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Plants can apply various strategies to minimize environmental impact. One of the strategies is heritable
modifications of gene expression which occur without changing original DNA sequence and are known as
epigenetic. Signaling pathway Rb-E2F (retinoblastoma (Rb)-transcription factor E2F/DP) connects the
cell cycle with factors, modifying structure of chromatin and DNA. It also coordinates cell proliferation and
differentiation influenced by external stimuli. The article highlights the activity of Rb-E2F/DP signaling
pathway and its connection with the epigenetic changes of DNA in plants.
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Cell division and differentiation, functioning of
meristems and general development of plants depend
on coordinated activity of the cell cycle genes. Due to
constant influence of the environment, the regulation
of cell proliferation and differentiation of plants, as
well as the relations between the control over cell
divisions and the development of vegetative organism
became flexible, which allows plants to adjust and
survive under various conditions. The regulation of
cell cycle consists of multiple points of control over
DNA and its epigenetic changes. In case of any
damage of DNA structure, a delay in the cell cycle
occurs, which is necessary for its reparation, and the
mechanisms of protecting DNA from possible
damage are established [1].
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DNA is most vulnerable at the stage of replication;
therefore, one of the main control steps is realized
during the transition from G,- to S-phase. In mammals
the G,-S transition usually depends on the activity of
E2F/DP  transcription factors and repressive
retinoblastoma protein (Rb) [2]. From the middle of
G,-phase the active complex, formed by D-cyclins (the
number and activity of which depend on environmental
factors [3]) and D-cyclin dependent protein kinases,
phosphorylates Rb (Fig.1). Rb is bound to the E2F/DP
transcription factors and represses their activity.
Phosphorylated Rb loses its affinity to the E2F/DP
factors, the latter are released and activate the
transcription of so called E2F-regulated genes, the
promoters of which have E2F binding sites. The
E2F-regulated genes provide the progress of cell cycle
and DNA synthesis, its replication and restoration,
irreversibly directing a cell into the S-phase.
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The importance of the Rb-E2F/DP signaling
pathway was proven by the research, revealing the loss
of control over regulation of Rb and E2F/DP in almost
all tumours of mammals [4—6]. It was established that
the Rb-E2F/DP-pathway in plants is conservative, the
homologues of proteins Rb, E2F, and DP are similar by
their structure and biochemical properties to those of
animals [7-9], and their expression is limited by the
area of meristems (Arabidopsis thaliana) and realized
in early S-phase [5].

The screening of plant genomes showed that dicoty-
ledons contain a single gene Rb, while monocotyledon-
ous have two genes Rb [10]. One homologue of animal
Rb was revealed in Arabidopsis [11]; multiple homo-
logues of Rb - in corn and tobacco [12].

The E2F-transcription factors in resting cells or in
the early G -phase are mainly involved in the
repression of a series of genes, which are regulated in
the cell cycle, while during the transition from G- to
S-phase (as a result of release of transcriptionally
active E2F-factors) there occurs E2F-dependent
activation of several genes, coding for the regulatory
proteins and enzymes of nucleotides and DNA
synthesis. In plants, the genes, regulated by the E2F
transcription factors, are believed to influence
postembryonic development and to guide the transition
of cells either to division or to differentiation. Such a
dual role of E2F- factors explains why transcription
factors may be either positive or negative regulators of
cell proliferation depending on the type of cells and the
stage of their development [13].

It is noteworthy that the Rb-E2F/DP signaling
pathway interacts with the factors, modifying the
structure of chromatin (i.e. deacetylase and
methyltransferase of histones, SWI-SNF-complex),
which are capable of active repressing the transcription
of E2F-regulated genes, thus blocking the access of
other transcription factors into the area, close to the
E2F binding sites [13]. It connects the
Rb-E2F/DP-signalling pathway with the epigenetic
changes in DNA [14].

In plants, contrary to animals, the changes in
activity of any element of the Rb-E2F/DP signaling
pathway do not result in lethal effect, which makes
plants a convenient model for studying regulation of
this pathway.
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The investigation on the Rb-E2F/DP pathway and
its relations with DNA and chromatin modifying
factors may establish the mechanism of coordination
between cell proliferation and differentiation
depending on environmental factors. The review is
aimed at systematization of the data on the Rb-E2F/DP
genes activity and their association with the epigenetic
regulation in plants.

Family of E2F/DP transcription factors.
Initially, E2F was identified as a cell factor, activating
E2 adenovirus promoter [15], which gave the factor its
name. Later E2F was found to regulate a number of
various genes, including the genes of cell cycle and
regulatory genes (cyclins, Rb), the genes of DNA]
replication and reparation (DNA-polymerases o,
CDC6, ORCI), and the genes, coding for structural
proteins of chromatin (histones) [16].

Arabidopsis genome contains eight genes of
proteins, which are structurally related to the E2F
family: AtE2Fa (a homologue of animal E2F3),
AtE2Fb (E2F1), AtE2Fc (E2F2), two DP proteins
(distant-related proteins, AtDPa, AtDPb), and three
DEL (DP- and E2F-like, AtDEL1, AtDEL2, AtDEL3
or AtE2F1-3) (ncbi database, http://www.ncbi.org).

The proteins E2F and DP were also found in wheat,
tobacco, carrot, and rice [13, 14, and 17].
AtDEL1-AtDEL3 is localized in the nucleus, AtDPa
and AtDPb were revealed in both cytoplasm and nu-
cleus, and AtE2Fa—AtE2Fc may be located in cytoplasm
and/or nucleus depending on the type of cells [18].

The E2F transcription factors are also characterized
by the presence of a conservative DNA-binding
domain, as well as a dimerization domain and a domain
of transcription activation, which includes a site of
binding to Rb protein (Fig.1).

In both plants and animals the E2F and DP proteins
function as a heterodimeric complex, which provides
specificity of binding to DNA. For instance, in
Arabidopsis E2Fa (AtE2F3) and AtE2Fb (AtE2F1) are
activators of transcription only in cooperation with
DPa, while AtE2Fc (AtE2F2) is not transactivated even
in the complex with other DP-proteins [18, 19]. The
structure of E2Fa—E2Fc is similar to animal proteins
including the specific domain of DNA recognition,
domain of DP heterodimerization, domain of Rb
binding, and domain of transactivation. And vice versa
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— E2Fd-E2Ff, the homologues of animal E2F7 and
E2F8, do not contain the domain of DP
heterodimerization and domain of Rb binding. Instead,
they have a duplicate of the DNA binding domain,
which allows them to interact with DNA without
dimerization with DP-protein [20, 21]. The] domains
of DNA binding in genes E2F and DP include the
specific motif of DNA recognition, RRxYD (x — any
nucleotide).

Since the site of Rb binding overlaps the domain of
E2F activation, the Rb-E2F/DP complex works as a
transcription repressor.

Recently, a new class of regulatory proteins DEL
(DP- and E2F-like) has been discovered. In
Arabidopsis genome they are presented by proteins
AtDELI1, AtDEL2, AtDEL3, or AtE2F1-3. This group
includes proteins with unique characteristics, which are
absent in animal proteins [14]. DEL-proteins contain
two E2F-like sites of binding to both E2F and DP, each
of them including RRxYD-motif; however, they do not
have any domain of activation. Therefore, the mono-
mer protein DEL acts as a competitor to the

E2F/DP-proteins, binding to the same cis-acting ele-
ments of the promoter. Since DELs do not have a do-
main of activation, they function as repressors of the
E2F/DP regulated genes [13]. It allows avoiding the
G,-S transition in conditions, which are unfavorable for
the launch of DNA replication (damage of DNA or
stress) [11].

The level of transcription of plant genes of E2F
family is generally not high. Mainly, they are
expressed in organs with actively proliferating tissues
(meristems) [5]. The expression of some DP genes
increases considerably when a cells enter the S-phase;
on the contrary, the members of DEL-family are less
expressed in this case [13].

Overexpression of E2F in animals causes the
transition to S-phase and development of apoptosis
[22]. In Arabidopsis overexpression of E2Fa/DPa
results in continuous synthesis of DNA without
division (endoreduplication), ectopic cell division and
pause in the development at early stages [5]. However,
in this case apoptosis does not develop. An increase in
endoreduplication may be caused by the combination
of increased activity of E2Fa/DPa and limitation of
expression of mitotic genes. The analysis of
overexpression of AtE2Fc and DPa in tobacco revealed
that the E2F activity is the cause of the launch of
S-phase and prolonged cell cycle or its stop; in this case
the growth of tissue and organ is modulated either in
the presence or in the absence of other factors,
associated with the cell cycle (mitotic factors) [9].
However, no clear correlation between the localization
of proteins of E2F family and the phases of cell cycle
was revealed [14].

Overexpression of E2Fa results in higher amount of
cells in plants due to extra-postembryonic cell
divisions. For instance, in the roots of Arabidopsis with
overexpression of E2Fa and DPa a root cap contains
more cells than the control, but they are considerably
smaller in size. The surplus of cells in E2Fa-plants may
result from either shorter cell cycle or prolonged phase
of cell proliferation [5]. E2Fa/DPa is believed to inhibit
the extension of cells, as the size of laminas in the
transgenic plants with expressed ectopic cell division
does not increase, but rather decrease.

[In] Arabidopsis plants, twice-transformed by the
genes, coding for both E2Fa and DPa, the delay in
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growth and twisting of leaves were observed [5] due to
increased proliferation of adaxial cells of mesophyll on
the exterior side and repression of cell division on the
abaxial side [9].

A comparative analysis of nucleotide sequences
showed that Arabidopsis has over 30 genes, involved in
the regulation of cell cycle, replication and reparation
of DNA; these genes contain one or two E2F-binding
sites in their promoters [14, 18].

The E2F-binding sites were shown to be important
for tissue-specific and cycle- regulated expression of
some plant genes, responsible for DNA replication [23,
24]. The promoters of genes of ribonucleotide
reductase (RNR) and MCM3 in Nicotiana tabacum,
Orisa sativa and A. thaliana contain the sites of binding
to E2F/DP complexes of plants and regulate S-phase
and tissue-specific expression in meristem [18, 23].
Two E2F-binding sites in the promoter RNR2 of
tobacco may were revealed to function as activators of
gene expression during the G,-S transition, while other
E2F-binding sites more likely act as repressors of
expression in the G, phase. Similarly, one of the
E2F-binding sites in MCM3 promoter in Arabidopsis
suppresses expression in the G, - phase. Therefore, the
E2F-binding sites are suggested to regulate the G,-S
transition in both negative and positive way [23].

In general, the increased E2F/DP activity launches
cell proliferation and endoreduplication in a
cell-specific way, and may cause the morphological
changes in certain tissues and organs of transgenic
plants. It is noteworthy that the balance between
division and differentiation plays a significant role in
the development of plants: the delay in differentiation
or disorder of cell interaction in various tissues can stop
plants growth. Therefore, it is vital to determine, in
what way the E2F/DP transcription factors control the
G,-S transition and how the development of plants
takes place.

Association of the Rb-E2F/DP signaling
pathway with epigenetic changes in DNA. Cell
differentiation is controlled by both activation and
silencing of certain genes. A specific type of gene
expression should be stable in many generations of
cells and remain stable for a long time after the
induction signal vanishes. The genetic and biochemical
research on yeasts, fruit fly, mammals, and plants
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demonstrated that changes in gene expression may be
accompanied by restructuring of chromatin in gene
promoters and other regulatory sites of DNA [25, 26].
In the nucleus, DNA is twisted around octamers,
consisting of histones H2A, H2B, H3, and H4. These
structures — nucleosomes — are main structural units of
chromatin, and regulation of its organization (eu-,
heterochromatin) is one of the mechanisms of
transcription control. DNA packing into nucleosomes
and structures of higher order hinders access of the
proteins, binding to DNA- and RNA-polimerases, thus
repressing genetic information (heterochromatin).
N-terminal of histones of nucleosomes is a subject of
such post-translational modifications, as acetylation,
methylation, phosphorylation, ubiquitisation,
glycosylation, ADF-ribosylation, etc. Along with
DNA methylation these modifications promote the
transition of nucleosome compaction into either
“closed” (transcription repression) or “open”
(transcription  activation)  configuration = which
mediates transition of signals of cellular response. The
transition of specific transcriptional state to daughter
cells via mitosis or miosis results in stable inheritance
of chromatin structures.

It is known that the Rb-E2F/DP complex is capable
of active repressing gene transcription via interaction
with various factors of chromatin modifications.
Depending on the type of functioning there are two
main groups of chromatin-remodeling complexes: 1)
ATF-dependent complexes use ATF energy for local
destruction or change in association of histones with
DNA due to transition of histone octamers to new
positions or their temporary elimination from DNA
[27-29]; 2) complexes, including histone
acetyltransferases (HAT) and histone deacetylases
(HDAC), regulate transcriptional activity of genes,
determining the level of acetylation of N-terminal
domains of nucleosome histones [14].

Activity of SWI-SNF-complex. The most studied
chromatin-remodeling factor of the first type is
SWI-SNF complex (Fig.2, a). Modern classification of
ATF-dependent complexes is based on the type of
ATFase, acting as a central catalytic unit. Minimal
medullary part of SWI-SNF complex in yeasts,
Drosophila, and humans is one ATFase (hBRM or
BRGI1 in humans and SWI2/SNF or Sthl in yeasts),
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two zipper-containing proteins SANT/SWIRM/Leu,
called SWI3 (BAFI55/BAF170 in humans and
SWI3/RSC8 in yeasts), and one protein SNF
(hSNF5/INI1 in humans and SNF5/SNF1 in yeasts)
[30]. SNF2 is the first described ATFase of SWI-SNF
complex in yeasts. Besides, ATFase domain,
SNF2-like proteins contain various N- and C-terminal
domains for interaction with other proteins of this
complex or specific chromatin-associated proteins.
SNF2-proteins are divided into several subfamilies
depending on the type of these domains: SWI2/SNF2,
ISWI and CHD or (LSH)/ DDM1 (lymphoid-specific
helicase) [25]. Chromatin- remodeling complexes are
not capable of binding DNA directly; they bind to the
sites of gene promoters via transcription factors. Most
eukaryotes contain multiple SWI-SNF ATFases. For
instance, four members of this family were found in
Arabidopsis, three — in rice, six — in poplar
(nomenclature of Chromo database,
http://www.chrombd.org [29, 31]). It was revealed that
genomes of Arabidopsis, rice and poplar contain a
single gene BSH, similar to SNF5 in yeasts
(http://www.chromdb.org), and code for several
proteins, similar to SWI12, namely, four homologues of
SWI3 - SWI3A, SWI3B, SWI3C, SWI3D
(http://www.chromdb.org/ [29]).

In plants, the group of SWI3-proteins is more
variable than in animals. In particular, SWI3B is
expressed in the whole plant, is localized in the

nucleus, and associated with chromatin [32]. The
presence of a conservative Rb-binding motif CxLXE in
the mentioned group of proteins presupposes that
SWI-SNF-complex  participates in  regulated
Rb-E2F/DP expression of genes. Several SWI2
homologues in Arabidopsis are highly similar to the
analogues of human BRM and BRG1-SWI2 [33]. The
interaction of Rb with BRM and BRG1 during the early
S-phase represses the genes of cyclin-dependent
protein kinase CDK/ and cyclin CyCA, the products of
which are necessary for the G,-M transition [34]. It is
possible that their plant homologues play the same role.

Protein interactions in the framework of
SWI-SNF-complex have not been studied thoroughly.
In animals the mutations of the genes of SWI-SNF
complex proteins result in the development of
tumours which proves its role in the inhibition of
oncogenesis [35].

There are data on the interaction of medullary
subunits with non-medullary proteins, including
cyclins, SNF11 and proteins with so called
SET-domain (see below). These proteins, involved into
mediation of various functions of SWI-SNF-complex,
can be temporarily associated with the latter or present
its tissue- or organ-specific additional subunits.

The proteins of SWI-SNF-complex, actin-binding
proteins Arp7 and Arp9 [36], facilitate the nucleation
of microfilaments. These proteins are assumed to
promote the interaction of chromatin-remodeling
complexes with other actin-binding proteins or with
nuclear proteins, for instance, the components of
nuclear matrix or even with chromatin [37]. It is also
possible that since actin promotes cell growth, the
interaction of Arp7 and Arp9 with chromatin-
remodeling complexes, regulated via
Rb-E2F/DP-signalling pathway, proves the influence
of Rb-E2F/DP on growth processes in cells.

A comparative study on sequences of amino acids
and philogenetic analysis of over 40 possible
SNF2-like proteins, identified in Arabidopsis, revealed
the presence of four proteins, closely related to
Brahma-complex of Drosophila [33]. The most studied
proteins among them are SPLAYED (SYD) and
BRAHMA (BRM), controlling a temporary regulation
of the phases of plants development. SYD is
responsible for the transition between vegetative and
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generative development and is necessary for normal
development of carpel and seed-bud. Multiple
pleiotropic defects were revealed in syd mutants, which
prove the regulation of a wide spectrum of transcription
events by specific members of SWI-SNF-family [38].
SYD also controls specification of the cells in apical
meristem of the stalk [39].

BRAHMA is responsible for the size of plants and
time of blossoming via repression of genes of
photoperiodism. The results of molecular and
morphological analysis allowed the assumption that
syd- and brm-mutants demonstrate both similar and
different defects. AtBRM controls the development of
the stalk and process of blossoming [40]. Both mutants
of these genes grow slowly, demonstrate brachysm and
decreased apical domination in the stalk [38], as well as
early blossoming [25]. Similar phenotypes were also
described for mutants of other components of
SWI-SNF complex.

Deacetylation of histones. Both in plants and in
animals, Rb-protein binds to histone deacetylases via
Rb-associated plant homologue of animal protein
RbAp48 [41] (Fig.2, b).

Histone deacetylases are the enzymes, influencing
transcription  via  selective  deacetylation of
g-aminogroup of lysine, located in N-terminal
domains of histones. In plants, lysines 5, 8, 12, 16, 20
in H4 and 9, 14, 18, 23 in H3 are acetylated by HAT
and deacetylated by HDAC [42]. The interaction
between HAT and HDAC affects the dynamic
equilibrium between acetylation and deacetylation of
histones in the promoters and regulatory sites of
genes, influencing chromatin  structure and
transcription. Histone acetylation promotes the
reparation and recombination of DNA. Deacetylation
of chromatin correlates with its condensed state and
gene silencing. In humans, the disruption of HDAC
functioning is observed in many forms of oncological
diseases. HDAC binds to specific loci of
chromosomes and joins DNA-binding proteins,
regulating development directly or via additional
factors. It was shown that in mammals the
HDAC-Rb-E2F  complexes are required for
deacetylation of nucleosomes, located within the
scope of gene promoter of cycline E (CycE) which
impacts on its repression in the early G,-phase [10].
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It is noteworthy that the expression of genes of
deacetylases depends on the state of intracellular
network of actin. For instance, it was proven on the
culture of HeLa cells that depolymerization of F-actin
results in the appearance of a multitude of soluble
forms of deacetylases [43], thus regulating their
activity.

18 assumed homologues of HDAC and 12 of HAT
were found in Arabidopsis which is approximately
equal to the number of these proteins in animals. In
general, these HDAC are conservative in all
eukaryotes. In Arabidopsis the most studied
deacetylase is AtHD1 (HDA19) (RPD3 in yeasts), and
similar members of family of deacetylases HDA6-7
and 9 were revealed. AtHD1 regulates the expression
of various groups of genes during the development of
flowers and leaves both positively and negatively [44].
HDA19 is highly expressed in leaves, stalks, flowers,
and fresh pods and is involved in transcription
repression [44, 45]. Histone H4 is hyperacetylated in
transgenic plants of Arabidopsis with antisense
orientation of HAD19 gene; these plants demonstrate
pathologies in the development, including early aging,
suppression of apical domination, masculine and
feminine sterility, and delay in blossoming [46].
HDA19 is one of the elements of repression of genes,
responsible for the formation of roots in Arabidopsis
stalk in embryogenesis [47].

Other members of this family of genes are
presented by eight RPD/HDI-like genes, two
homologues of  yeast SIR2, possessing
NAD+-dependent activity of HDAC [48], and four
specific for plants genes of HD2 protein with unknown
functions [44]. Different members of this group of
genes are likely to be responsible for different
functions. HD2 of corn is specific and not related to
other known HDAC-enzymes [49]. It is localized in the
nucleolus which presupposes its role in the regulation
of genes of ribosomal RNA. The sequences of four
products of genes in Arabidopsis (HDA4, HDA3,
HDAT11, and HDA13) demonstrate high homology to
the sequence of protein HD2 in corn [50]. HDA3 is
known by its role in the embryonic development. In
transgenic plants with antisense HDA3 the growth of
pods is delayed, they have many aborted seeds which
testify to the participation of HDA3 in the development
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of fetus. HDA6 was found to play a significant role in
supporting methylation in CG nucleotides, but its
contribution to the development is minimal, as the
mutants deficient of the gene expression have normal
phenotype.

Methylation of histones and DNA. The other
mechanism of gene silencing in heterochromatin,
related to the RDb-E2F/DP signaling pathway, is
methylation of histones and DNA [51, 52] (Fig.2, ¢).
Acetylation of specific residues of lysine at N-terminal
of histones H3 or H4 is mainly associated with the
activation of transcription, while methylation of these
residues is related either to transcriptional activity or to
its repression depending on the methylated lysine and
the number of methyl groups. It is believed that the
markers of repressed structure of chromatin are
methylation of H3K9, H3K27, and H4K20 in
combination with hypoacetylation of histones and
DNA methylation, as it influences the formation of
heterochromatin, inactivation of X-chromosome and
gene silencing in euchromatin. Methylation of H3K4,
H3K36, and H3K79, and hyperacetylation of histone
H4 are the markers of an open structure of chromatin
(potentially transcriptional).

Moreover, monomethylation of H3K9, H3K27,
and H2K79 is related to activation of transcription, and
three-methylation of these three residues is associated
with inhibition of gene expression [53, 54]. Intense
methylation of lysine 4 (K4) and weak methylation of
lysine 9 (K9) are considered [as the] modifications of
histone H3, typical for transcriptionally active
euchromatin. Euchromatin-specific methylation of
H3K4 and H3K36 is highly conservative among
eukaryotes, while marking heterochromatin by
methylation of H3K9, H3K27, and H4K20 is more
variable [42].

Two types of distribution of methylated H3K9,
were revealed in plants depending on the size of
genome. For plants with a small genome — <500-10°
B.P. (including Arabidopsis) — intense methylation of
H3K9 is limited by the area of constitutive
heterochromatin. Methylated H3K9 is distributed more
evenly in plants with a large genome. To the contrast
and regardless of genome size, methylation of H3K4
increases in euchromatin of all kinds. It is assumed that
large genomes with numerous scattered repeated

sequences should keep these sequences in inactive
state. Therefore, such epigenetic changes as
methylation of DNA and H3K9 are revealed in
euchromatin as well [53].

The proteins, capable of methylating residues of
lysine in histones H3 and H4, contain general
SET-domain, consisting of 130 amino acid residues,
called by three proteins of Drosophila, involved in
epigenetic modifications — Su(var)3-9 (suppressor of
variegation 3-9), Enhancer of zeste, Trithorax [55].
SET-domain proteins regulate chromatine activity and
epigenetic inheritance (Fig.2, ¢). Some SET proteins
are related to the members of Polycomb (PcG) or
Trizorax (trxG) groups, repressing or activating the
transcription of homeotic genes in the process of
development of plants and animals.

Genome of Arabidopsis contains genes for 32
SET-proteins, 30 of which are expressed. They are
divided into four conservative families — E(Z), TRZ,
ASH1 and Su(var)3-9 — and the small fifth family,
which is plant specific [56]. Multitude of genes for
SET-proteins in Arabidopsis genome proves the fact
that methylation of histones serves as a regulatory
factor in different aspects of gene expression, including
the control over development genes. The family of
Su(var)3-9 methyltransferases of histones is the most
studied one. Two members of this family
(KRYPTONITE (KYP)/SUVH4 and SUVH2) control
dimethylation of H3K9 of heterochromatin and
function in  vivo as heterochromatin-specific
H3K9-methyltransferases [57], SUVH2 being more
active in the methylation of lysine 9 and 27 in H3 of
heterochromatin. Mutant kyp is a repressor of gene
silencing in locus SUPERMAN in Arabidopsis.
Kyp-mutants demonstrate no morphological defects of
wild type, which gives ground for assumption that
KYP does not participate directly in controlling the
plant development [58]. In this group Arabidopsis also
has nine active genes SUVH (SUVHI-SUVHY9) and
five SUVR-genes [59], SUVR-proteins are specific
SET-domain proteins of plants. Other SET-proteins
methylate K4, K9, K27, and K36 in H3 or K20 in H4.

Human methyltransferases SUV39H1 and
KYP/SUVH4 methylate H3K9 in a specific way and
create a code for attraction of HPI1 (conservative
protein of heterochromatin 1). HP1 and its homologues
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are key components of heterochromatin in yeasts,
Neurospora, Drosophila, mammals, and plants. It is
assumed that HP1 protein acts as an organizer of
chromatin, participating in the assembling of
multi-protein complexes, promoting gene silencing of
euchromatin and expression of certain genes of
heterochromatin. ~ HP1  contains so  called
chromodomain and chromo shadow domain.
Chromodomain HPlinteracts with H3K9 specifically,
which explains association of these proteins with
heterochromatin [60].

Subsequent oligomerization of HP1 via chromo
shadow domain expands and supports heterochromatin
structures, thus providing gene silencing [25]. The only
gene, coding for protein LHP1 (LIKE HP1), analogue
of HP1, was revealed in Arabidopsis [57]. In
Arabidopsis LHP1 is active not in heterochromatin, but
in sites of euchromatin predominantly, where it
represses the specific genes of development. The
mutations in gene LHPI because early blossoming,
decrease in the number of epidermal cells in leaves and
other features [61].

Therefore, LHP1 may be required for gene
silencing, involved in the transition to blossoming and
other processes of development.

However, not only methylation of H3K9 attracts
HP1; other HP1-interacting proteins may be involved
in this process too, for instance, retinoblastoma [62]. In
humans SET-domain-methyltransferase Suv39HI1 is
bound to Rb and methylates lysine 9 of histone H3 in a
specific way, repressing the activity of E2F [63].
Therefore, the repression of transcription of
E2F-regulated genes of Suv39H1 is mediated by
binding HP1 protein with methylated H3.

The presence of LHP1 protein in plants proves the
existence of the LHP-HMT-Rb-E2F-complexes,
repressing the work of E2F-genes [61, 64].

The repression of transcription is also achieved via
direct methylation of DNA. DNA methylation is
known to occur in the process of development in
response to environmental factors [65]. Increased level
of DNA methylation was found in plants from
Chernobyl zone in the first years after the catastrophe
[66], which testifies to the significance of epigenetic
changes in DNA in adaptation to chronic radiation. In
animals, DNA is methylated mainly as a result of
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methylation of cytosine in symmetric CG-nucleotides,
while in plants cytosine is methylated not only in CG,
but also in CNG (N — any nucleotide) and CHH (H=A,
C or T) [65, 67]. There are three classes of
DNA-methyltransferases in Arabidopsis genome.

It is believed that methyltransferasel (MET1)
(homologue of animal Dnmt1) is required to maintain
methylated DNA structure. In plants, the methylation
of CNG catalyzes the second class of
methyltransferases — chromomethylase 3 (CMT3),
specific for plants. CMT also performs asymmetric
methylation of CHH in a locus-specific way [42, 67].
The last class among presently known ones — domain
rearranged  methyltransferases (Dnm3) - s
homologous of animal Dnmt3 [67, 68] and performs
methylation de novo of cytosine residues in both
symmetric and asymmetric motifs.

In mammals, DNA-methyltransferase is bound to
the Rb-E2F complex and represses the transcription of
genes containing promoters with E2F binding sites.
Contrary to plants, in animals the loss of function of
any methyltransferase leads to death.

Various types of modifications of histones and
DNA are assumed to interact with each other, and
existing modifications of histones cause the
subsequent ones [14]. The analysis of mutations
regarding genes of methyltransferases of histones
with SET-domain in Neurospora and Arabidopsis
revealed that the methylated histones serve as a basis
for DNA methylation [55]. For instance, protein
LHPI and its homologues are bound to H3K9mel,2
and attract DNA methyltransferases. The mutations
kyp decrease the level of methylation of H3K9 in
certain loci in vivo and reduce the DNA methylation in
CNG sites. It is likely that H3K9 methylation controls
CNG-methylation of DNA.

However, in plants DNA methylation does not
always depend on histone methylation [26]. This is one
of the reasons to state that DNA methylation precedes
histone methylation [69]. It is assumed that DNA
methylation in CG-sequences promotes methylation of
H3K9 histones in chromocenters. Changes in the level
of DNA methylation are accompanied by relaxation of
chromocenters of heterochromatin. Contrary to
methylation in CG-sites, methylation outside of CG
does not influence histone methylation, but, in its turn,
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histone methylation regulates DNA methylation in
CNG-sites.  The  mutants regarding  genes
H3K9me2-specific methyltransferase of histones
KYP/SUVH4 and DNA-methyltransferase CMT3 do
not contain methylated residues of cytosine in
CNG-sites. It is believed that methylation of both
H3K9 and H3K2 is required to attract CMT3. Besides,
the activity of methyltransferase of histones SUVH2,
participating in methylation of all
heterochromatin-specific marks, depends on METI,
but not on CMT3 [42].

The discovery in mammals of locus ddm, coding
for protein, homologous to ATFase swl2/snf2 of
yeasts, which remodels chromatin, testifies to the fact
that changes at the level of nucleosome can influence
DNA methylation and gene expression. The most
probable hypothesis states that remodeling activity of
DDM1 enhances the accessibility of
DNA-methyltransferases for semi-methylated DNA in
newly-replicated chromatin. This assumption explains
intense influence of ddml on DNA methylation in
compact heterochromatin in  comparison to
euchromatin sites [25].

Therefore, at present it is evident that the processes
of methylation of histones and DNA are related in
complicated way.

Genetic studies on a number of genes, coding for
the components of factors of restructuring chromatin
HDAC, HMT, and DNMT, demonstrated that
epigenetic mechanisms are conservative, and act at
many stages of the plant development, including
proliferation of embryo and meristem tissues and cell
differentiation [29].

The covalent modifications are reverse. Regardless
of the fact that HAT and HDAC perform reverse
acetylation/deacetylation of histones, their methylation
is stable. It is assumed that reverse
acetylation/deacetylation of histones coordinates the
reception of signals from the environment, thus
regulating plant development. The external signals are
realized through the action of transcription activators,
repressors and/or molecules, involved in signal
transmission. Such molecules attract deacetylases of
histones to the promoters [of genes , sensitive to
environmental  factors and influencing the
development, which, in its turn, rebuilds chromatin and

either activates or represses the transcription of certain
genes. Since this process is reverse, an increased
transcription may come back to “normal” in the
absence of signal [44].

The association of chromatin-modulating factors
with the Rb-E2F-signalling pathway leads to the
assumption that there is epigenetic control over cell
division and differentiation. The study on details of this
interrelation will allow revealing the mechanism of
influence of environment on the plant morphogenesis.
The reverse nature of chromatin silencing is of
significant interest for oncobiology and transgenic
technologies. Besides, the spatial and temporal
differences in vegetative and regenerative phases of the
plant development permit to study the epigenetic
inheritance of specific chromatin structures, acquired
during the vegetative development. The inheritance of
these changes and their role during the plant evolution
is a subject of further studies.

I'. B. lllesuenxo
Kiterounsrii ukn v snurenerndeckue nsmenenus JJHK y pacrennii

Pesrome

Jna munumusayuu 61uanua 6Hewnell cpedbl pacmenus UCHoNb3yYI0m
Heckonbko cmpamezutl. OOHa U3 HUX — Haclledyemvle MOOUDUKAYUU
2eHHOU IKCRpeccuu, ocyuwecmeusiemvie 6e3 usMeHeHUus nocieo08d-
menvnocmu Hykieomuoos JJHK (snueenemura). Cuenanvholii nymeo
Rb-E2F/DP (pemunobracmoma (Rb)—mpanckpunyuonnsie gpaxmo-
pot E2F/DP) cesaszvieaem Kiemounuvlil Yuki u axmopul Mooupuxa-
yuu JJHK u xpomamumna, a makdsce KOOpOUHUPYeM KIEMOYHYIO
nponugepayuio u oudgepenyuayuio 6 3a6UCUMOCIU OM SHEUHUX
6o30eticmeuil. B 00630pe cucmemamuszuposanst dannvie 06 akmug-
nocmu cuenanbho2o nymu Rb-E2F/DP u e2o césa3u ¢ snueenemuyec-
Kumu usmenenuamu JJHK y pacmenuil.

Knrouesvie cnosa: JJHK, mpanckpunyuonuwiii ¢paxmop E2F,
XPOMamMuH-pemooyaupyiowue KOMIIeKcol, JNUSeHeMuKd.

I". B. llleguenxo
Kuituaanii nukn i enirenernyni 3minu JJHK y pocinn

Pesrome

o6 minimizyeamu 6naué O0BKiNA POCAUHU BUKOPUCIMOBYIOMb
Odekinvka cmpameeziti. O0Ha 3 HUX — ye HACAIOY8AHHA MOOUPIKayil
eenHol excnpecii, ki 8100y8aomobca Oe3 sMinu ROCAI008HOCMI HYK-
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neomuois J[HK (enicenemuka). Cuenanronuti wiisix Rb-E2F/DP (pe-
munobnacmoma  (Rb)—mpanckpunyiini  ¢paxmopu  E2F/DP)
NOEOHYE KNIMUHHUT YUK 3 hakmopamu mooughixayii JTHK i xpoma-
MuHy ma KoopoOuHye nponigpepayiro i oughepenyiayito Kiimuu 3a-
JIeXHCHO 810 308HIUHBbO2O 6NAUEY. B 021401 cucmemamuszosano oami
w000 akmuerocmi cuenarbno2o wiasaxy Rb-E2F/DP iiioeo 36 's3Ky 3
enicenemuunumu sminamu JJHK y pocaun.

Knwuosi crosa: JIHK, mpanckpunyitinuti gaxmop E2F, komn-
JIeKCU, Wo pemMooya0ioms XpOMamuH, eniceHemuxa.
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