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DNA methylation is one of the principal epigenetic signals
that participate in cell specific gene expression in vertebrates.
DNA methylation plays a quintessential role in the control of
gene expression, cellular differentiation and development.
It also plays a central role in the preservation of chromatin
structure and chromosomal integrity, parental imprinting,
X-chromosome inactivation, aging and carcinogenesis. The
foremost contributor in the mammalian methylation scheme is
DNMT1, a maintenance methyltransferase that faithfully copies
the pre-existing methyl marks onto hemimethylated daughter
strands during DNA replication to maintain the established
methylation patterns across successive cell divisions. The
ever-changing cellular physiology and the significant part
that DNA methylation plays in genome regulation necessitate
rigid management of this enzyme. In mammalian cells, a host
of intrinsic and extrinsic mechanisms regulate the expression,
activity and stability of DNMT1. Transcriptional regulation,
post-transcriptional auto-inhibitory controls and post-
translational modifications of the enzyme are responsible for
the efficient inheritance of DNA methylation patterns. Also,
a large number of intra- and inter-cellular signaling cascades
and numerous interactions with other modulator molecules
that affect the catalytic activity of the enzyme at multiple
levels function as major checkpoints of the DNMT1 control
system. An in-depth understanding of the DNMT1 enzyme, its
targeting and function is crucial for comprehending how DNA
methylation is coordinated with other critical developmental
and physiological processes. This review aims to provide a
comprehensive account of the various regulatory mechanisms
and interactions of DNMTT1 so as to elucidate its function at
the molecular level and understand the dynamics of DNA
methylation at the cellular level.

*Correspondence to: Samir Kumar Patra;

Email: samirp@nitrkl.ac.in or skpatra_99@yahoo.com
Submitted: 06/26/12; Revised: 07/13/12; Accepted: 07/20/12
http://dx.doi.org/10.4161/epi.21568

994

Epigenetics

Introduction

The genetic message is differentially decoded in both time and
space as a result of epigenetic constraints on the genome resulting
either in gene activation or silencing.! The machinery behind this
cell-specific differential gene expression mainly involves heritable
epigenetic modifications and regulations that function without
changing the DNA sequence.”® The major epigenetic signals
include DNA methylation and demethylation, covalent post-
translational reversible modifications of the histone proteins, such
as acetylation, methylation, phosphorylation and ubiquitination,
incorporation of histone variants and gene regulation by non-
coding RNAs.? All of these varied processes nonetheless wield a
stabilizing effect to guarantee efficient temporal and spatial gene
expression during development. These modifications synchro-
nize the working of various nuclear processes to maintain higher
order chromatin architecture. They influence the transcriptional
state and regulate the genome for proper cell-cycle progression,
stem cell renewal, differentiation, and development. A harmoni-
ous and homeostatic balance exists between the various epigen-
etic manipulations so as to preserve the integrity of the genetic
message across several generations yet culminating in functional
specialization in a cell and tissue-specific manner.

DNA methylation is a prominent epigenetic programming
that facilitates effective cell-specific functional gene expression.*
It is considered to be one of the first steps in epigenetic regula-
tion, acting as a fundamental mechanism in functional organiza-
tion of the human genome. It is also an attractive and promising
target in the development of new drugs for cancer chemotherapy
as epigenetic alterations are, in principle, more readily revers-
ible than genetic anomalies.*> The complexity in the patterns of
methylation, the discrepancy in distribution and abundance of
methyl marks in different cell types, makes it necessary to have
a comprehensive and precise understanding of the machinery
that manages this epigenetic modulator.® It is thus necessary to
study the main perpetuators of DNA methylation—a family
of enzymes known as the DNMTs [DNA cytosine-(C,)-meth-
yltransferases] and the intricate web of regulatory mechanisms
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that target these enzymes to their genomic locations. Of the three
prominent DNMTs (DNMTI, DNMT3A and DNMT3B)
involved in DNA methylation, DNMT], the maintenance meth-
yltransferase, occupies an imperial status. It faithfully maintains
and propagates the existing methylation marks across successive
cell generations, hence becomes essential for the genomic integ-
rity. Various regulatory mechanisms are set into place to monitor
the interactions of DNMT1 with other epigenetic manipula-
tors and chromatin remodelers. The enzyme is directed to spe-
cific genomic loci in a cell-dependent manner and its enzymatic
activity is rigidly controlled to ultimately accomplish its duty as
a transcriptional repressor.” These regulatory partners work in a
concerted manner in a multi-tiered organization to supervise the
working of DNMTT so as to maintain a firm control over its
functioning. In this review, we focus on the numerous intrinsic
and extrinsic factors that coordinate to form an extremely com-
plex and interconnected network for regulating the stability and
activity of DNMT1 and also the DNA methylation machinery.
Furthermore, we attempt to provide a detailed and up-to-date
account of the various check points such as auto-inhibitory
controls, allosteric regulators, multiple interactions of DNMT1
with other molecules that participate in DNA methylation,
the dynamic interplay between the various inter-reliant post-
translational modifications of DNMT1, post-transcriptional
and post-translational targeting of DNMT1 by RNAs so as to
have a better understanding of this epigenetic reprogrammer.
The detailed investigation of these expression control systems
is vital to understand the role of DNA methylation and that of
DNMTT in regulating gene expression during development and
in disease. A comprehensive knowledge regarding the functional
intricacy and enzymatic activity of DNMT1 as well as its poten-
tial restraining points will help in designing novel mechanistic
based drugs targeting DNMTT1 for effective cancer therapy in
the future.

DNA Methylation: The Epigenetic Writer

Methylated cytosine in the genome was first discovered in calf
thymus DNA by Hotchkiss, in 1948.% In prokaryotes, DNA
methylation takes place on both cytosine and adenine bases and
constitutes a branch of the host restriction system to distinguish
self and non-self DNA. However in multicellular eukaryotes this
modification is limited to cytosine bases only and acts mainly
as a repressive tag resulting in silent chromatin state and tran-
scriptional repression.”'” Methylation of DNA is a post synthetic
process catalyzed by a family of dedicated enzymes known as
DNMTs. DNMT1, DNMT3A and DNMT3B methylate the
cytosine residue in the presence of cofactor SAM (S-Adenosyl
methionine), which donates the —~CH, group and is converted
to SAH (S-Adenosyl homocysteine).>"! The genomic methyla-
tion blueprint is created during two developmental periods—in
germ cells and pre-implantation embryos—generating cells with
broad developmental potential.'>'> This system of establishing
de novo methylation pattern where new methyl marks are added
to previously unmethylated cytosines is mainly chaperoned

by the de novo methyltransferases DNMT3A and DNMT3B.
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Maintenance methylation by DNMTT then ensures that hemi-
methylated daughter strands in somatic differentiated cells get
methylated to faithfully propagate the proper DNA methyla-
tion patterns across successive cell generations.”” DNA methyla-
tion obstructs transcriptional activity via two general schemes.
First, methylated cytosine bases can hinder the interaction of
transcriptional factors and RNA polymerase II with their cog-
nate DNA recognition sequences. Second, methyl-CpG-binding
proteins, such as MBD (methyl-CpG-binding domain) proteins,
associate with methylated DNA and result in heterochroma-
tin formation by recruiting HDACs (histone deacetylases).'*
DNA methylation is intricately involved in gene regulation and
silencing in eukaryotic cells, making significant contributions to
the cell phenotype. It plays an important role in regulation of
parental imprinting and stabilization of X-chromosome inacti-
vation as well as maintenance of the genome integrity through
protection against endogenous retroviruses and selfish genetic
elements like transposons. It is also implicated in the develop-
ment of the immune system, in brain function and behavior as
well as in cellular reprogramming and induction of stem cell dif-
ferentiation. Alternatively, abnormal DNA methylation patterns
are associated with several human diseases, including psychiatric
diseases and diseases of the immune system.” Most essentially,
a paradoxical alteration in the established DNA methylation
patterns involving both gene-specific hypermethylation and
genome-wide hypomethylation is a characteristic hallmark of
cancer cells, implicating DNA methylation as a major culprit in
tumorigenesis.”

Structure and Mechanism of DNMT1

DNMTT is the principal custodian of genomic integrity in
higher eukaryotes as it participates in preserving and faithfully
propagating the existing methylation patterns in normal cells.
DNMT1 was the first mammalian DNA methylcransferase
enzyme to be cloned and biochemically characterized.” It dem-
onstrates optimal methyltransferase activity on hemimethylated
DNA rather than unmethylated DNA and localizes at the DNA
replication foci during S phase, properties that make it suitable
for maintenance methylation. DNMTT1 is a multi-domain large
enzyme, comprising ~1,620 amino acids in humans (see Fig. 1).
Its N- and C-terminals are joined by a series of KG (lysine-
glycine) repeats. The N-terminal part of DNMT1 enzyme is
composed of several functional domains such as a charge-rich
domain, a DMAPI (DNA methyltransferase associated protein
1) interaction domain, a PBD domain [proliferating cell nuclear
antigen (PCNA) binding domain], at least three independent
functional NLS (nuclear localization signal) sequences, a RETS
[replication foci targeting sequence; also called TS (targeting
sequence)] domain, a zinc domain, also called as CXXC domain,
and a PBHD domain (polybromo homology domain), contain-
ing two adjacent BAH domains [BAH1 and BAH2 (bromo-
adjacent homology 1 and 2)].'*"7 The DMAP1 domain at the
very N-terminus (residues 12-105) is involved in the interaction
of DNMT1 with the transcriptional repressor DMAP1 and helps
in the stability and binding of DNMT1 to DNA at CpG sites.
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Figure 1. The schematic diagram of the different structural domains of DNMT1 and their functions. The N-terminal domain contains (1) a charge-rich
DMAP domain which helps in interaction with the transcriptional repressor DMAP1 as well as controls the stability and binding of DNMT1 to DNA
at CpG sites, (2) a PBD domain [proliferating cell nuclear antigen (PCNA) binding domain], which mediates the interaction of DNMT1 with PCNA and
targets DNMT1 to the replication foci, (3) at least three independent functional NLS (nuclear localization signal) sequences, (4) a RFTS [replication foci
targeting sequence, also called TS (targeting sequence)] domain that targets the DNMT1 to replication foci and also mediates dimerization of DNMT1,
(5) a zinc domain, also called as CXXC domain which is necessary for the catalytic activity of the enzyme and (6) a PBHD domain (polybromo homology
domain) containing two adjacent BAH sequence [BAH1 and BAH2 (bromo-adjacent homology 1 and 2)]. The PBHD domain has been proposed to act
as a protein-protein interaction module specialized in gene silencing. The C-terminal catalytic domain of DNMT1 contains ten characteristic sequence
motifs (i.e., conserved motifs I-X), and the spacing sequences between VIl and IX motif is referred to as TRD. The coordination between N-terminal
and C-terminal domains is essential for efficient catalytic activity as well as for its interactions with other protein regulators.

The PBD domain mediates the interaction of DNMT1 with
PCNA and targets DNMTT1 to the replication foci. The RETS
domain targets the DNMTT1 to replication foci and also mediates
dimerization of DNMT1. The CXXC domain contains eight
conserved cysteine residues clustered in two CXXCXXC repeats
and is necessary for binding to unmethylated CpGs and influ-
encing the catalytic activity of the enzyme. The PBHD domain
has been proposed to act as a protein-protein interaction module
specialized in gene silencing.* Thus, the N-terminal regulatory
domain contains part of a sequence that binds the methylation
target site (DMAP1, PBD and RFTS domains), an allosteric site
that binds nucleic acids (CXXC domain) and sequence motifs
that support interaction with other proteins (PBHD domains),
thus making DNMTT ideally suited for its role as the mainte-
nance methyltransferase.

The C-terminal domain of DNMT1 contains ten charac-
teristic sequence motifs (i.e., conserved motifs I-X) with high
similarity to prokaryotic DNA (cytosine-5) methyltransferases.
Several lines of evidence further indicate that about six of the
conserved motifs, that is motifs I, IV, VI, VIII, IX and X, might
be highly conserved in mammalian DNA methyltransferases.
The C-terminal catalytic region of DNMT1 could be oriented
and folded into two domains—the large and small domains,
separated by a huge cleft. The large domain encompasses the
most conserved motifs, including motifs I-VIII and the most
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C-terminal part of motif X, which participates in SAM cofac-
tor binding, substrate (cytosine) targeting and other essential
catalysis events. The small domain comprises an extremely long
variable region between conserved motif VIII and IX, known as
the TRD (target recognition domain), conserved motif IX and
partial N-terminal region of conserved motif X. The catalytic
domain provides a station for binding of the target DNA in the
active site and various other regulatory molecules in the alloste-
ric sites, thus presenting avenues for regulation of the enzyme
at multiple levels.*'® The catalytic process of DNA methylation
involves a nucleophilic attack of the enzyme on the C6 of the
target cytosine. The attack is performed by the thiol group of the
cysteine residue in a PCQ motif conserved in the active site of
cytosine-C5-MTases (motif IV). The formation of the covalent
bond activates the C5 atom toward electrophilic attack and leads
to the addition of the methyl group from SAM to C5. Abstraction
of the proton from 5C followed by B-elimination allows reforma-
tion of the 5C = 6C double bond and release of the enzyme and
substrate DNA with a methylated cytosine. The glutamic acid of
the amino acid motif ENV (motif VI) is important to stabilize
the DNA-protein complex. The methyl group of SAM is bound
to a sulphonium atom, which thermodynamically destabilizes
the molecule and makes the relatively inert methyl thiol of the
methionine moiety very reactive toward nucleophilic attack by

the activated C atom (carbanion) of cytosine.®!*"
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Regulation of DNMT1: A Mechanistic Overview

Owing to the immense role of DNMTT1 in the maintenance of
methylation patterns and subsequent control of gene expression,
it becomes vital to know the various mechanisms that control
the expression, stability and activity of this enzyme.?* A number
of intrinsic and extrinsic factors participate in this regulation; a
detailed study will provide a clear insight into these factors and
their effect on the activity of DNMTT.

Intrinsic factors regulating DNMT1 activity and stability.
During the course of evolution the cell has developed a great
repertoire of intrinsic regulatory mechanisms that control the
activity of DNMT1. These factors include transcriptional regu-
lation via cellular signaling networks, post-transcriptional auto-
inhibitory controls that inactivate the enzyme and allosteric
modulation of its activity. All of these factors contribute toward
efficient functioning of DNMTT1 and thus are of considerable
importance in regulating DNA methylation.

Transcriptional regulation of DNMT1 activity by cellular signal-
ing networks. A complex three-dimensional interplay between the
epigenomic modulators, the ever-changing environmental cues
and the numerous developmentally inclined signaling cascades
determine the fate of cellular differentiation.! Each cell com-
municates with its environment, receives and sends appropriate
signals to the epigenome, which is then translated into stable her-
itable propagation of gene activity. The expression and activity of
DNMTT is regulated by a number of signal transduction path-
ways, the more prominent ones among them being RAS-AP-1,
PI3/PKB, Rb/E2F and p53/SP1%# (see Fig. 2). These signaling
systems induce higher expression of the enzyme in a programmed
manner in distinct biological settings. Therefore malfunctioning,
especially upregulation of these pathways as seen in tumorigenic
conditions results in constitutive activation of DNMT1 enzyme
leading to aberrant regional hypermethylation of the genome in
cancer.

DNMTT usually shows constitutive yet low level of expres-
sion in a normal or resting cell. This basal state of expression of
the enzyme is altered by different cellular signaling pathways.
RAS-AP-1 pathway is one of the important nodal cellular regu-
latory programs that play a principal role in DNMTT1 expres-
sion vis-a-vis transcriptional activation and mRNA stabilization
in the S-phase of cell cycle.” The DNMT1 gene contains one
major and three minor transcription initiation sites (P1-P4)
regulated by independent enhancers and promoter sequences.
P1, like other housekeeping genes, is housed within a CG-rich
area; P2—P4 are found in CG-poor areas. Three c-Jun-dependent
enhancers can be found downstream to P1 and upstream to P2~
P4, which explains the receptiveness of DNMTT1 gene toward
RAS oncogenic signaling pathway.” Also, DNMT1 promoter
region bears a number of AP-1 (activator protein 1) sites (one
each in P1, P2 and P3), which prompt its activity via the RAS-
Jun signaling pathway.?#52¢
protein induces a cascade of protein kinases, which in turn acti-

Overexpression of endogenous RAS

vates and phosphorylates AP-1 proteins such as c-Fos/c-Jun. This
results in transcriptional stimulation of DNMT1 promoter and

an increase in DNA methylation activity.?»**?¢?” A fascinating
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hypothesis that explains maintenance of steady-state of meth-
ylation in normal conditions or during challenges such as global
hypomethylation is that DNMTT1 gene is regulated by negative
feedback methylation.?® The AP-1 regulatory element present in
the CG rich P1 promoter sequence is normally heavily methyl-
ated, preventing access of AP-1 proteins (c-Fos/c-Jun) to this
region and resulting in low basal transcriptional activity as men-
tioned earlier. As demethylation occurs, interaction of AP-1 with
the regulatory element induces DNA methyltransferase activity
and re-methylation of the regulatory region resulting in a return
to basal level expression. Thus, methylation seems to function as
a universal mechanism to regulate gene expression when there is
CG sequence (for example, DNMT1 gene itself is regulated by
DNA methylation).?®

The PI3K/PKB (phosphatidylinositol 3-kinase/protein kinase
B) pathway, mainly responsible for cell growth, viability, and
metabolism, is also intimately associated with regulation of
DNMTT. It is perhaps the only pathway till date that affects
DNMTT activity by modulating the stability of the enzyme.
PI3K/PKB pathway elevates the cellular DNMT1 protein level
by inhibiting the ubiquitin-proteasome mediated degradation
of DNMTT1 via Gsk3B (glycogen synthase kinase 33).” Rb/
E2F pathway is another well characterized cell-cycle monitoring
pathway that participates in cellular proliferation, differentia-
tion, survival/apoptosis and senescence.?® In principle, this path-
way must therefore play a supervisory role in the transcriptional
regulation of DNMTT1 gene that is intricately associated with
the cell cycle control. During the G, phase, unphosphorylated
Rb (Retinoblastoma) protein binds to E2F, recruits HDAC to
this complex and prevents turning on of the cell cycle proteins
such as cyclin E, PCNA, pol a, E2F-1 and DNMT1 to maintain
basal level expression of DNMT1.223%31 Ag the cell passes into
the S phase, increased DNA synthesis initiates a need for main-
taining the methyl marks on hemimethylated daughter strands.
Consequently, CDK (cyclin dependent kinases) mediated phos-
phorylation of Rb proteins disrupts the binding of Rb with E2F,
releasing the transcription factor and resulting in functional-level
expression of DNMT1.>" Progression into G, phase results in
dephosphorylation of the Rb protein and subsequent inactiva-
tion of the DNMT1 gene.?** p53 (also known as protein 53 or
tumor protein 53) mediated regulation of DNMTT1 is another
route of exercising control over DNMT1 mRNA expression.*? In
the absence of genotoxic stress, p53 localizes to the nucleus and
binds to the consensus sites in the DNMT1 promoter, thus pre-
venting expression of DNMT1 gene. However, when DNA dam-
age occurs, activation of p53 signaling pathway eliminates the
inhibitory effect of p53 on DNMT1 mainly via post-translational
modifications, or interactions with other transcriptional factors,
and leads to an upregulation in DNMT1 expression.* As men-
tioned above, one such transcriptional co-regulator of p53 affect-
ing DNMTT expression is SP1 (specificity protein 1). There are
three SP1 putative binding sites on the DNMT1 promoter, one
of them (+7 to +20) being proximal to the p53 putative binding
site (+30 to +56).% The stoichiometric ratio between p53 and SP1
determines the state of expression of the DNMT1 promoter. In
low levels, SP1 transcription factor interacts with p53 and assists
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Figure 2. The figure depicts transcriptional regulation of DNMT1 expression by different cellular signaling pathways. The expression and activity of
DNMT1 is synchronized by a number of signal transduction pathways that include cancer prone cellular signaling pathways such as RAS and PI3K/PKB
as well as developmentally inclined networks such as HH and TGFB-SMAD pathways. These signaling pathways control the expression of DNMT1 and,
consequently, the functioning of the DNA methylation machinery to maintain a homeostatic pattern of gene expression in accordance to the cellular
needs. P1, P2, P3 and P4 represents the transcription initiation sites and AP1, AP2, AP3 represents the three AP (activator protein) sites. Blue dots down-

repression of the DNMT1 gene. However, higher expression of
SP1 results in MDM2 (murine double minute 2)-mediated ubig-
uitination and proteasomal degradation of p53, ensuing in over-
expression of DNMT1.2%%

The observation that DNMTT activity is affected by both
proto-oncogenic (RAS-Jun) and tumor suppressor (p53/SP1,
Rb/E2F) signaling pathways creates an interesting paradox.
Regulation of an enzyme by opposing signaling pathways may
provide some hitherto unknown insights into the documented
co-existence of global hypomethylation and gene-specific hyper-
methylation as well as increased DNMT1 expression during
tumorigenesis. It also supports the fact that DNMTT1 plays an
important role in malignant transformation triggered by either
inhibition of tumor suppressors or activation of proto-onco-
genes.” In addition to the above described pathways, ERK-
MAPK (extracellular signal-regulated kinase/mitogen-activated
protein kinase) pathway,*® TGFB-SMAD?2 pathway,” APC/f-
catenin/TCF pathway® and HH (Hedgehog) pathway?®® also play
an important part in regulating DNMTT expression. These sig-
naling pathways modulate the expression of DNMT1 and, con-
sequently, the functionality of the DNA methylation machinery
to maintain a homeostatic pattern of gene expression in accor-
dance to the cellular needs.” The essential participation of cancer
prone cellular signaling pathways, such as RAS and PI3K/PKB,
as well as developmentally inclined networks, such as HH and
TGFB-SMAD pathways, in the regulation of DNA methylation
presents an opportunity for therapeutic interventions for effective
cancer treatment.

Auto-inhibitory regulation of DNMTI activity for faithful
maintenance methylation. One of the primary obligations of a
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maintenance methyltransferase is the conservation of the existing
array of methyl tags in the genome to ensure that the hemimeth-
ylated regions after replication retain their designated methyla-
tion patterns and at the same time, the methylation free genomic
locations remain as such.?’” For this purpose, an auto-inhibitory
regulatory scheme is set into place which thwarts any unfore-
seen and unprogrammed de novo methylation by DNMTT. This
arrangement acts as a failsafe against uncontrolled methylation
by DNMTT1 to protect the genome from being transcriptionally
silenced at several gene loci which are crucial for growth and
differentiation.

The N-terminal regulatory part of DNMTT1 contains many
independent compartments and interspersing flexible linkers
with functional interactions between adjacent sub-domains, as
well with the C-terminal catalytic lobe.*** The RFTS domain
is positioned deep inside the catalytic domain in the place where
the hemimethylated DNA is expected to fit.*> Complementary
electrostatic potential and hydrogen bonds between the surfaces
of the RFTS domain (net negative charge) and the catalytic core
(net positive charge) facilitates this anchoring.””*" Additionally,
amino acids (F631, F634 and F635) present in the linker stretch-
ing between RFTS and CXXC domain hydrophobically interact
with those situated in vicinity of the PCQ loop in the catalytic
core (Y1243 and F1246) and constrict the entrance of the DNA-
binding pocket. This strategy stabilizes the RETS domain in the
substrate-DNA binding pocket, effectively masks the catalytic
core and prevents the enzyme from needlessly methylating the
genome de novo (see Fig. 3).“4! The CXXC domain, a zinc-
finger like motif in the N-terminus of DNMT1 functions as yet
another auto-inhibitory overseer of the enzyme activity.*> This
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regulatory domain of DNMTT1 binds specifically to unmethyl-
ated CpG sites as the CpG dinucleotides emerge from the rep-
lication complex.*®*#4 Binding of the CXXC domain acts as a
sensor for the methylation status of the substrate, excludes the
substrate from the catalytic center, thus averting any erroneous
methylation in previously unmethylated regions (see Fig. 3).
More recently, studies on crystal structure of DNMT1 and bio-
chemical analyses have uncovered an acidic auto-inhibitory linker
between the CXXC and the succeeding BAH1 domains.*>%
The interaction between CXXC domain and the unmethylated
substrate activates this linker which then occupies the catalytic
pocket in between the substrate DNA and the active site of the
enzyme thus interfering in its function.

These auto-inhibitory mechanisms for all intents and pur-
poses serve the purpose of maintenance methylation through two
distinct yet mutually inter-reliant means. DNMTT1 is tethered
to the replication fork and as unmethylated DNA emerge, the
auto-inhibitory mechanisms are set into motion in order to pre-
vent unauthorized de novo methylation of the DNA. However, as
hemimethylated sites are released from the replication complex,
the TRD region in the C-terminal domain in association with
UHRF1 (ubiquitin-like with PHD and ring finger domains 1)
recognizes and marks them as prime targets for methylation, thus
perpetuating the methylation patterns faithfully across succes-
sive generations.* These observations point toward a multi-tiered
system of post-transcriptional auto-regulation that modulates
the activity of DNMT1. Sequence-specific interaction of the
substrate DNA with the active center of the enzyme results in
numerous structural alterations and methylation-specific con-
formational changes.®“! Nonetheless, several important issues
need to be addressed such as (1) whether these auto-inhibitory
mechanisms are mutually complementary and co-operative?
(2) What other domains in the N-terminal region play a role in
auto-inhibitory regulation? And (3) which of these mechanisms
is circumvented during deregulation of the DNMTT1 activity in
tumorigenic condition? A clear understanding of these complexi-
ties may go a long way in interpreting the dynamics of DNA
methylation and regulation of DNMTI. Co-crystal structures
of the full-length DNMT1 and hemimethylated DNA may
shed some light on the yet unknown roles of the N-terminus in
enzyme activity and regulation.

Allosteric regulation: a binary switch controlling the activity of
DNMTI. Allosteric regulation of DNMTT1 activity acts mainly
as a binary switch to guarantee the faithful imitation of meth-
ylation patterns on to hemimethylated DNA as well as preserva-
tion of methylation-free regions of the DNA.® DNMT1 actively
methylates and enriches the already existing, highly methylated
CpG regions but becomes inactivated on poorly methylated or
unmethylated sites, thus generating a bimodal methylation pat-
tern in the human genome.* This monitoring system employs
a double sieve mechanism to control the activity of DNMTT.
Allosteric inhibition by excess of unmethylated DNA substrate
and allosteric activation by fully methylated DNA work inde-
pendently and processively to moderate the enzymatic reaction.”

DNMT1 has multiple DNA-binding sites, two in the

N-terminal domain and one in the C-terminal domain.?4
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The first DNA-binding site resides within the NLS containing
domain comprising 261-356 amino acid residues, particularly
the amino acids Lys 284, Lys 285, His 286 and Arg 287. This
site is mainly responsible for mediating allosteric activation of the
enzyme by fully methylated substrates. The second DNA-binding
site is positioned within the amino acid segment 580—697 in the
Zn-finger domain and is the allosteric site that leads to inhibi-
tion by unmethylated DNA.*% These two sites combine to form
the allosteric activation domain, which interacts with different
regulatory molecules and controls the catalysis. The C-terminal
domain of DNMTT encloses the third DNA binding region and

forms the active site for catalysis.*®

During the process of meth-
ylation, the occupancy of the allosteric site(s) in the N-terminal
part of the enzyme determines the enzyme’s commitment to
catalysis at the active site in the catalytic domain.”** The meth-
ylation reaction catalyzed by DNMTTI can take place on var-
ied DNA substrates, mainly unmethylated and pre-methylated
dsDNA (which includes hemimethylated dsDNA, proximally
methylated dsDNA, fully methylated dsDNA and methylated
ssDNA), where each type of substrate can be combined with one
of four different allosteric regulators: fully methylated dsDNA,
hemimethylated dsDNA, unmethylated dsDNA or methylated
ssDNA. Depending on the nature of the substrates and the abil-
ity of the allosteric modulator, the kinetic behavior of the enzyme
varies greatly, resulting either in stimulation and high processiv-
ity or full/partial inhibition of methylation (see Table 1).>%

Allosteric inhibition of DNMTT1 enzyme averts any wanted
methylation and ensures that the methylation-free regions remain
as such. As the CpG dinucleotides emerge from the replication
complex, the allosteric site in the CXXC domain (510789 resi-
dues) of the enzyme reads the methylation status of the substrate
DNA and accordingly sets the course of the catalysis. When
unmethylated substrate lodges in the N-terminal allosteric site,
the acidic linker connecting CXXC and BAHI1 domain occu-
pies the active site of the enzyme in the catalytic pocket prevent-
ing DNA binding*#*% and inactivating the enzyme. However,
when pre-methylated DNA occupies the regulatory site, the
CXXC domain (which specifically recognizes unmethylated
CpG sites) does not bind to the substrate.*®***** The subsequent
slow conformational changes exposes the catalytically active site
for better access of the co-factor SAM and the substrate DNA
resulting in a slow relief from the allosteric inhibition and start
of the catalysis.?*4475051 The activation of DNMT1 by methyl-
ated cytosines warrants that methylation is stimulated wherever
the complementary strand is methylated. Thus, pre-methylated
parental strand bound at the N-terminal allosteric activation
pocket during DNA replication acts as an allosteric activator
to direct methylation on the unmethylated daughter strand in
the carboxy terminal domain.**>° The functional significance of
this phenomenon can be appreciated during somatic cell divi-
sion when DNMTT1, an enzyme with low turnover numbers, is
allosterically manipulated for rapid DNA methylation by hemi-
methylated DNA.“ DNMTT1 selectivity for pre-methylated sub-
strates is a consequence of allosteric inhibition by unmethylated
substrates, rather than allosteric activation by pre-methylated
substrates.”
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Figure 3. The figure represents the various
auto-inhibitory mechanisms that prevent any
unforeseen and un-programmed de novo
methylation by DNMT1. This arrangement
acts as a failsafe against uncontrolled meth-
ylation by DNMT1 to protect the genome
from being transcriptionally silenced at sev-
eral gene loci that are crucial for growth and
differentiation. (A) When DNMT1 bind with
fully methylated DNA, the RFTS domain in the
N-terminal region is inserted deeply into the
active site in the catalytic region; thus, inhibit-
ing the enzyme from needlessly methylating
the genome de novo. (B) When DNMT1 binds
to an unmethylated site, the CXXC domain
acts as a sensor for the methylation status of
the substrate excludes the substrate from the
catalytic center, thus avoiding any errone-
ous methylation in previously unmethylated
regions.

DNMTT performs methylation in two
different modes depending upon the sub-
strate. DNA: on hemimethylated DNA,
the enzyme works quickly, processively
and accurately, whereas on unmethylated
DNA, its activity slows down and is depen-
dent upon stimulation by allosteric activa-
tion by nearby methylated sites.”” Thus,
allosteric regulation ensures that DNA
methylation performs like an all or none
switch to create a biphasic distribution of
methylation levels® and to increase the
efficiency of DNA methylation, switch-
ing gene expression on or off.? A complete
understanding of the allosteric regulation
of DNMTT1 requires clearing up of some
questions such as, (1) how many different
allosteric sites besides the ones discussed
above exist on DNMT1? (2) Is there func-
tional cooperativity between the different
allosteric sites? And, (3) which of these
allosteric regulatory sites is dysfunctional
during tumorigenesis?

Extrinsic factors regulating DNMT1
activity and stability. The cell survives
not only by efficient internal physiologi-
cal homeostasis but also as a result of its
interaction with the outer environment.
DNMTT1 participates in numerous interac-
tions with other regulatory molecules and
is in turn affected by regulation through
post-translational modifications and post-
transcriptional control by RNA. Thus,
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there seems to exist a mutually symbiotic relationship between
DNMTT and the extrinsic milieu of biomolecules that supervise
its activity and maintain steady methylation levels in the cell.
Multiple interactions of DNMTI: an intricate web of extrin-
sic regulators. DNMT]1, the main architect in the epigenomic
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landscaping, participates in a number of chromatin modify-
ing processes, such as in cell cycle controlling programs, dam-
age repair schemes and in many RNA directed mechanisms.'*%
Studies in the recent years provide evidence about multiple

interactions of DNMTT1 with a host of regulatory proteins and a
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Table 1. The different allosteric modulators and substrates for methylation that affect the kinetic behavior of the enzyme DNMT1 resulting either in

stimulation and high processivity or full/partial inhibition of methylation

Allosteric regulator Substrate for methylation
Unmethylated DNA
Pre-methylated DNA
Unmethylated DNA
Pre-methylated DNA
Unmethylated DNA
Pre-methylated DNA
Unmethylated DNA
Pre-methylated DNA
Unmethylated DNA
Pre-methylated DNA
Unmethylated DNA
Pre-methylated DNA

Unmethylated dsDNA

Fully methylated dsDNA

Hemimethylated dsDNA

Proximally methylated dsDNA

Methylated ssDNA

Poly (ADP-ribose)

State of the enzyme References
Partial inhibition 5,51
Full inhibition 5,51
Full activation 5,51
Full activation 5,51
Full activation 5,51
Full activation 5,51
Full activation 5,51
Full activation 5,51
Full inhibition 5,51
Full inhibition 5,51
Full inhibition 5,90
Full inhibition 5,90

Pre-methylated DNA means either hemimethylated dsDNA, proximally methylated dsDNA, fully methylated dsDNA or methylated ssDNA.

myriad nuclear re-programmers. DNMT1 works in concert with
proteins found at DNA replication forks, proteins participating
in chromatin re-organization, DNA binding proteins, proteins
associated with cell cycle regulation or response to DNA damage
and tumor suppressors and, finally, a number of transcription fac-
tors and regulators involved in DNA methylation inheritance (see
Fig. 4).>4"%3 In essence, this multitude of interactions of DNMT1
can (1) stimulate or inhibit DNMTT activity, (2) guide DNMT1
to methylation sites, (3) facilitate dissociation from targee-DNA
sites, (4) increase or decrease the efficiency of the DNA methyla-
tion machinery as a whole and (5) maintain the pre-existing, site-
specific patterns of DNA methylation.**>*

DNMTT carries out post-replicative maintenance of genomic
methylation patterns in mammalian cells by directly binding
to PCNA, which enhances the methylation efficiency by about
2-fold.**>*>> However, this association is not obligatory and helps
to accommodate the diverse kinetics of DNA replication and
methylation while contributing to faithful propagation of epigen-
etic information.®>>® DNMTT1 binds with de novo methyltrans-
ferases DNMT3A and DNMT3B, demonstrating an intricate
networking between the DNMTs for efficient methylation of
target DNA." This interaction might answer some of the key
questions about the alleged classification of these enzymes, as the
maintenance methyltransferase (DNMT1) and as de novo meth-
yltransferases (DNMT3A and DNMT3B).* DNMT1 also inter-
acts with chromatin modifiers HDAC1 and HDAC2 (histone
deacetylase 1 and 2) and DNA binding proteins, MeCP2, MBD2
and MBD3 (methyl-CpG-binding domain proteins). DNMT1
interacts with HDAC1 and HDAC2 to bring about transcrip-
tional repression.?”* DNMTT1 interacts with MeCP2 via its TRD
and induces chromatin compaction, whereas binding of MBD2
and MBD3 to methylated DNA results in recruitment of HDAC1
and HDAC2 and subsequent interaction with DNMTT1. The
association of MBD proteins and HDACs may enrich DNMT1
in highly methylated regions to increase local methylation effi-
ciency and lead to heterochromatin formation.** DNMTT also
allies with major eukaryotic histone methyltransferases Suv39H1
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(suppressor of variegation 3—9 homolog 1) and EHMT?2 (euchro-
matic histone-lysine N-methyltransferase 2; also known as G9a),
which are essential for H3K9 methylation, and HP1B (metero-
chromatin binding protein 1), for the establishment and mainte-
nance of heterochromatin structure.'®4>%° [n addition, DNMT1
interacts with PcG (polycomb group) proteins such as EZH2
(enhancer of zeste homolog 2) that recruits DNMTT1 to target
genes and thereby mediates promoter methylation.*¢" DNMT1
also works together with chromatin remodeling ATPases like
LSH (lymphoid specific helicases) and BAZ2A (bromodomain
adjacent to zinc finger domain 2A; also known as TIP5) and
chromatin remodelers like hRSNF2H (also known as SMARCAS5
(SWI/SNF related, matrix associated, actin dependent regulator
of chromatin, subfamily A, member 5).*4% These interactions
enhance the binding affinity of DNMT1 to mononucleosomes
and help to better access the substrate sites in heterochromatic
regions.””*" Besides these indirect alliances for transcriptional
silencing, DNMT1 exhibits direct association with transcription
regulators and factors such as DMAP1 (DNA methyltransferase
1 associated protein 1), CXXC1 (CFP1) (CXXC finger protein
1), SP1 and SP3, STAT3 (signal transducer and activator of tran-
scription 3), RIP140 (also called NRIP1; nuclear receptor inter-
acting protein 1). These liaisons help in regulation of cell signaling
and induction of cell transformation.*> Recently, studies have
shown that, DNMTT interacts with zinc finger factor SNAILL,
a potent transcriptional repressor of the E-cadherin gene and
induces active gene expression of E-cadherin. This observation
points toward the fact that DNMT1 may be directly involved
in epithelial-mesenchymal transitions, an activity entirely differ-
ent from it assigned biological function.®® Additional DNMT1
interactions have been reported with various tumor suppressor
genes including WT1 (Wilms tumor 1), Rb and p53.#° The Rb
tumor suppressor gene product associates with DNMTT1 and the
transcription factor E2F1, resulting in transcriptional repression
of E2F1-responsive promoters,® whereas the interaction with
p53 stimulates DNMT1 activity leading to hypermethylation
(see Fig. 4).%
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The miscellany of proteins identified to interact with DNMT1
provides insight into the complexity of the epigenetic network
and highlights the central role of DNMTT1 in these regulatory
pathways.®* A common result of many of these interactions is
transcriptional repression, which places DNMTT1 at the epicenter
of a complex network relating two epigenetic pathways, DNA
methylation and histone modification for the establishment and
maintenance of transcriptionally inactive chromatin.”® The sheer
number of all reported DNMTT interactions makes it improb-
able to occur all at one time; thus, it becomes necessary to deter-
mine the precise order of these interactions and their functional
consequences.” The interaction of DNMT1 with an impressive
array of extrinsic regulators may provide an explanation for the
specific patterns of DNA methylation seen in different cells in
an individual organism. It may also present functional points for
targeting DNMT1 activity in order to design novel mechanism-
based inhibitors of the enzyme. Moreover, this collaborative and
interactive ability of DNMT1 with different nuclear factors and
a variety of regulator proteins may also enable the enzyme to
perform certain biological functions in the cell nucleus that are
independent of its enzymatic activity.*?

Post-translational modifications: a dynamic scheme regulat-
ing DNMTI activity and stability. Covalent reversible post-
translational modifications, such as methylation, acetylation,
phosphorylation, sumoylation and ubiquitination, augment the
functional potential of proteins. PTMs (post-translational modi-
fications) of catalytically active DNMTT1 influence to a great
extent its activity, stability and interaction with other proteins.?
The first studied PTM affecting DNMTT1 activity was phos-
phorylation of DNMTT at Ser 515 residue present in the RFTS
domain.**® This modification facilitates the interaction between
the N-terminal domain of DNMTT1 and its catalytic C-terminal
domain to increase the activity of the enzyme.® DNMTT1 is also
phosphorylated at residues Ser 127/143 and Ser 127 by AKT1
(v-akt murine thymoma viral oncogene homolog 1) and PKC
(protein kinase C), respectively, contributing toward its stability.
Phosphorylation in these sites lowers the interaction of DNMT1
with PCNA and UHRF1 at the replication fork in early and mid
S-phase. This leads to inactivation of the enzyme to prevent erro-
neous methylation of DNA in late S- and early G,-phase when no
hemimethylated targets are available.”® A recent study by Lavoie
and St-Pierre has shown that CDKs such as CDK1, CDK2 and
CDKS5 can phosphorylate human DNMTT1 at Serl54 residue.
The Ser154 phosphorylation affects domain-domain interactions
between N-and C-termini and consequently controls DNMT]1
activity and protein stability. This post-translational manipula-
tion of the enzyme is of paramount significance as deregulation
of CDKs can cause aberrant phosphorylation of DNMT1 and
lead to DNA hypermethylation, as seen during tumorigenic
progression.” Lysine methylation of DNMT1 is another PTM
of considerable importance for regulation of stability and activ-
ity of the enzyme. Methylated DNMTT is less stable and this
biochemical tag appears to be a signal for proteasomal degrada-
22686 The prominent
lysine residues of the enzyme that are methylated include Lys
142 and Lys 1094. Lys 142 of DNMTT is an in vivo methylation

tion of the protein through ubiquitination.
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target of SET7 (SET domain containing lysine methyltransfer-
ase 7, also known as SET7/9 and KMT7). In turn, LSD1 (lysine
specific demethylase, also called KDM1A) removes these methyl
marks and antagonizes SET7 activity.”® Similarly, methylation of
Lys 1094 residue of DNMT1 by SET7/9 helps in destabilization
of the enzyme. The corresponding demethylation by KDM1A
increases the stability of the enzyme and maintains the DNA
methylation patterns.®®’*’! A delicate balance between these two
epigenetic modulators, SET7 and LSDI, affects the methylation
status of the enzyme and subsequently regulates gene expression
(see Fig. 5).%

The stability and functional availability of DNMT1 protein
is also regulated by sequentially coordinated acetylation and
acetylation-driven ubiquitination with respect to the different
stages of cell cycle® (Fig. 5). The acetyltransferase Tip60 [also
called KAT5, K-(lysine) acetyltransferase 5] acetylates DNMT'1
at Lysine residues 173, 1113, 1115 and 1117'%7* and sets it for pro-
teasomal degradation. UHRF1, an E3 ubiquitin ligase, plays a
dual role in the maintenance of DNMTT function. First, it binds
to hemimethylated DNA and guides DNMTT1 to these sites™”
and second, it ubiquitinates DNMTT1 and triggers its proteo-
lytic destruction. However, during G /S-phase transition when
DNMT1 is required for methylation of newly synthesized DNA
strands, the ubiquitin ligase activity of UHRF1 is curtailed by
HDACI and HAUSP (herpes virus-associated ubiquitin-specific
protease, also known as USP7; ubiquitin specific peptidase 7) by
deacetylation and deubiquitination, respectively.?*7>747¢ USP7,
a deubiquitinase, increases the stability of the protein by pro-
tecting the enzyme from proteolysis and also stimulates both
the maintenance and the de novo DNA methylation activity
of DNMT1 by a factor of two.”7® Thus, the destroyers (Tip60
and UHRF1) and the protectors (HAUSP and HDACI1) form
a multi-protein complex along with DNMTT1 at the replica-
tion fork in association with PCNA and carry out their func-
tion in a series of post-translational events.”” Finally, the most
recently recognized PTM affecting DNMTT activity and sta-
bility is sumoylation, which is very much similar to ubiquitina-
tion in terms of biochemistry but differs in terms of downstream
functions.”” This modification is necessary for protein-protein
interactions, enzyme activity, protein stabilityy, DNA bind-
ing and sub-cellular localization of proteins.’*?*”® Sumoylation
of endogenous DNMT1 by Ubc9, an E2 conjugating enzyme
also called UBE2I (ubiquitin-conjugating enzyme 2I), on sev-
eral lysine residues (645-1113) in the BAH domains enhances
the catalytic action of DNMT1 on genomic DNA” (see Fig. 5).
The increase in DNMT1 activity can be assumed to be a result
of conformation changes induced by sumoylation that improves
the DNMT1-DNA binding and stimulates methylation by mak-
ing the enzyme more processive.?>’

Interestingly, all of these post-translational regulatory opera-
tions are interlinked to maintain a stiff control over the stability,
abundance and activity of DNMTT in a cell-cycle dependent
manner. Examples of such dynamic cross talking include the
“methylation and phosphorylation” switch® and the “acetylation
and ubiquitination” module.”*”” These mutually exclusive epi-
genetic switches orchestrate the stability of DNMTT1 and have
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Figure 4. The figure shows the various interactions of DNMT1. DNMT1 participates in a number of collaborations with a host of regulatory proteins
and nuclear re-programmers that simultaneously affect DNMT1 activity as well as its functional exchange. DNMT1 works in concert with proteins
found at DNA replication forks—PCNA, proteins participating in chromatin re-organization—DNA methyltransferase DNMT3A and DNMT3B, HDAC1,
HDAC2, DNA binding proteins—MeCp2, MBD2, MBD3 and other chromatin binding proteins—UHRF1 and polycomb proteins, proteins associated
with cell cycle regulation or response to DNA damage and tumor suppressors—p21 (WAF), Rb protein, p53 protein, PARP1—and, finally, a number of
transcription factors and regulators involved in DNA methylation inheritance.

profound impact upon the global genome methylation patterns.?
Phosphorylation of Ser 143 residue by AKT1 kinase during early
and mid-S phase stabilizes DNMT1, and prevents Lys 142 meth-
ylation by SET7 and subsequent proteolytic degradation during
late S- and G,-phase.**® Similarly, Tip60 mediated sequential
acetylation of lysine residues leads to proteasomal degradation of
the enzyme by UHRF1 arbitrated ubiquitination.”” Thus, a deli-
cate equilibrium between the different post-translational manip-
ulations helps maintain a systematic mode of gene expression
during normal development. However, several questions need to
be answered, such as, (1) which PTMs, other than acetylation,
methylation, phosphorylation and ubiquitination, influence
the activity of DNMT1? (2) Lysine and, in a few cases, serine
seem to be the preferred substrate for a majority of PTMs, such
as methylation, acetylation, ubiquitination and sumoylation.
Which other amino acid residue is subjected to PTMs?
(3) Besides affecting the stability and degradation of the enzyme,
in what other ways do the PTMs regulate DNMTT activity?
(4) Which of these PTMs is mostly interrupted during malig-
nant initiation and progression? Thus, a comprehensive directory
of all PTMs and their mode of regulation of DNMTT1 activity
in various cellular contexts and phenotypes will go a long way in
understanding the DNA methylation machinery more clearly.
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RNA-mediated  post-transcriptional —and  post-translational
targeting of DNMTI. RNA directed regulation of DNMT1
expression and activity is another important control point of
the DNA methylation machinery. Post-transcriptional gene
silencing by miRNAs (microRNAs) and post-translational tar-
geting of DNMT1 by different non-coding regulatory RNA
molecules could be the missing pieces of the puzzle that could
explain formation of cell-specific differential methylation pat-
terns.” miRNAs, the most acknowledged class of ncRNA (non-
coding RNAs) are small, typically 21-25 nucleotides long. They
regulate gene expression by targeting protein-coding mRNAs
and inducing their translational repression, de-adenylation or
degradation.”” miRNAs either increase or decrease the tran-
scriptional activity of a gene by preventing the target mRNA
from producing a protein.'*”” Several families of miRNA have
been shown to affect DNMT1 expression, either directly by
binding to the 3'-UTR (3-untranslated region) or the coding
sequence of DNMT1 mRNA and decreasing the enzyme levels
or indirectly by interacting with transcription factors that con-
trol the DNMTT1 expression.”> DNMTT expression is directly
affected miR-148a, which targets the protein-coding region of
its transcript. Dysregulation, especially overexpression of miR-
148, leads to a decrease in DNMT1 protein levels, resulting in
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Figure 5. The figure depicts the various post-translational modifications that affect the stability and activity of DNMT1. The major PTMs include meth-
ylation, acetylation, ubiquitination, sumoylation and phosphorylation. All of these post-translational regulatory operations are interlinked to maintain
arigid control over the stability, abundance and activity of DNMT1 in a cell-cycle dependent manner.

DNA hypomethylation and an increase in expression of critical
methylation-sensitive genes, such as CD70 in CD4+ T cells and
RASSFIA in cholangiocarcinoma.’*?*8*8! On the other hand,
the majority of miRNA seems to target the 3-UTR of DNMT1,
for example, miR-152 directly binds to the 3-UTR of DNMTT.
Its downregulation in HBV (Hepatitis B virus)-related HCC
(hepatocellular carcinoma) causes global DNA hypermethyl-
ation and increases the methylation levels of two tumor suppres-
sor genes, GSTP1 (glutathione S-transferase pi 1) and CDHI
(E-cadherin 1).!*%? Similarly, miR-185 is also predicted to bind
to the 3-UTR of DNMT1. Lowered levels of miR-185 expression
may result in the abnormal expression of DNMT1 and aberrant
DNA methylation, contributing to the development of human
glioma."*® miR-126 also inhibits DNMT1 translation via an
interaction with its 3-UTR and overexpression of miR-126 in
CD4+ T cells induces demethylation and consequent upregu-
lation of genes encoding CDl1la and CD70, thereby causing
T and B cell hyperactivity.”*** Some miRNAs, however, indi-
rectly affect the expression and activity of DNMTT, for example,
miR-29b in AML (acute myeloid leukemia) cells downregulates
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SP1, a known transcriptional activator of DNMTT1, thereby inter-
fering with the SP1-dependent transcription of DNMT1.!%% The
miR-290 family of miRNAs regulates Rb proteins, especially
RbL2 (retinoblastoma-like 2) and therefore affects the Rb-E2F
pathway mediated expression of DNMT1.228¢

Post-translational targeting of DNMTT1 by non-coding regu-
latory RNA molecules was probably the first reported interaction
of DNMT1 with other molecules.’® DNMTT1 exhibits physi-
cal or functional interaction with RNA polymerase II* and, in
cells, with several RNA binding proteins such as MBD proteins
and AUFI [AU-rich element/poly (U)-binding/degradation fac-
tor 1].% The interaction between MBD proteins and DNMT1
facilitates the easy access of the enzyme to methylated DNA sites
and orchestrates efficient gene expression.® DNMTT is essential
for devotedly copying the epigenetic message during each cell
division; hence, it becomes crucial that its expression is tightly
coordinated with the state of cell division. AUF1 interacts with
an AU-rich conserved element in the 3-UTR of DNMT1 and
negatively affect its expression by proteolytically destroying the
DNMT1 mRNA. AUFI protein levels are inversely regulated
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by the cell cycle specific proteasomal degradation, resulting in
destabilization of DNMT1 mRNA. The cell specific targeting
of DNMT1 mRNA to the exosome and its subsequent degrada-
tion by AUF1 is perhaps the first example of a cell cycle depen-
dent regulation of an mRNA involving the exosome machinery.®
Thus, RNA seems to play a very crucial role in guiding DNMT1
to specific genomic loci and, consequently, in establishing distinct
DNA methylation patterns. However, the functional significance
of RNA directed DNA methylation in the context of develop-
ment and disease still remains in a shroud of darkness. It is pos-
sible that several other categories of both small and long ncRNAs
associated with the regulation of DNMT1 will be unearthed in
the near future which will provide avenues for designing of ratio-
nal and novel RNA based modulators of DNMTT.

Conclusions

In this review we attempt to provide a detailed account of the
various interrelated and dynamically functioning regulatory
mechanisms that systematize the working of DNMT1. With
increasingly acknowledged role of DNA methylation in genome
maintenance as well as in cancer, it becomes necessary to under-
stand the structural, molecular and biochemical specificities of
the DNMT1 enzyme and elucidate its function more minutely.
Perceptions regarding DNMT1 function and design of its inhibi-
tors and activators will strongly rest upon building a correlation
between the available structural and functional data and various
signaling pathways that direct the enzyme toward aberrant DNA
methylation. It is also essential to understand the fundamental
control systems that coordinate the effectiveness of DNMT]1
so that futuristic implications, such as use of DNMTTI as an
epigenetic drug target, can be realized. A precise and compre-
hensive analysis of the numerous intrinsic and extrinsic factors
might help in unraveling many unanswered mysteries. What are
the epigenetic triggers that set into motion the extremely fine-
tuned and elaborately executed DNA methylation machinery? Is
there a redundancy in the control of DNMTTI regulation and
activity? Are different regulatory mechanisms working in tan-
dem or differentially in different cellular contexts? Which one of
the supervisory networks is majorly impaired during malignant
transformation? Which checkpoints can be considered as the
most suitable ones for designing of novel and rational mechanis-
tic based drugs? Questions such as these can only be explained
with in-depth analyses of the DNA methylation phenomenon
and study of the factors that influence the regulation of DNMTT1.
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