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Abstract—A number of examples of noncoding RNA-connected chromatin modifications in eukaryotes has been recently
revealed. Four cases are under detailed consideration in the present review, namely Xist RNA-dependent X-chromosome
inactivation in mammals, 70X RNA-dependent hyperactivation of X-chromosome in the fruit fly (in both cases the goal is
dosage compensation, equalization of transcription level from two X chromosomes in females and one in males), and two
examples of RNAi-connected down-regulation of transcription—siRNA-dependent heterochromatin formation in fission
yeast and RdADM (RNA-dependent DNA methylation) in plants (FWA gene regulation in Arabidopsis). Although overall
quite different, each phenomenon demonstrates some common features of RNA-driven chromatin modification process,
including the role of RNA in aiming of chromatin-modifying protein complexes to their targets and subsequent formation
of self-maintaining specific chromatin conformation (DNA methylation, changes in histone code, and binding of self-

assembling protein complexes).
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Apart from protein-coding mRNAs, in eukaryotic
cells there are a number of other types of RNA that do not
translate but bear other functions. RNAs may be structur-
al components of cell organelles, like ribosomal RNA,
participate in protein synthesis (tRNA), and may have
enzymatic activity or regulatory functions.

Recently, the role of noncoding RNAs in transcrip-
tion regulation has been revealed [1]. The most famous
and well-studied examples of this kind are the dosage
compensation systems: X-chromosome inactivation in
mammals and X-chromosome upregulation in drosophi-
la. In addition, participation of short interference RNAs
(siRNA, component of RNA interference system) in

Abbreviations: DCC) dosage compensation complex; DDM]1)
decrease in DNA methylation 1; DMT) DNA methyltrans-
ferase; HAT) histone acetyltransferase; HDAC) histone
deacetylase; HMG) high mobility group; HMT) histone
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methylcytosine binding domain; PC) Polycomb; PcG)
Polycomb group; RADM) RNA-dependent DNA methylation;
RDRC) RNA-directed RNA polymerase complex; RISC)
RNA-induced silencing complex; RITS) RNA-induced tran-
scriptional silencing; RNAi) RNA interference; siRNA) short
interfering RNA; Xic) X-chromosome inactivation center; Xisr)
X-inactive specific transcript; Xife) X-inactivation intergenic
transcription element.
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transcription regulation has been shown for a number of
systems. Pathways of this type exist in yeast, the ciliate
Tetrahymena thermophila (in this case transcriptional
repression is the preliminary step before heterochromatin
elimination [2, 3]), higher plants, mammals [4-6], and
insects [7].

This review is mainly devoted to dosage compensa-
tion systems of drosophila and mammals and two RNAi-
related phenomena—RNA-dependent DNA methylation
(RdDM) in plants and RNA-dependent heterochromatin
formation in yeast. These pathways have been studied in-
depth for the last several years, but there are still many
unknown and difficult-to-explain problems there.

CHROMATIN STRUCTURE.
BRIEF DESCRIPTION

Chromatin is defined as a complex of DNA and
attached proteins of different types. In eukaryotes, the
basic unit of chromatin is the nucleosome. The nucleo-
some is composed of eight histone molecules (which form
core) and DNA of ~145 bp in length making 1.7 turns
around the core. Neighbor nucleosomes may be located
at different distances from each other: the density and
regularity of its package depend on the functional state of
the chromatin region. Active transcription correlates with

1422



NONCODING RNAs AND CHROMATIN STRUCTURE

overall chromatin decompactization, while heterochro-
matinized regions (below) demonstrate a dense and regu-
lar (with ~40 bp spacers) nucleosome pattern.

Regulatory regions of genes either are free of nucleo-
somes or contain so-called “positioned nucleosomes”,
those with fixed position relative to gene sequence [8].
This type of arrangement is important for proper access of
transcription factors to regulatory regions and the pro-
moter. A group of proteins, so-called chromatin remodel-
ing factors, is able to perform ATP-dependent nucleo-
some displacement [9]; this type of proteins is often nec-
essary for transcription initiation or, the opposite, for
repression. An example of chromatin remodeling factors
is the swi/snf family of proteins, named for it first mem-
ber, SWI2/SNF2. SWI2/SNF2 is required for transcrip-
tion activation in yeast, and its Drosophila ortholog,
BRAHMA, plays the same role. BRAHMA is a compo-
nent of a multiprotein complex which contains more than
ten other members and demonstrates chromatin remod-
eling activity [10]. Proteins with the same properties can
be found in the majority of eukaryotes [11-13].

Nucleosome core is composed of eight histones: in
pairs of molecules of H2A, H2B, H3, and H4 type.
Histone HI1 participates in nucleosome—nucleosome
interactions and is necessary for chromatin packaging
into a high-order structure: a 30-nm fiber. Histones are
small, positively charged proteins with highly conserved
primary structure. The histone molecule consists of a
globular C-end and amorphous (with no distinct second-
ary structure) N-end. The N-end region goes beyond the
nucleosome core and can interact with other chromatin
proteins.

Apart from four main types, there are some minor
variants of histones in the eukaryotic genome. These
minor histones may have some special functions in chro-
matin organization. There are also many non-histone
chromatin components, such as high mobility group pro-
teins, constituents of kinetochore, nuclear envelope,
transcription, translation, and reparation systems, etc.

Histones are not just structural components of chro-
matin; they actively participate in transcription regula-
tion. The above-mentioned N-end regions (tails) play a
key role in this process. Amino acids of histone tails
undergo covalent modifications of several types. It may be
acetylation, methylation, phosphorylation, ADP-ribosyl-
ation, and ubiquitylation. The diversity of covalent mod-
ifications suggests a “histone code”, which determines
the possibility of transcription and the expression level of
any particular gene [14-16]. The number of variants of
covalent modifications is enough to make any nucleo-
some in the genome unique. Nucleosome structure and
the types of covalent modifications are shown on Fig. 1.

Although full description of each possible histone
modification type is beyond the limits of this review, we
will consider several most important ones because of their
universal role in gene regulation in eukaryotes.
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Acetylation. Acetylation of the N-end lysine residues
of H3 and H4 histones is most well studied. This type of
modification is performed by histone acetyltransferase
enzymes (HATS). Acetylation typically correlates with
active transcription, but there are some exceptions from
this rule [17]. Acetylation of histone H4 at lysine-16 is
particularly connected to transcription hyperactivation in
case of fruit fly dosage compensation (below). Histone
deacetylation correlates with gene repression and is pro-
vided by specific enzymes, histone deacetylases (HDACS).

Methylation. Lysine residues in histones can be
mono-, di-, and tri-methylated. Methylation of lysine
residues at positions 9 and 27 of H3 leads to transcription
repression, while methylation of lysine-4 associates with
active chromatin state. Methylation is performed by his-
tone methyltransferase (HMT) enzymes; demethylation
is not well studied [18].

Histone H3 methylated at lysine-9 is a heterochro-
matin mark in all eukaryotes studied up to now.

Originally, heterochromatin was defined as the part
of chromatin remaining condensed during interphase of
the cell cycle (in contrast to euchromatin). Centromeric
and telomeric regions of chromosomes are usually hete-
rochromatinized.

The bulk of heterochromatin is different types of
repeats and transposable elements; it has a specific pro-
tein composition and specific pattern of histone modifi-
cations, including the above-mentioned methylated
lysine-9 of H3. Euchromatic genes, being transferred into
heterochromatin surroundings, typically undergo tran-
scriptional repression (so-called heterochromatic posi-
tion effect). The euchromatic region in heterochromatic
environment can acquire heterochromatin molecular
structure; the process is called heterochromatinization.

There are a number of proteins specifically associat-
ed with heterochromatin; they interact with each other
and maintain compact chromatin structure. Heterochro-
matin proteins are well-studied in drosophila [19-21], but
other eukaryotes have similar ones.

Typical heterochromatin proteins of fruit fly are:

— HDACI, histone deacetylase. HDACs have been
found in all studied eukaryotes (for example, yeast CLR3
and plant HDAG6) [15, 22];

— SUV39, histone methyltransferase that methylates
lysine-9 of histone H3. Orthologs have been found in
yeast (CLR4), plants (KYP), and mammals and seem to
exist in all eukaryotes [20, 23];

— HPI, heterochromatin protein 1. The yeast equiv-
alent is SWI6, and orthologs have been found in plants
and mammals. A specific feature of HP1 is the presence
of chromodomain, a protein domain detected in a num-
ber of chromatin proteins. Chromodomains from differ-
ent proteins differ in their sequence and are able to bind
to differently methylated histones and, possibly, RNA
[24-27]. The chromodomain of HP1 recognizes histone
H3 methylated at lysine-9 [28].
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HIS3

Fig. 1. Nucleosome structure and the types of histone modifications. a) Nucleosome structure according to X-ray diffraction analysis. Two
orthogonal projections are shown; H2A, H2B, H3, and H4 histones are marked by different colors. b) Covalent histone modifications.
Modified amino acids marked by 1-letter code and number of position from N-end of protein molecule. Ac, acetylation; Met, methyla-
tion; P, phosphorylation; Ub, ubiquitylation; ADP, ADP-ribosylation. Lysine and arginine can be methylated, lysine can be acetylated, and
serine and glutamic acid can be phosphorylated. Repression-associated modifications are in blue, active chromatin state is in red. Gray
color marks modifications connected to chromosome condensation in mitosis or meiosis.

There are a number of other heterochromatin pro-
teins, e.g. the components of the DNA replication
machinery [29], DNA-binding proteins (SUVAR 3-7)
[30], and several types of histone acetyltransferases,
deacetylases, and methyltransferases.

Apart from heterochromatin proteins, there is a sec-
ond gene repression system in fruit fly: Polycomb group
(PcG). The name comes from one of the members—
chromodomain-containing POLYCOMB (PC) protein.
The group includes more than 10 participants [31, 32].

Heterochromatin protein complexes cover genomic
regions megabases in size. Polycomb group proteins, in
contrast, perform “point” repression of euchromatic
genes. One of the targets of Polycomb group is develop-
mental loci, like Bithorax and Antennapedia clusters [33,
34], the total number of targets exceeding several hundred

[35, 36]. Related systems have been found in plants,
mammals, nematode Caenorhabditis elegans, and, obvi-
ously, exist in all higher eukaryotes [37-40].
Chromodomain of Polycomb, in contrast to HP1, recog-
nizes histone H3 methylated at lysine-27 [24].

Not just histones, the DNA itself can also be cova-
lently modified. This is DNA methylation—modification
of cytosine residues resulting in methylcytosine forma-
tion. This type of DNA modification has been found in
mammals and higher plants, where it is indispensable for
proper transcription control. At the same time, in yeast,
fruit fly, and C. elegans DNA methylation is either not
found or negligible [41].

Usually, DNA sequences like CpG, CpNpG, and
CpHpH (H is A, T, or C bases) are subjected to methyla-
tion. Clusters of CpG dinucleotides (so-called CpG-
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islands) exist in the regulatory regions of a number of
genes. Enzymes called DNA-methyltransferases (DMT)
are responsible for methylation in plants and mammals
and are represented by a number of classes with different
molecular properties [42, 43]. In most cases, methylation
is associated with transcriptional repression. The mecha-
nism of repression suggests recognition of methylated
sequences by a complex of chromatin proteins, some of
which contain a methylcytosine-binding domain (MBD)
[44-46].

DOSAGE COMPENSATION SYSTEMS

In many organisms, sex chromosomes differ in their
gene content. For instance, in mammals and the fruit fly
Drosophila melanogaster, female X chromosome has gene
content similar to that of autosomes. In contrast, the
male Y chromosome is gene depleted and mainly hete-
rochromatinized. In mammals and fruit fly, females have
two X chromosomes while males have one X and one Y
chromosome.

The unequal gene content of sex chromosomes
results in dosage imbalance between the XX and XY sexes.
This disbalance in gene dosage should be compensated to
achieve parity of X-linked gene products in cells of both
sexes. For that purpose, organisms employ different
strategies of dosage compensation.

Dosage Compensation in Mammals

During evolution, some mammals have evolved a
system of dosage compensation based on inactivation of
one of two female X chromosomes early in development.
According to recent data, inactivation takes place at the
stage of the four-cell embryo [47, 48]. This process is reg-
ulated by a locus on the X chromosome called Xic (X-
chromosome inactivation center) [49]. Xic is essential for
the process. It determines the X chromosome to be inac-
tivated and also participates in initiation of the phenom-
enon: transcription repression starts from the Xic locus. A
mutant X chromosome with deleted Xic locus is not inac-
tivated, and insertion of extra copies of Xic into one of the
autosomes leads to inactivation of adjacent genes [50-
52].

The Xic locus encodes two long transcripts: sense Xist
(17 kb) and antisense 75ix, the latter being transcribed in
the opposite direction to Xist and being much longer. Xist
is active on the X chromosome that is going to be inacti-
vated and is silent on the other, active X chromosome.
The Tsix gene takes a vigorous part in the transcriptional
repression of the Xist gene on the active X chromosome
[1, 50, 53-56]. Processes of X chromosome inactivation
by Xist and Xist repression by 75ix are closely intercon-
nected, and misregulation of one of them leads to death
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of embryos at early stages of development if both X chro-
mosomes either stay active or become silent.

Xist and X chromosome inactivation. Inactivation
begins with the up-regulation of Xisz gene transcription,
and, as a result, the amount of RNA products per cell
considerably increases [57]. At the beginning, nascent
transcripts are accumulated near the Xic locus; then, they
spread out in both directions along the X chromosome
and coat it. In cases when the Xist gene does not work, the
X chromosome stays active [58].

X chromosome inactivation is accompanied by cova-
lent modifications of histone tails, such as deacetylation
of histones H3 and H4, dimethylation of H3 lysine-9,
trimethylation of H3 lysine-27, and demethylation of H3
lysine-4 [59-61]. Exchange of histone H2A for its hete-
rochromatic counterpart macroH2A1 occurs at later
stages of embryogenesis, together with DNA methylation
and set-up of later timing of replication [62, 63].
Therefore, at the end of the process, the inactive X chro-
mosome has all main features of heterochromatin.

It is still unclear by what mechanism the Xist gene
leads to X chromosome inactivation. Up-regulation of
nascent transcripts, their accumulation and, finally, X
chromosome coating allow one to suppose that there are
specific proteins which are recruited to the future inactive
X chromosome by accumulating Xist transcripts. In par-
ticular, it has been discovered that Polycomb group (PcG)
proteins—EED and ENXI1 (also known as EZH2)—asso-
ciate with the X chromosome in Xisz-dependent mode at
the very beginning of development [60, 64, 65]. This leads
to methylation of lysine-27 of histone H3. It is possible
that covalent modifications left by these proteins and
enzymatic complexes associated with them may con-
tribute to the maintaining of the inactive state of an X
chromosome. The replacement of histone H2A for its
minor heterochromatic variant macroH2A1 is also Xist-
RNA dependent [66, 67].

It is also important that Xist expression only leads to
X chromosome inactivation in differentiating cells; in
cells, which have passed this stage, the mechanism does
not work. In other words, there is some developmental
window when inactivation can take place; outside this
period inactivation is impossible [68]. This developmen-
tal window probably depends on the activity of EED and
ENXI1 proteins.

It has been shown that different sites along Xist RNA
are responsible for the X chromosome localization of nas-
cent transcripts, on one hand, and for silencing of X chro-
mosome genes on the other [67] (Fig. 2). The first ones
are distributed along the whole molecule of Xist RNA,;
they have no common sequences and are redundant in
function. These sites probably have low affinity to some
still unknown proteins, which are able to bind with them
cooperatively. However, the region Repeat-A, which is
crucial for silencing activity, has been found at the 5'-ter-
minus of Xist RNA. Its deletion does not influence accu-
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Fig. 2. Mouse Xist-RNA structure. Schematic representation of
Xist RNA. Evolutionarily conserved repeat elements found in
other mammals (A-E) are depicted. Repeat-A on the 5'-terminus
of Xist is important for silencing. This element contains 7.5 invert-
ed repeats, which are able to form stem—loop structures according
to computer simulation. Conserved nucleotides are highlighted.
Small characters indicate less frequent base changes. GC base
pairs are represented by a line, GU base pairs by a dot. The boxes
below the map summarize the regions localizing Xist RNA to chro-
matin (black boxes represent the greatest activity).

mulation of nascent transcripts, but it completely abol-
ishes X chromosome inactivation. This element contains
several inverted repeats, which are able to form
stem—Iloop structures, as a computer simulation shows. It
is possible that some repressor proteins interact with these
loops. Other evolutionarily conserved repeat elements,
found earlier, do not influence dosage compensation [69,
70]. Proteins interacting with these functional elements
of Xist RNA are now under intensive investigations.

Interestingly, free molecules of Xist RNA have not
been found in the nucleus [67], probably due to instabili-
ty and rapid degradation of Xist molecules out of complex
with X chromosome or due to their cotranscriptional
attachment to the X chromosome. In any case, this fact
may be important for the restriction of the “action field”
of Xist RNAs by X chromosome in cis and, therefore, for
preventing autosome inactivation or second X chromo-
some mis-inactivation.

Txix is a negative regulator of Xisz. There are at least
two stages in X chromosome inactivation. First inactiva-
tion occurs in very early development, at the stage of the
four-cell embryo [47, 48], and the paternal chromosome
is always silenced. If dosage compensation is impaired at
this stage, the embryo will die. The next stages are pre-
implantation development and implantation. After
implantation, the paternal X chromosome can be reacti-
vated in cells of ICM (inner cell mass), and then silenc-
ing takes place again, but now in a “random” manner,
that is on either of the X chromosomes [48, 71].
Preferential inactivation of paternal X chromosome is an
example of genome imprinting, one of the variants of epi-
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genetic inheritance that means a type of inheritance with-
out changes in DNA sequence.

On the active X chromosome, the Xist gene is silent.
There are several lines of evidences that antisense RNA
Tsix plays a crucial role in the process of this silencing.
Thus, when the 7six gene does not work (as the result of
deletion or mutation in the promoter region), Xist RNA is
accumulated on the mutated X chromosome, which will
be inactivated. However, continuous transcription of the
Tsix gene prevents X chromosome inactivation [54, 55,
72, 73]. Embryos which inherit X chromosome with
mutated 75ix gene from their father develop normally, and
in this case only the paternal X chromosome is switched
off in female embryos. Otherwise, most embryos of both
sexes will die if they inherit mutated X chromosome from
their mother, because in such situation inactivation
affects both X chromosomes in females and the single X
chromosome in males. Hence, it seems that X chromo-
some with mutated 7six gene is inactivated, irrespective of
its heritage. On the basis of these experiments, the
hypothesis that 7six gene transcription is responsible for
the imprinted inactivation of paternal X chromosomes at
the beginning of development has been proposed. But
there are no signs of 7¥ix gene expression during early
embryogenesis. Therefore, it is evident that the 75ix gene
plays an important role in the phenomenon of dosage
compensation, and its main function is the maintaining
of the active state of an X chromosome, but it is unlikely
that Tsix is involved in the choice between maternal and
paternal X chromosomes, and there ought to be another
mechanism responsible for preferential inactivation of
paternal X chromosomes at the stage of early embryogen-
esis.

Based on recent investigations two new hypotheses
concerning imprinted X chromosome inactivation have
been proposed. According to one of them, paternal X
chromosome is inherited already in pre-inactivated state
[47]; from the other point of view, inactivation occurs
very rapidly after the first zygote division [48], but at the
same time, the Xist gene on the maternal X chromosome
is epigenetically silent. In any case, the mechanism does
not depend on the 7six gene or its RNA product, at least
during early development, but 7%ix is necessary for its fur-
ther maintaining because mutations in 7%ix ultimately
lead to Xist up-regulation and maternal X chromosome
inactivation. The nature of this mechanism of imprinting
is still unknown, but it has been revealed that its estab-
lishment occurs during oocytes maturation, meiosis
prophase I [74]. There were some reports that methyla-
tion of the Xist gene promoter might be responsible for the
imprinting [75-77], but further investigations did not
confirm this idea [78, 79].

In short, the Xist and 75ix genes and their transcripts
are all involved in the process of dosage compensation,
and at the same time 75six is a negative regulator of Xisz. It
seems that molecular mechanisms underlying this phe-
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nomenon are similar in the case of both RNA molecules,
with the only difference that Xist affects the whole X
chromosome, whereas 7Tsix affects the Xist gene only.

For instance, using differentiating embryonic stem
(ES) cells as a model system, it has been shown that Tsix
gene transcription through the Xist leads to Xist promoter
methylation, probably through the recruitment of specif-
ic enzymes modifying histone N-terminal tails and DNA,
and thus to Xist gene inactivation. Particularly, 7six RNA
has been co-immunoprecipitated with DNMT3a enzyme
which is able to methylate DNA de novo [80]. Earlier
studies have provided information that Xist promoter is
differently methylated in differentiated female cells, and
this correlates with Xist gene activity: silent promoter is
much more modified than its active counterpart [81].

At the same time, Xist promoters on both X chromo-
somes are partially methylated in equal manner in undif-
ferentiated female ES cells [50, 82]. Therefore, it seems
that functionally important methylation appears only
during differentiation. If the 7¥ix gene is turned off a pro-
found cell death will occur owing to mis-regulation of
methylation and, as a result, activation of both Xist genes
[57, 83]. It has been proposed that 7six RNA modulates
DNMT3a enzymatic activity that leads to Xist promoter
methylation and gene inactivation on the future active X
chromosome. This hypothesis is supported by the obser-
vations that DNMT3a enzyme is present on the X chro-
mosome even before the beginning of inactivation and
also in cells lacking 7six transcripts [57].

There also might be another mechanism of Xist reg-
ulation by 7six based on Xist- Tsix duplex formation as a
result of their antiparallel nature, following by Xist RNA
degradation in an RNA-interference pathway. But it is
very unlikely that such full-length double-strand RNA
really exists because of splicing peculiarities of nascent
Tsix RNA [55, 84]. This process splices most of the 7six
RNA complementary with Xist RNA and leaves only
minor overlap of about 1.9 kb with Xist 5'-terminus, the
region that includes Repeat-A, which is important for the
silencing activity of Xist RNA. So this may suggest that
Tsix RNA works through its spliced forms by blocking this
silencing domain of Xist RNA. However, it has been
shown earlier that spliced forms of 7six RNA by them-
selves are not sufficient for repression of Xist [84] and,
moreover, most 75ix transcripts are truncated as the result
of transcription stop within the gene. For instance, in
humans 7six RNA has been reported to truncate shortly
after crossing of the 3'-terminus of Xist gene [85, 86].

In addition to Xist and 7six genes, a new gene called
Xite (X-inactivation intergenic transcription element) has
been mapped recently on the Xic locus. This gene also
encodes long noncoding RNA transcribed in the same
direction as 7six. There are several transcriptional start
points clustered in two regions, with one located about
10 kb upstream of 7six, and the second located about
15 kb upstream of T5ix [55, 87]. Xite is a lowly transcribed

BIOCHEMISTRY (Moscow) Vol. 72 No. 13 2007

1427

gene; the level of Xite RNA is about 10-60-fold less than
Tsix RNA level in mouse ES cells. Deletion or mutation of
Xite results in abnormal expression of 7six and preferential
silencing of X chromosome in cis [87]. At the same time,
it seems that Xife action does not appear to depend on
RNA itself. There is a suggestion that the nearest Xite pro-
moter contains an enhancer element for 7six [87, 88]. So,
according to the current model, Xite works synergistically
with 75ix to designate the active X chromosome. Owing to
the presence of enhancer, Xife promotes continual expres-
sion of 7six during cell differentiation; the constant
expression of 75ix, in turn, prevents the up-regulation and
spreading of Xist RNA and X chromosome inactivation.

Dosage Compensation in Drosophila

The fruit fly Drosophila melanogaster has also evolved
a system of dosage compensation to achieve parity of
products of X-linked genes between the sexes. But the
strategy of the process differs from that used by mammals.
Both female X chromosomes are transcribed with equal
basal rate, whereas transcription from the single male X
chromosome is two-fold increased.

Dosage compensation in Drosophila is mediated by a
ribonucleoprotein complex known as Dosage Compensa-
tion Complex (DCC), consisting of six different proteins
and two noncoding RNA molecules (see Fig. 3). This
complex binds to numerous sites along the male X chro-
mosome, so-called “entry points” [89]. Five proteins of
the complex are generally known as MSL (male-specific
lethal): MSL-1, -2, and -3, MLE (maleless), and MOF
(males absent on the first). Mutations at these proteins
prevent male X chromosome hypertranscription and lead
to male lethality. The sixth protein member of the DCC,
JIL-1, is also enriched on X chromosomes and interacts
with MSL proteins [90, 91].

MOF is a histone acetyltransferase that modifies
lysine-16 of histone H4 [92, 93]. A kinase activity has
been shown for JIL-1 protein that is able to phosphory-
late Ser10 of histone H3 in vitro [94-96]. HAT and kinase
activities of MOF and JIL-1 proteins correspondingly
suggest that histone code and epigenetic changes in male
X chromosome chromatin structure are responsible for
hypertranscription. So, histone H4 acetylated at lysine-
16 is specific for dosage compensated X chromosome.

Together with protein factors, RNA molecules also
take part in dosage compensation in Drosophila. There
are at least two noncoding RNAs, r0X7 (3.7 kb) and roX2
(0.6 kb), that are components of DCC [97]. As in the case
with Xist RNA, roX RNAs (RNA on the X) are also syn-
thesized on the X chromosome and transcription activa-
tion occurs as a result of their accumulation and spread-
ing along the X chromosome, together with DCC pro-
teins. This has been shown in experiments with extra
copies of roX transgenes inserted into autosomes, when



1428

a roX-RNA

b MSL proteins + roX-RNA \

| | | 1 1 1 | 1 .
roX1 roX2
AN AN

R0 IR B D D B R R
S S T ST S S S SRS S S Y
-

Fig. 3. Dosage compensation in Drosophila melanogaster. Dosage
compensation is mediated by a ribonucleoprotein complex known
as the compensasome or DCC (a). Complex assembly occurs in a
stepwise manner: MSL-1 and MSL-2 proteins appear to bind first
with 30-35 high-affinity entry sites along the X chromosome, two
of which are roX1 and roX2 genes (b). MLE, an RNA helicase, is
required to integrate 70X RNAs into the DCC. MSL-3 and MOF
are also able to bind RNA by their chromodomains. Histone kinase
JIL-1 has also been found on the X chromosome. Mature com-
plexes can spread in cis and finally coat the entire X chromosome.

roX RNAs and DCC accumulation, gene hyperacetyla-
tion, and hypertranscription took place on the several
thousands of kb from the insertions [98, 99]. Moreover,
according to these results, 7oX RNAs can work regardless
of sequence specificity and can also activate transcription
of autosomal genes.

DCC assembly takes place exclusively in males, in
spite of the fact that initial doses of MSL-1 and -3, MLE,
and MOF proteins are maternally provided [100]. Such
high specificity of DCC formation is attributed to expres-
sion of SXL protein, the product of Sex-lethal gene, in
females but not in males. SXL inhibits translation of
MSL-2 mRNA by blocking its interaction with the ribo-
some [101, 102]. Suppression of MSL-2 prevents DCC
formation in females, as MSL-1 and -3 require MSL-2
protein for sustained expression and stability [103].
Moreover, MSL-2 lies at the base of DCC assembly [102].
For instance, expression of MSL-2 protein in females
from transgenic mRNA lacking SXL-binding site leads to
hypertranscription of both X chromosomes and, as a
result, to female lethality [95, 104, 105]. It is important
that continued expression and stability of 70X RNAs also
depend on MSL proteins [101, 103].
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The exact role of roX RNAs in dosage compensation
is still poorly understood. According to available data, roX
RNAs are rather required for proper binding of DCC to
and distribution over the X chromosome than for the
DCC assembly. Approximately 30-35 high-affinity “entry
sites” have been mapped on the X chromosome. They are
proposed to serve as nucleation sites from which com-
plexes can spread in cis to coat adjacent regions of the
chromosome [97]. Interestingly, two of these entry sites
coincide with roX1 and roX2 genes. Thus, roX RNAs,
sequestering DCC proteins to the sites of their synthesis,
can direct the mature complexes to the X chromosome.
For instance, males are not viable in the absence of both
roX genes because of the mis-localization of the complex-
es: they begin to bind with autosomes and heterochro-
matin sites [96]. Such males can be rescued by ectopic
autosomal roX transcripts [96]. This indicates that roX
RNAs can also work in #rans to male X chromosome, sug-
gesting that they also have a role in recognition of the X
chromosome. The role of roX RNAs in targeting DCC
complexes to the X chromosome has been also demon-
strated in experiments when lethal females with MSL-2
protein expressing from the transgene survived in the
absence of both roX genes [95, 106]. Both roX RNAs are
interchangeable and full functional complexes can
assemble even in the absence of one of the transcripts
[105]. But there are some reports according to which roX2
RNA is more important [107]. The functional elements
of roX RNAs, which may correspond to binding sites for
MSL proteins or may be important for the recognition of
X chromosome, are still mysterious.

An attempt to reveal some functional elements of
roX1 RNA using deletion analysis has been made recent-
ly [106]. Overlapping deletions covering the entire roX/
gene were created and then tested for their ability to sup-
port dosage compensation in vivo. Each deletion lies
between 260 and 400 nt in length. As a result, it was found
that most roX1 transcripts carrying deletions retained
nearly normal activity except for the deletion in the 3'-
terminus, which, according to the results, is important for
full activity and X localization.

These results are in good agreement with the absence
of evident sequence homology between roX RNA mole-
cules. Complex tertiary structure may be rather important
for function of RNAs. The short 30 nt element shared
between both roX RNAs could be deleted without obvious
consequences [67]. Interestingly, evolutionarily con-
served elements within mammalian Xist RNA are also
dispensable for its function [96]. From another point of
view, functional elements could be widely distributed
along roX1 RNA and are redundant, so deletion of one or
several of them does not alter dosage compensation.
Whereas most of the deleted sequences did not consider-
ably affect roX1 RNA function, deletion in the 3’-region
led to male lethality. This region has been shown to con-
tain inverted repeats, which, according to computer
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analysis, are able to form stem—loop structures. It is well
known that stem—loop structures are frequent elements
of secondary and tertiary structures of RNA molecules,
and quite often they serve as binding sites for proteins.
More thorough deletion analysis of the 3’-end revealed
that inverted repeats are responsible, at least partially, for
the roX1 RNA function, but there might also be other
additional regulatory elements in this terminus.

On the other hand, several lines of evidence support
the idea that MSL proteins by themselves even in the
absence of roX RNAs are able to interact with X chromo-
some and hyperactivate transcription. For instance, in
males double mutated on both roX RNAs, MSL proteins
still can be detected on the X chromosome, though in a
lesser extent. It is important that the distribution of the
complexes is reminiscent of that in the case of wild type
males [108]. It has been shown that a role of roX loci as
“entry sites” for DCC complexes is independent of their
transcription [96]. Moreover, only two sites from 30-35
identified overlap with loci of genes whose transcripts are
known. It can be suggested that there are similar transcripts
in the case of each “entry site”, but strong lethality of
males mutated on both roX genes excludes this possibility.

Numerous studies indicate that roX genes play a dou-
ble role in dosage compensation in Drosophila. On one
hand, they are the source of transcripts directing MSL
proteins preferentially to the X chromosome on which
they reside; on the other hand, they belong to 30-35
“entry sites” at which DCCs assemble even in absences of
the transcripts. So it seems that ability to bind MSL pro-
teins is a feature of “entry sites” DNA sequences them-
selves and the roX RNAs serve rather as cofactors in this
process sequestering or targeting MSL proteins to the X
chromosome. In this light, one may suggest that there are
other roX-like RNA molecules specific for a restricted
number of genes [105], but till now 70X RNAs are the sole
example of regulatory system based on noncoding RNAs
for the recruitment of transcription activation proteins.

RNA INTERFERENCE
AND CHROMATIN STRUCTURE

In the last decade, RNA-interference (RNAi) has
been discovered and intensively studied [109-112]. The
phenomenon is known in eukaryotic organisms from
yeast to mammals and was originally described as a sys-
tem of degradation of mRNA directed by short interfer-
ing RNAs. In eukaryotes, molecular mechanisms of this
process are similar. The precursor, long double-stranded
RNA, is generated in several ways (Fig. 4). These are
transcription of inverted repeats, transcription of a DNA
region in sense and antisense orientations (from two pro-
moters), and activity of RNA-dependent RNA-poly-
merase. Double-stranded RNAs are split up to 22-26 bp
fragments (siRNA) by ribonucleases of the Dicer family
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and then bind to protein complexes (RISC), where they
cause degradation or distortion of translation of corre-
sponding mRNAs. RISC protein complexes include pro-
teins of the Argonaute family; in such complexes, siRNA
discerns the target, the mRNA molecule that should be
cleaved. In turn, degradation products can once more
participate in the process, therefore effectively securing
gene inactivation. Data have been recently obtained that
the activity of sSiRNA may lead to repression at both post-
transcription and chromatin structure levels [111].
Among such systems, the best understood are RNA-
dependent heterochromatin formation with participation
of RITS-complex in yeast and RNA-mediated DNA
methylation (RADM) in plants. The participation of
siRNA in regulation of chromatin structure is also report-
ed in other organisms. The table shows genes participat-
ing in heterochromatin formation and DNA methylation
in yeast and plants, correspondingly.

Proteins involved in RADM in plants and RNA-depend-
ent heterochromatin formation in yeast

Function Yeast Arabidopsis
Dicer family DCRI1 [120] DCL3 [147]
Argonaute family AGOL1 [119] | AGO4 [147, 148]
RNA-dependent RNA- | RDPI [120] RDR2 [147]
polymerase g
Components of RNA- no NRPDI1a [147] %
polymerase IV no NRPDI1b [149] |z
no NRPD2a [147] §
PolyA-polymerase CID12 [120] ?
RNA-helicase HRRI1 [120] ?
Ribonuclease 111 ERI1 [124] ?
Histone methyltrans- CLR4 [115] KYP [155]
ferase
DNA methyltransferase no MET]1 [42]
no DRM2 [42]
no CMT3 [42] ”
Histone deacetylase CLR3 [115] HDAG [156] g
CLR6 [114] ? S
SIR2 [113] ? =
Chromatin remodeling ? DRDI [157] |&
? DDMI [143] | §
Chromodomain- SWI6 [158] ? S
containing proteins CHP1 [159] ?
no CMT3 [42]
DNA demethylation no ROS1 [152]
no DME [154]
Unknown TAS3 [123] ?

Note: Proteins are grouped according to function. There is no RNA-
polymerase IV or DNA methylation-related proteins in yeast,
and so the corresponding fields are empty. If functional equiva-
lent of protein from one organism is unknown in other, the field
is marked with “?”. Literature links are in brackets.
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Fig. 4. RNAi and dsRNA production mechanisms. a) Transcription of miRNA (microRNA) precursor gene. The miRNA precursor genes have
been found in a number of eukaryotes. They produce short non-translated RNAs with advanced secondary structure (hairpin loops). Dicer
(DCR) cleaves these RNAs to miRNA molecules. In turn, miRNA binds to effector protein complex. b) Transcription of inverted repeats
(palindromes). The result is RNA with the region of internal complementarity that gives hairpin structure. Double-strand stem of hairpin is
cleaved by Dicer (DCR), resulting in siRNA. ¢) Transcription and subsequent synthesis of second strand with the involvement of RNA-depend-
ent RNA polymerase (RDR). d) Transcription of the same sequence in both directions from two promoters. Double-strand RNA in this case
is a result of annealing of two complementary RNAs. Effector protein complex binds siRNA. After that, transcriptional repression (RITS),
mRNA slicing (RISC), or translational repression may occur. One of the components of effector complex is typically Argonaute family protein.

RITS complex in yeast. The budding yeast
Schizosaccharomyces pombe is probably the simplest
eukaryote possessing heterochromatin. Heterochromatin
structure is intrinsic to pericentromeric areas, telomeres,
and MAT-locus.

In yeast, centromeric areas are 35-110 kb in size and
consist of a central part surrounded by innermost (imr)
and outermost (otr) areas of repeats. The otr region con-
tains tandem repeats of two types: dh and dg. MAT-locus
includes an area of 3 kb that is 97% homological to dh/dg
repeats. The area called cenH and surrounding area of
about 10 kb are heterochromatinized. Fragments that are
highly homologous to dh also occur in the area of telom-
ere repeats.

The molecular structure of heterochromatin in
plants, animals, and yeast show some common features.
In contrast to plants and mammals, DNA methylation in
yeast has not been found. During the formation of hete-
rochromatin structure, histones are deacetylated by
CLR3, CLR6, and SIR2 deacetylases. Later, the lysine of

H3 histone is methylated at the ninth position by histone
methyltransferase CLR4 [113-116]. Protein SWI6
(equivalent of HP1 in drosophila and mammals) recog-
nizes the methylated histone and binds to chromatin. A
complex that includes SWI6, CHP1, and CLR4 is able to
oligomerize and spread along the chromatin, starting
from the initiation point. This way, heterochromatiniza-
tion occurs over a region several kb in size [117]. Genes
are repressed in this area.

In pericentromeric regions and MAT-locus hete-
rochromatin formation occurs with participation of com-
ponents of the RNA interference system and siRNA pro-
duced from transcripts of pericentromeric repeats [118].

In yeast, there is just a single gene from each family
Dicer (Dcrl), Argonaute (Agol), and RNA-dependent
RNA-polymerase (Rdpl). The deletion of any of these
genes leads to distortion of the RNAI system and loss of
pericentromeric heterochromatin. In the centromere
area, no accumulation of lysine-methylated H3 histone or
binding of SWI6 occurs; derepression of artificially intro-
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duced transgenes was observed. Accumulation of full-
sized transcripts of dh/dg tandem repeats, which are nor-
mally split into siRNA, was also discovered [118]. Similar
observations were made for MAT-locus, which contains
the cenH region homologous to pericentromeric repeats.

Using a biochemical approach, a protein complex
was purified [119]. The RITS complex includes CHP
(chromodomain-containing protein), AGOI1, TASI
(function is unclear), and siRNA itself.

In yeast, components of the RITS complex are
attached to pericentromeric chromatin. Localization is
dependent on DICER, and, therefore, on siRNA.
Consequently, the simplest model suggests that siRNA
resulting from the cleavage of transcripts of pericen-
tromeric repeats by ribonuclease DICER become part of
RITS complex and facilitate its binding to homologous
regions of the genome, like the repeats themselves or
cenH mating type locus. Later, SWI6 and histone methyl-
tranferase CLR4 are attracted by protein—protein inter-
actions, and heterochromatin packing is initiated.

However, the real picture is much more complicated.
Apart from RITS, RDRC complex was identified, with
the components RDP1 (RNA-dependent RNA poly-
merase), HRR1 (RNA-helicase), and CID12, polyA-
polymerase. The complex shows RNA-dependent RNA-
polymerase activity and, similarly to RITS, is associated
with pericentromeric chromatin. The binding to hete-
rochromatin depends upon DICER, RITS components,
and CLR4/SWI6. Vice versa, mutations in RDRC com-
ponents distort binding of RITS-complex and hete-
rochromatin formation [120, 121]. In short, RNAi-medi-
ated heterochromatin formation requires RNA synthesis
on RNA.

It was found that binding of RITS-complex to chro-
matin depends on histone methyltranferase CLR4. In
CLR4 mutants, purified RITS complex lacks siRNA, and
the total amount of siRNA in pericentromeric regions
diminishes [120]. The binding between RDP1 and chro-
matin was also distorted. Therefore, the statement that
structural components of heterochromatin are necessary
for maintaining intact assemblage RITS—RDRC and effi-
cient processing of pericentrometic transcripts to siRNA
is as true as it is true that siRNA associating with RITS
initiates heterochromatin packing.

Results of two papers unequivocally indicate that
RITS complex bind not to DNA, but newly produced
RNA. RNAi-induced changes in chromatin were shown
to occur only if target sequence homologous to siRNA is
transcribed. In this case, protein AGO1 of RITS interacts
with newly produced RNA. Mutation in RPB2, one of
subunits of RNA-polymerase II, leads to distortion of
siRNA formation, methylation of H3 histone, and hete-
rochromatin assembly. The mutation does not distort
transcription itself; this indicates a physical link between
the siRNA production and basic transcriptional machin-
ery [122].
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Addition of protein TAS3, one of the components of
RITS, to newly synthesized transcript of gene ura4 by
means of an RNA-binding domain inserted into TAS3
sequence initiates target gene repression, heterochro-
matin formation, and appearance of siRNA correspon-
ding to the target gene [123]. The initiation of ura4 tran-
scription is not distorted (amount of RNA-polymerase
bound to ura4 sequence does not change).

Buhler et al. [123] showed that the appearance of
ura4-derived siRNA after TAS3 binding does not result in
repression of the second copy of ura4 in the genome.
These data confirm the model that describes siRNA for-
mation in yeast as a local process occurring cotranscrip-
tionally. A gene was found, Eril, mutation in which leads
to repression of the second copy of ura4. Eril (enhancer
of RNAI) is a highly conservative ribonuclease. It was also
found in the nematode C. elegans. In yeast, mutation in
FEril increases RNAi-induced repression [124], apparent-
ly distorting degradation of siRNA.

We believe that in yeast siRNA formation (at least in
case of pericentromeric repeats) is linked to transcription
and is performed by a compound protein complex with
several functions: RNA splitting up to siRNA, RNA
amplification by means of RNA-dependent RNA-poly-
merase, heterochromatin packing, and, maybe, siRNA
degradation. The presence of DICER in the complex is
not shown; there is a possibility that it is needed only to
initiate the process. However, in yeast DICER is located
in the nucleus. Figure 5 shows the proposed scheme of
RNAi-mediated heterochromatin formation.

RdDM in plants. RNA-dependent DNA methylation.
DNA methylation is a reversible covalent modification
of some nucleotides (as a rule, cytosine in symmetrical
CpG, CpNpG, or asymmetrical CpHpH sequences,
where H is A, C, or T) that is common in plants and
mammals. However, insects, yeasts, and the nematode
C. elegans either completely lack DNA methylation or
this process does not hold a specific role in gene regula-
tion.

In plants and mammals, DNA methylation is
believed to be among the main mechanisms of epigenetic
inheritance. As a rule, methylation correlates with tran-
scriptionally repressed state of chromatin: pericentromer-
ic heterochromatin, inactive X-chromosome in mam-
mals, various repeats, and mobile elements are methylat-
ed. Regulatory areas in genes are also methylated in the
course of their inactivation; in several cases, active/inac-
tive state is stably inherited in several generations of
plants, producing so-called epialleles. Cases of gene
imprinting (variations in expression level between mater-
nally and paternally inherited alleles) are also methyla-
tion-related.

The efficiency of methylation as an epigenetic mark
depends on the system of maintaining of methylation of
symmetric sequences (CpG) through the cell cycle. The
mechanism of the process is similar to semiconservative



1432

@

siRNA cleavage

SiRNA

I I
D D D D D D D D -
TR TR TR TR TR TR TR TR TR

Fig. 5. RNA-dependent heterochromatin formation in yeast.
Possible mechanism of pericentromeric and MAT-locus hete-
rochromatin formation. RNA produced from centromeric direct
tandem repeats (TR) is in-place converted to double-strand RNA
with the help of RDRC complex (including HRR1, SID12, and
RNA-dependent RNA-polymerase RDP1). dsRNA is also in-
place cleaved by DCR1 (DICER) ribonuclease giving siRNA.
siRNA binds to RITS complex (including TAS1, CHP1, and
AGOl, Argonaute-family protein). siRNA-containing RITS com-
plex interacts with transcript from tandem repeats (via siRNA-
based recognition of complementary sequence) and launches het-
erochromatin formation (maybe CHP1, the common component
of RITS and heterochromatin complex SWI6-CLR4, is a media-
tor). Heterochromatin then spreads from the initiation point along
the chromosome by self-assembling process (CLR4 methylates
histone H3 at lysine-9, SWI6 binds to methylated histone, CLR4
in turn binds to SWI6). It seems that components of RITS, RDRC,
and heterochromatin proteins interact with each other and form a
common complex. siRNA interacts with effector complex in the
site of production. Apparently, there is no free diffusion of siRNA
from the production point because of activity of ribonuclease Eril.

DNA replication. After DNA replication, such sites are in
“half-methylated” state. Maintenance methyltransferase
(METT1 in Arabidopsis, DMNT1 in mammals) recognize
these sequences and reestablish full methylation; the
process repeats each cell cycle. In plants, histone-modi-
fying proteins (histone deacetylase HDA6) and chro-
matin modifier DDM1 participate in the process.
Maintenance of asymmetric sites has a more complicated
mechanism, which includes for CpNpG sites chro-
momethylase CMT3 (the protein is characterized by
DNA methyltransferase activity and contains a chromo-
domain), KYP (histone methyltransferase, which methy-
lates lysine-9 of H3 histone), chromatin modifier DRD1
(swi/snf family), and de novo DNA methyltransferase
DRM2 [125, 126].

As far as the complex of DNA-methyltransferases
and chromatin proteins is responsible for maintenance of
methylated state, de novo methylation and repression,
according to the latest ideas, is connected to the RNA-
interference system. Of interest is that siRNA-induced
epigenetic modifications of the genome were first
revealed in plants.

Transgenic constructions that contain sequence of
viroid RNA (PSTVWd, potato spindle tuber viroid) were
inserted into the genome of Nicotiana. It was revealed that
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viroid sequences became methylated in the genome if the
plant is infected by viroid and the latter passes a cycle of
autonomous RNA replication [127]. Therefore, DNA
sequence in the genome was methylated if complementa-
ry double-stranded RNA was present in the cell.

Transcription of a transgene construction that con-
tains NOS gene promoter (nopaline synthase) as a part of
an inverted repeat leads to repression and methylation of
the transgene. RNA resulting from the transcription of
such a construction contains a hairpin (double-stranded
region). This region was cleaved to siRNA about 23
nucleotides long, which indicates dSRNA degradation via
RNA-interference mechanism [128].

RNA-dependent methylation of regulatory
sequences of genes, mobile elements, direct and inverted
repeats, and centromeric satellite DNA was shown in
numerous examples [42, 111, 128-140].

In plants the RNA-interference system is very com-
plicated and redundant. In Arabidopsis four genes of the
Dicer family and ten members of the Argonaute family
have been detected. In addition, RNA-dependent RNA-
polymerases (six genes) and plant-specific DNA-depend-
ent RNA-polymerase IV are parts of this system [141]. In
plants, both RNAi-linked transcriptional repression and
classic posttranscriptional gene silencing (PTGS) occur.
Moreover, different types of genetic elements, such as
genes, centromeric satellites, and direct and inverted
repeats, have different mechanisms of transcription
repression, in which different proteins participate.

To date, regulation of methylation and transcription-
al repression is characterized in maximal detail in case of
the FWA gene of Arabidopsis thaliana. The corresponding
product is a transcription factor that is responsible for the
time of flowering of the plant. The gene is expressed in
endosperm and repressed in other tissues. The repressed
state associates with methylation of upstream region of the
gene [142]. This area is formed by retrotransposon SINE3
[143] and contains two pairs of direct repeats, which are
necessary for repression. In the case of FWA, methylation
of both symmetric CpG and asymmetric CpHpH
sequences takes place. Demethylation of repeats in tissues
of the adult plant leads to the gene expression and “phe-
notype of late flowering”. This state is stably inherited in
several generations (so-called epimutation fwa) [142].

Epimutation fwa can occur incidentally or be
induced by mutations in DDM1 and MET1 genes [142].
DDM1 is a protein of swi/snf family accomplishing ATP-
dependent chromatin remodeling [144]. MET1 is a DNA
methyltransferase responsible for maintaining methyla-
tion of symmetric CpG sequences. In DDM1 and MET1
mutants, gradual demethylation of some elements of the
genome takes place in the course of several generations,
resulting in distortions of gene regulation and various
phenotypic effects [145].

In the Arabidopsis genome, bacterial transformation
allows one to introduce a construction containing an
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additional copy of the FWA gene. The transgene inte-
grates in the genome and, in the normal case, is methy-
lated and repressed with a probability of 100%.
Consequently, the transformation of wild-type plants by
FWA gene does not lead to “late flowering phenotype”;
endogenous and transgenic copies are both inactive.

If the genes of Arabidopsis that are necessary for the
methylation and repression of FWA are mutated, no inac-
tivation of the extra copy of FWA will happen after intro-
duction of transgenic construction. Screening based on
this approach revealed a range of genes necessary for de
novo methylation. These are:

— DRM2, DNA methyltransferase, that is necessary
for de novo methylation of symmetrical (CpG) and asym-
metrical sequences;

— DRDI, a protein belonging to the swi/snf family
(chromatin remodeling protein);

— AGO4, a member of the Argonaute family. Proteins
of this family are present in all eukaryotes; they are able to
bind short RNA (like siRNA) and are included in effector
complexes (RITS, RISC);

— DCL3, a member of the Dicer family.
Ribonuclease that cuts long dsSRNA into siRNA;

— RDR2, RNA-dependent RNA-polymerase. The
synthesis of the second strand of RNA on RNA-template
results in formation of dsRNA, which is later cut up to
siRNA;

— NRPD1a and NRPDI1b, subunits of plant-specif-
ic DNA-dependent RNA-polymerase IV (RNApol 1V).
In plants, RNApol IV transcribes repeats and is necessary
for repression of mobile elements and other types of
repeated sequences. It exists in two variants; NRPDla-
NRPD2 (RNApol IVa) and NRPD1b-NRPD2 (RNApol
IVb) complexes. NRPD2 is a common subunit for both
types. The complexes have different functions: RNApol
IVa is needed for siRNA synthesis, and RNApol IVb is
needed for methylation and transcriptional repression.

In addition, it was shown that siRNA is formed on
direct repeats of the 5'-area of gene FWA [143, 146].

So, besides chromatin modifier protein DRD1 and
methyltransferase DRM2, the components of RNAi
pathway in plants are necessary for de novo methylation
and repression of FWA transgenes. This fact points to a
link between RNAi and transcription-level repression
[147]. The case of FWA is not unique: for example, the
AGO4 protein participates in SUPERMAN gene inacti-
vation [148].

Further studies uncover the order of events ultimate-
ly leading to FWA repression. It has been shown that
DCL3, NRPDIla, and RDR2 are required for siRNA
production from FWA repeats [149]. NRPDIb, AGO4,
DRDI1, and DRM2 act at a downstream stage and are
responsible for DNA methylation and repression of the
transgene.

In situ immunostaining demonstrates that DCL3,
RDR2, NRPDI1b, and AGO4 localize in Cajal bodies,
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subnuclear structure near the nucleolus. Cajal bodies are
responsible for RNA processing. DRD1, DRM2, and
NRPDIa have been found in chromatin and co-localize
with repeats. NRPD1b and AGO4 have been detected in
both Cajal bodies and chromatin.

Taking into account available data, we may suggest
the following mechanism of RADM for the FWA locus
(Fig. 6). In the normal state, FWA is repressed and the
upstream repeats are methylated in both symmetrical
(CpG) and asymmetrical (CpHpH) sites. After the round
of DNA replication in S-phase, the symmetrical sites
reestablish their methylation state by means of a semi-
conservative mechanism with participation of
METI1-DDMI1—-HDA6 complex, where MET]1 is main-
tenance methyltransferase, DDM]1 is chromatin-modify-
ing protein, and HDAG6 is histone deacetylase. This
process is independent of RNAi. The asymmetric sites
should be de novo methylated each cell cycle, and the
process is close to de novo methylation of introduced arti-
ficial transgenes.

The de novo methylation system includes DNA
methyltransferase (DRM?2), siRNA corresponding to a
regulated region, and components of RNAi machinery.
RNApol IVa apparently transcribes direct repeats in the
upstream region of FWA. The resulting RNA molecules
are transported to Cajal bodies, and then undergo reverse
transcription (RDR2) and cleavage (DCL3) to produce
siRNA. The siRNA binds to protein complex containing
AGO4 and NRPDIb. After that, siRNA-containing
complex moves to the FWA gene and there the methyla-
tion and repression processes commence. Additional
components, DRM?2 methyltransferase and DRD1 chro-
matin protein, are required at this step. The siRNA com-
ponent seems to perform precise targeting of repressing
activity of the protein complex.

It is assumed that siRNA performs its targeting activ-
ity via recognition of complementary sequences, in the
case of FWA the 5'-end direct repeats. This process sug-
gests the single-strand state of target. The role of RNApol
IVb in repression may be either local DNA unwinding or
transcription of direct repeats. Resulting RNA may be the
target of siRNA-containing complex. During the trans-
formation of plants with artificial transgenic construc-
tion, transgene DNA exists in single-strand state at some
stage. This may be the reason for full methylation and
repression of transgenes after transformation.

FWA repression is the best-studied example of
RdDM in plants: a number of involved proteins have been
disclosed and the biochemical properties of some of them
have been studied. However, little is known about the
arrangement of repressing complex on the target gene.
Moreover, the studies of plants bearing stable fwa epimu-
tation show that it contains a siRNA corresponding to the
5'-end direct repeats [149]. As mentioned above, fwa is a
non-methylated and actively transcribed FWA gene. Itisa
stable epimutation: it can be inherited in a number of
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Fig. 6. RNA-dependent DNA methylation in plants (FWA case). De novo methylation of artificial transgenic constructions and mainte-
nance methylation of asymmetrical sites (CpHpH) after round of DNA synthesis requires RNAi system components RDR2, DCL3, and
AGO4, as well as siRNA corresponding to direct repeats from 5’-upstream region of FWA gene. See full description in text.

generations and behave as a normal allele in plants con-
taining all the necessary components of the RADM sys-
tem. So, the presence of corresponding siRNA is not
enough for gene repression, the gene itself should be
“competent” for inactivation message. In the case of
FWA, “competence” is achieved during the process of
transgene transformation and integration, and mainte-
nance methylation of asymmetric sites depends on
methylation of symmetric sites [149].

Finally, there is a mechanism of active demethyla-
tion and activation of FWA in endosperm, a tissue where
this gene is transcribed [150]. DNA demethylation occurs
as a result of DNA-glycosylase activity. In Arabidopsis,
two glycosylases, DEMETER and ROSI1 (Repressor of
silencing 1) have been characterized [150-154]. After
demethylation, FWA starts to express in endosperm, but
this state is not inherited by progeny since endosperm
does not become a part of the adult plant.

During the last two decades our understanding of
transcription regulation in eukaryotes has significantly
changed. According to the classic model, the level of
expression is predetermined by transcription factors bind-
ing to regulatory regions of a gene. The factors deal
directly with components of the transcription apparatus
and initiate mRNA synthesis. According to this hypothe-
sis, chromatin, as a totality of DNA-related histones and
structural non-histone proteins, played merely a passive
role for compact DNA packaging in the nucleus.

Later, the active role of chromatin in transcription
regulation was revealed. The so-called histone code—the
set of covalent modifications of histones, dissimilar in dif-
ferent regions of the genome (e.g. in heterochromatin and
active genes)—was discovered. The histone code is inter-
preted by protein complexes that are able to change the
chromatin structure and make genome regions either
accessible for transcription factors or transform them into
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a non-active state. A complex of heterochromatin pro-
teins is an example. Its assembly leads to gene repression
and compactization of the chromatin in the area.

It was recently found that noncoding RNA can par-
ticipate in the assembly and maintenance of chromatin
protein complexes. Xist is needed for heterochroma-
tinization of X-chromosome in mammals in case of
dosage compensation; roX is needed for the twofold
increase of transcription from X-chromosome of males of
drosophila. In yeast, siRNA produced from pericen-
tromeric direct repeats participate in heterochromatin
formation. In some genes of plants, repression is also
started and kept by siRNA.

In all cases, the function of noncoding RNA is usu-
ally targeting, i.e. revealing genome areas with which the
complex of chromatin-modifying proteins should bind.
Specific recognition is due to homologous pairing
between RNA of the complex and DNA or RNA
sequences of the target. Later, histones are modified,
DNA is methylated, and chromatin is compacted—some
changes predetermined by the properties of the RNA-
associated protein complex occur. In cases of X-chromo-
some inactivation (mammals) and RdDM and hete-
rochromatin assembly (yeast) the result is repression; in
case of drosophila X-chromosome in males—transcrip-
tional hyperactivation.

If RNA (e.g. siRNA in plants) participates in repres-
sion of corresponding DNA sequence, a contradiction
appears: efficient repression needs active transcription.
Several solutions are conceivable. In plants, an addition-
al RNA-polymerase IV (in comparison to three poly-
merases in other eukaryotes) exists, which transcribes
repeats, and there is a possibility that the heterochroma-
tinized state does not prevent its activity. In plants,
repressed state of the gene can also be preserved via main-
taining methylation of symmetric repeats. Finally, the
participation of RNA-dependent RNA-polymerase in
siRNA-mediated repression in both plants and yeast sug-
gests the existence of “amplification contour”, a system
reproducing siRNA without transcription from DNA.

This review has discussed only four example of influ-
ence of RNA on chromatin structure. However, dosage
compensation alone deals with hundreds and thousands
of genes. To date it is impossible to estimate the true
scopes of modifications related with noncoding RNA, but
they are undoubtedly very high. Thus, there are hundreds
of targets of Polycomb proteins and heterochromatin
components in drosophila, and both types of chromatin-
modifying complexes are apparently linked someway to
siRNA. Further studies will provide new information
about intricate regulations of gene expression in eukary-
otes.
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