt MS, Bennett WP

44.Ubiquitous and tenacious methylation of CpG sites in codon 248
of the p53 gene may explain its frequent apprreance as a mutational
hot spot in human cancer. Mol. Cell. Biol. 14, 1994, Jones PA
45.Virmani AK, Rathi A, Sathyanarayana UG, et al: Aberrant
methylation of the adenomatous polyposis coli (APC) gene
promoter 1A in breast and lung carcinomas. Clin Cancer Res
7:1998-2004, 2001

46.Kawakami K, Brabender J, Lord RV, et al: Hypermethylated
APC DNA in plasma and prognosis of patients with esophageal
adenocarcinoma J Natl Cancer Inst 92:1805-1811, 200047.
47.Dobrovic A, Simpfendorfer D: Methylation of the BRCAL gene
in sporadic breast cancer. Cancer Res 57:3347-3350, 1997

48.48. Chan KY, Ozcelik H, Cheung AN, et al: Epigenetic factors
controlling the BRCA1 and BRCA2 genes in sporadic ovarian
cancer. Cancer Res 62:4151-4156, 2002

49.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
55:4525- 4530, 1995

50.Sanchez-Cespedes M, Esteller M, Wu L, et al: Gene promoter
hypermethylation in tumors and serum of head and neck cancer
patients. Cancer Res 60:892-895, 2000

51.Villuendas R, Sanchez-Beato M, Martinez JC, et al: Loss of
pl6/INK4A protein expression in non-Hodgkin’s lymphomas is a
frequent finding associated with tumor progression. Am J Pathol
153:887-997, 1998

52.Harden SV, Tokumaru Y, Westra WH, et al: Gene promoter
hypermethylation in tumors and lymph nodes of stage | lung cancer
patients. Clin Cancer Res 9:1370-1375, 2003

53.Graff JR, Herman JG, Lapidus RG, et al: E-cadherin expression
is silenced by DNA hypermethylationin human breast and prostate
carcinomas.Cancer Res 55:5195-5199, 1999

54.Graff JR, Greenberg VE, Herman JG, et al: Distinct patterns of
E-cadherin CpG island methylation in papillary, follicular,



Indo Global Journal of Pharmaceutical Sciences, 2015; 5(2): 138-148

Hurthle’s cell, and poorly differentiated human thyroid carcinoma.
Cancer Res 58:2063-2066, 1998

55.Waki T, Tamura G, Tsuchiya T, et al: Promoter methylation
status of E-cadherin, hMLH1, and pl16 genes in nonneoplastic
gastric epithelia. Am J Pathol 161:399-403, 2002

56.Yang X, Yan L, Davidson NE: DNA methylation in breast
cancer. Endocr Relat Cancer 8:115-127, 2001

57.Li LC, Chui R, Nakajima K, et al: Frequent methylation of
estrogen receptor in prostate cancer: Correlation with tumor
progression. Cancer Res 60:702-706, 2000

58.Lee WH, Morton RA, Epstein JI, et al: Cytidine methylation of
regulatory sequences near the pi-class glutathione S-transferase
gene accompanies human prostatic carcinogenesis. Proc Natl Acad
Sci US A91:11733-11737, 1999

59.Esteller M, Corn PG, Urena JM, et al: Inactivation of glutathione
S-transferase P1 gene by promoter hypermethylation in human
neoplasia. Cancer Res 58:4515-4518, 1998

60.Veigl ML, Kasturi L, Olechnowicz J, et al: Biallelic inactivation
of hMLH1 by epigenetic gene silencing, a novel mechanism
causing human MSI cancers. Proc Natl Acad Sci U S A 95:8698-
8702, 1998

61.Kondo E, Furukawa T, Yoshinaga K, et al: Not hMSH2 but
hMLH1 is frequently silenced by hypermethylation in endometrial
cancer but rarely silenced in pancreatic cancer with microsatellite
instability. Int J Oncol 17:535-541, 2000

62.Strathdee G, MacKean MJ, llland M, et al: A role for
methylation of the hMLH1 promoter in loss of hMLH1 expression
and drug resistance in ovarian cancer. Oncogene 18:2335-2341,
1999

63.Esteller M, Garcia-Foncillas J, Andion E, et al: Inactivation of
the DNA-repair gene MGMT and the clinical response of gliomas
to alkylating agents. N Engl J Med 343:1350-1354, 2000

64.Melki JR, Vincent PC, Clark SJ: Concurrent DNA
hypermethylation of multiple genes in acute myeloid leukemia.
Cancer Res 59:3730- 3740, 1999

65.Garcia MJ, Martinez-Delgado B, Cebrian A, et al: Different
incidence and pattern of p15INK4band p16INK4a promoter region
hypermethylation in Hodgkin’s and CD30-Positive non-Hodgkin’s
lymphomas. Am J Pathol 161:1007-1013, 2002

66.Herman JG, Jen J, Merlo A, et al: Hypermethylation-associated
inactivation indicates a tumor suppressor role for pl5INK4B.
Cancer Res 56:722-727, 1996

67.Agathanggelou A, Honorio S, Macartney DP, et al: Methylation
associated inactivation of RASSF1A from region 3p21.3 in lung,
breast and ovarian tumours. Oncogene 20:1509-1518, 2001
68.Morrissey C, Martinez A, Zatyka M, et al: Epigenetic
inactivation of the RASSF1A 3p21.3 tumor suppressor gene in both
clear cell and papillary renal cell carcinoma. Cancer Res 61: 7277-
7281, 2001

69.Kwong J, Lo KW, To KF, et al: Promoter hypermethylation of
multiple genes in nasopharyngeal carcinoma. Clin Cancer Res
8:131-137, 2002

70.Stirzaker C, Millar DS, Paul CL, et al: Extensive DNA
methylation spanning the Rb promoter in retinoblastoma tumors.
Cancer Res 57:2229-2237, 1997

71.Stirzaker,C., Millar,D.S., Paul,C.L., Warnecke,P.M., Harrison,J.,
Vincent,P.C., Frommer,M. and Clark,S.J. (1997) Extensive DNA
methylation spanning the Rb promoter in retinoblastoma tumors.
Cancer Res., 57, 2229-2237.

72.Herman,J.G., Latif,F., Weng,Y., Lerman,M.l., Zbar,B., Liu,S.,
Samid,D., Duan,D.-S.R., Gnarra,J.R., Linehan,W.M. and
Baylin,S.B. (1994) Silencing of the VHL tumor-suppressor gene by
DNA methylation in renal carcinoma. Proc. Natl Acad. Sci. USA,
91, 9700-9704.

73.Ruas,M. and Peters,G. (1998) The p16INK4a/CDKN2A tumor
suppressor and its relatives. Biochim. Biophys. Acta, 1378, F115-
F177.

74.Herman,J.G., JenJ., Merlo,A. and Baylin,S.B. (1996)
Hypermethylation associated inactivation indicates a tumor
suppressor role for p15INK4B. Cancer Res., 54, 722-727.
75.Herman,J.G., Umar,A., Polyak,K., Graff,J.R., Ahuja,N., Issa,J.-
P.J., Markowitz,S., Willson,J.K.V., Hamilton,S.R., Kinzler,K.W.,
Kane,M.F., Kolodner,R.D., Vogelstein,B., Kunkel, T.A. and
Baylin,S.B. (1998) Incidence and functional consequences of
hMLH1 promoter hypermethylation in colorectal cancer. Proc. Natl
Acad. Sci. USA, 98, 6870-6875.

76.Hiltunen,M.0.,  Alhonen,L., Koistinaho,J., Myohanen,S.,
Paakkonen,M., Marin,S., Kosma, V.M. and Janned. (1997)
Hypermethylation of the APC (adenomatous polyposis coli) gene
promoter region in human colorectal carcinoma. Int. J. Cancer, 70,
644-648.

77.Dobrovic,A. and Simpfendorfer,D. (1997) Methylation of

the BRCAL gene in sporadic breast cancer. Cancer Res., 57,
3347-3350.

Indo Global Journal of Pharmaceutical Sciences( ISSN 2249 1023 ; CODEN- IGJPAI; NLM
ID: 101610675) indexed and abstracted in EMBASE(Elsevier), SCIRUS(Elsevier),CABI, CAB

Abstracts, Chemical Abstract Services(CAS), American Chemical Society(ACS), Index
Copernicus, EBSCO, DOAJ, Google Scholar and many more. For further details, visit

148


http://iglobaljournal.com/

