
Modifications of histones inside nucleosomes are a

common mechanism of regulation of chromatin struc�

ture and gene transcription in eucaryotes. The variety of

possible modifications of histones and their combina�

tions creates the so�called histone code, which is a series

of epigenetic labels specifically recognizable by activating

or repressing factors [1]. Thus, methylation of a lysine

(K) in histone H3 at position 9 from the N�terminus of

the molecule (H3K9Me) is an important modification

specific for inactive chromatin [2�5]. On the contrary, in

chromatin of actively transcribed genes histone H3 has,

as a rule, acetylated lysine 9 (H3K9Ac) and also methylat�

ed K4 (H3K4Me). These and many other histone modifi�

cations have similar functions in gene repression or acti�

vation in yeast, the nematode C. elegans, Drosophila,

mammals, and plants [5�9]. Along with H3K9Me, inactive

chromatin can be associated in plants, some fungi, and

vertebrates with the presence of 5�methylcytosine in

DNA that ensures an additional and deeper repression.

However, DNA methylation is a less conservative path�

way in evolution than the histone code and is absent (or

virtually absent) in yeasts, nematodes, and Drosophila

[10�12].

Genomes of eucaryotes contain extended regions of

actively transcribed euchromatin and silent compacted

heterochromatin, which is subdivided into constitutive

and facultative heterochromatin [13]. Constitutive hete�

rochromatin is mainly located in telomeric and cen�

tromeric regions of chromosomes and is filled with

repeated sequences and insertions of mobile elements.

The number of unique genes in constitutive heterochro�

matin is extremely low. Inactivation of one of two X�

chromosomes in mammals exemplifies generation of fac�

ultative heterochromatin [14]. Heterochromatin is char�

acterized by hypoacetylated histones and a high content

of H3K9Me, and heterochromatic regions in plants and

mammals usually contain methylated DNA [1, 10, 15].

Methylation of histone H3 is necessary for binding con�

servative proteins of heterochromatin, in particular, het�

erochromatic protein 1 (HP1) [16, 17]. Although path�

ways of heterochromatin formation are been intensively

studied, the initiation stage of this process is still obscure.

At present, special noncoding RNA molecules are

thought to play a significant role in induction of hete�

rochromatin formation [14, 18, 19]. In particular, mech�

anism of chromatin repression through double�stranded
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RNA (dsRNA) and so�called “short RNAs” is an exam�

ple of involvement of RNA molecules in epigenetic regu�

lation.

MECHANISMS OF GENE SILENCING

THROUGH dsRNA

In 1998, dsRNA molecules injected into the nema�

tode C. elegans were found to effectively repress expres�

sion of genes homologous in nucleotide sequence (the

phenomenon of RNA interference (RNAi)) [20].

Afterwards, the same effects of dsRNA were shown in

other animals and also in plants, fungi, and protozoa [21�

23]. The molecular mechanism of RNA interference

investigated mainly in cell extracts from Drosophila [24�

28] and later on mammalian cell cultures [29�31] may be

presented as follows. Long molecules of dsRNA are cut

(processed) by nucleases of the RNase III Dicer family

into short double�stranded RNAs of 20�25 nucleotides in

length (short interfering RNAs (siRNAs)) that have sin�

gle�stranded protruding dinucleotide 3′�OH ends and

phosphorylated 5′�ends [27, 28]. Then the siRNAs can be

incorporated into a protein RNA�induced silencing com�

plex (RISC), which “selects” one of the complementary

RNA strands [32] and provides its interaction with the

homologous mRNA. RISC cuts molecules of the target

mRNA in the regions fully complementary to the small

RNAs [25, 26, 28], which results in degradation of

mRNA. If siRNAs have some nucleotides unpaired with

mRNA, mRNA is not cut but its translation on the ribo�

some is arrested [33, 34]. The reason for repression of

translation directed by small RNAs is unclear. The central

component of the RISC complex is formed by proteins of

the Argonaute (AGO) family [35�37] with characteristic

domains PAZ and PIWI [38]. The PAZ domain specifi�

cally binds siRNA [39�41], and the PIWI domain similar

in structure to RNase H domain [42] can cleave mRNA,

as has been shown for the human AGO�2 protein [37].

Conservative proteins of the Argonaute family are found

in archaea and in virtually all eucaryotes except the bud�

ding yeast S. cerevisiae. Mutations in the genes encoding

Argonaute proteins disturb dsRNA�dependent silencing

in eucaryotes [43�50].

Small RNAs of other origins, the so�called

microRNAs, can also repress gene expression. These

RNAs are produced by the nuclease Dicer from hairpin

RNA precursors encoded in genomes of animals and

plants [51]. Conversely to the long molecule of dsRNA

that is cut by Dicer into a statistical set of siRNAs differ�

ent in nucleotide sequence, microRNA is always an

oligonucleotide cut from a hairpin�like precursor at

strictly definite positions. MicroRNAs are involved in

regulation of different mRNA expression, usually via

binding to complementary sites in 3′�non�translated

regions. Similarly to siRNAs, microRNAs cut a target

mRNA in the case of perfect complementarity of their

nucleotide sequences or stop the translation if their com�

plementarity is partial [51, 52].

In addition to the above�described post�translation�

al repression of mRNA in the cytoplasm, siRNAs can

repress transcription of the homologous gene and cause a

local change in the chromatin structure in the nucleus.

Artificial expression of small RNAs corresponding to an

actively transcribed gene represses the transcription in fis�

sion yeast S. pombe, plants, and human cells, which is

correlated with an increase in the amount of methylated

histones H3K9Me [53�55]. In mammals and plants, the

repression induced by siRNAs was also accompanied by

methylation of homologous regions of DNA [55�57].

Thus, molecules of siRNA produced from the long

dsRNA can induce a local formation of repressive chro�

matin. No direct induction of transcriptional repression

by homologous dsRNA was detected in the nematode and

Drosophila. Nevertheless, some data suggest a possible

influence of Drosophila RNAi machinery on the chro�

matin structure [58]. The involvement of endogenous

dsRNA molecules in formation of heterochromatin was

shown for S. pombe and plants [48, 54].

Thus, different effector complexes containing small

RNAs can repress translation, cleave mRNA (the RISC

complex), or induce chromatin repression (the RITS

complex, or RNA�induced initiation of transcriptional

silencing complex). These multiprotein complexes

include different sets of proteins, but they all include pro�

teins of the Argonaute family [59�61]. Mutations in the

Argonaute�encoding genes affect the dsRNA�dependent

degradation of mRNA [35, 37, 43, 45, 59, 60], transla�

tional repression through microRNAs [51, 59, 62], and

also the transcriptional repression caused by small RNAs

[44, 48, 54].

We shall consider mechanisms of the dsRNA�

dependent heterochromatin formation in various eucary�

otes and its role in regulation of the organism’s inherent

genes, defense of the genome against foreign DNA

sequences (transgenes), and repression of activities of

mobile elements.

SMALL RNAs AND FORMATION

OF HETEROCHROMATIN IN YEAST

Involvement of siRNAs in histone modification was

shown in studies on heterochromatin of centromeric

regions of chromosomes in the fission yeast S. pombe [48].

Chromatin of the centromere region is enriched with

H3K9Me and the Swi6 protein, which is a yeast analog of

the HP1 protein of multicellular eucaryotes [63].

Repeated sequences in the centromere region similar in

structure to mobile elements are poorly transcribed. The

transcription occurs from both strands of DNA, which

results in double�stranded transcripts. dsRNA can also be
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produced on the template of single�stranded RNA with

involvement of RNA�directed RNA polymerase (RdRp),

which has been detected in the centromere heterochro�

matin [48]. Using an approach of “short RNA cloning”,

siRNAs were found with sequences corresponding to

those of centromere repeats [64]. Mutations in the genes

encoding Dicer, the Argonaute protein, and RdRp result�

ed in the loss of H3K9Me and Swi6 in the centromere het�

erochromatin and active transcription of the repeats [48].

A similar effect is caused by mutations in the genes

encoding Swi6 and histone methyltransferase (HMT)

methylating K9 of the H3 histone. According to the

model presented in Scheme 1, the dsRNA produced on

the centromere repeats is cut by nuclease Dicer into

siRNAs, which in the protein complex RITS interact with

the homologous centromere DNA regions and recruit

HMT [48]. The protein Swi6 binds to H3K9Me, and this

leads to chromatin compactization.

The RITS complex responsible for chromatin

repression was found to include the following proteins:

Argonaute, TAS3 with an unknown function, and Chp1

[61]. Chp1 contains a conservative chromodomain spe�

cific for proteins of chromatin and seems to be responsi�

ble for stabilization of RITS on centromeric repeats. It

remains unclear how siRNAs in the RITS complex can

recognize their targets. Possibly, siRNAs interact with

homologous DNA forming a RNA–DNA hybrid, or

siRNAs bind to nascent transcripts, and the RITS com�

plex acquires the ability for attracting histone methylase

to the adjacent region of chromatin.

RdRp seems to be responsible for increasing the

silencing. Two possible mechanisms are supposed that

would allow RdRp to amplify centromeric transcripts but

not other RNAs of the cell. First, RdRp can use single�

stranded siRNA as a primer for synthesis. Second, RdRp

detected in the complex with repressed chromatin can

amplify in situ RNA transcribed from centromeric repeats

[48, 65, 66]. The described scheme of silencing of cen�

tromeric repeats is modeled by introduction into the

genome of S. pombe of a construct producing dsRNA

Mechanism of repression of the gene expression in S. pombe with involvement of dsRNA. Long dsRNA molecules produced as a result of

bidirectional transcription or by RNA amplification with involvement of RNA�directed RNA polymerase (RdRp) are cut by endonuclease

Dicer into siRNAs. siRNAs inside the protein complex RISC cleave complementary molecules of mRNA, and inside the RITS complex they

interact with the genomic locus homologous in nucleotide sequence. The RITS complex, which includes the proteins Argonaute (AGO),

TAS3, and Chp1 recruits histone methylase (HMT), which methylates K9 of histone 3 (MetK9). The protein Swi6 binds to MetK9, result�

ing in chromatin compactization. RdRp interacts with the repressed chromatin and provides synthesis of dsRNA on the template of a newly

produced single�stranded RNA and thus enhances the repression

Scheme 1
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and degradation

of mRNA

mRNA

dsRNA

siRNA



1190 KLENOV, GVOZDEV

BIOCHEMISTRY  (Moscow)   Vol.  70   No.  11   2005

homologous to the selected gene, which leads to H3K9

methylation, binding of Swi6, and inactivation of gene

transcription [53].

The presence of Swi6 on centromeric repeats is nec�

essary for binding of cohesin, a conservative protein

responsible for adequate functioning of the centromere

during segregation of chromosomes in mitosis [67].

Mutations affecting production of any component of the

silencing system (Argonaute, Dicer, RdRp, and also Swi6

and HMT) block mitosis at the anaphase stage [68, 69].

Thus, small RNAs play an important role in cohesion of

chromatides and promotion of normal mitosis in yeast.

The RNAi machinery in S. pombe also assures the

transcriptional repression of the gene group responsible

for meiosis [53] (see below). However, disorders in the

genes of RNAi do not disturb the maintenance of the

facultative heterochromatin structure in the locus which

determines the mating type (MAT locus) but lead to

defects in establishment of repression [70]. Note also

that the global analysis of regulation of S. pombe tran�

scriptome performed with microarrays failed to reveal a

pronounced correlation between the HMT�directed re�

pression and RNAi [71]. Thus, in many cases repressed

chromatin is maintained without involvement of small

RNAs.

SPECIFIC FEATURES

OF RNA�SILENCING IN PLANTS

As in the case of S. pombe, dsRNA induces in plants

formation of a repressed chromatin structure in the genes

with complementary sequences. However, in contrast to

yeast, the repression is achieved not only via methylation

of histones but also via methylation of DNA. This process

is described as RNA�dependent DNA methylation.

Transgenic constructs producing dsRNA homologous to

promoters of the genes cause their methylation and

decrease the level of transcription [56, 72]. Mutants in the

genes of Dicer, Argonaute, and RdRp are at least partial�

ly deficient in DNA methylation (see below) [44, 54, 73�

76].

The mechanism of the RNA�dependent DNA

methylation in plants is involved in repression of trans�

posons, regulation of some euchromatic genes, and also

serves to fight with viruses and leads to repression of

transgenes introduced into the plant genome (a cosup�

pression phenomenon, see below). The RNAi machinery

is also required for production and functioning of

microRNAs regulating expression of a great variety of

plant genes, mainly on the post�transcriptional level [51,

77]. However, some microRNAs of plants induce methy�

lation of complementary sequences of DNA [78].

Note that cognate RNAi proteins in plants are

encoded by a number of genes, and this significantly

complicates genetic study on silencing. As differentiated

from the S. pombe genome, which includes unique genes

encoding Dicer, RdRp, and Argonaute, Arabidopsis has

four different genes of Dicer, at least three functionally

active RdRp, and ten genes of Argonaute [46, 74].

Different proteins of the same family can be involved in

different types of RNA silencing or have overlapping

functions. Moreover, some proteins can be expressed tis�

sue�specifically or only during definite stages of develop�

ment, as shown for AGO7 in Arabidopsis [79].

In plants, two classes of siRNAs are found: short

ones of 21�22 and longer ones of 24�26 nucleotides in

length [80, 81], which in Arabidopsis are produced with

involvement of the proteins Dicer2 and Dicer3, respec�

tively (Scheme 2) [74]. The short siRNAs are supposed to

be implicated in cleavage of RNA molecules in the RISC

complex, whereas the “long” siRNAs repress chromatin

and methylate DNA [74, 80]. Moreover, the “long”

siRNAs can act as signaling molecules in systemic silenc�

ing [80, 82], i.e., spreading of the repression induced in a

plant local area to the whole organism [77, 83].

Contrasting to plants, the only Dicer in S. pombe pro�

duces siRNAs, which perform both degradation of

mRNA and silencing on the chromatin level [60].

COSUPPRESSION IN PLANTS

The cosuppression phenomenon is a dramatic fall in

the total level of expression of transgenes or even its com�

plete inhibition, together with increase in the number of

their copies in the genome. If transgenes are homologous

to an inherent gene of the organism (endogene), the

expression of the latter is also repressed. Cosuppression is

found in various plants and also in the fungus Neurospora

crassa [84�86]. In the latter case, this phenomenon is

called quelling. The cosuppression was described in 1990,

long before discovery of repressing properties of dsRNA:

introduction into the genome of Petunia hybrida of addi�

tional copies of the gene responsible for synthesis of the

red pigment of flowers paradoxically lowered the amount

of the pigment as compared to nontransformed plants

[87, 88]. Studies on different systems have revealed that

cosuppression occurs as a result of both cleavage of

mRNA molecules in the cytoplasm (post�transcriptional

gene silencing (PTGS)) and suppression of transcription

(transcriptional gene silencing (TGS)) caused by methy�

lation of cytosine residues in promoters of transgenes and

homologous endogenes [89�92].

Based on detection of complementary to transgenes

short RNAs in correlation with the presence of silencing

[93], it was suggested that cosuppression should be deter�

mined by production of dsRNA. dsRNA can arise as a

result of bidirected transcription of transgenes or with

involvement of RdRp, which binds to transgenic RNA and

thus synthesizes the complementary strand [73, 94]. RdRp

can synthesize RNA without a primer, or use single�
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stranded siRNA as a primer. In the latter case, the repres�

sion can spread towards the 5′�end of the gene if initially

only siRNA complementary to the 3′�end of the gene

existed [95]. Amplification of RNA with siRNA primer

and without it was shown in vitro on plant cell�free systems

[81]. However, it remains unclear how RdRp, when initi�

ating cosuppression, can recognize RNA which is read

from transgenes and differentiate it from other RNAs.

Possibly, only those RNA molecules are amplified that are

accumulated in an unnatural excess. In fact, introduction

of transgenes into the genome under the control of strong

promoters results in more pronounced cosuppression [96,

97]. Moreover, aberrant transcripts, e.g., lacking the cap,

can be preferential templates for RdRp. Cosuppression is

strengthened with mutation in the gene of 5′�3′�exonucle�

ase, which destroys capless mRNAs [98]. In the plants

with concurrent mutations in the genes encoding this

nuclease and RdRp, capless transcripts are accumulated

[98]. But the reason for appearance of aberrant transcripts

is unknown. It seems that the stage of incorporation of

transgenes into the genome determines the subsequent

production of dsRNA. According to this model, the trans�

gene at the moment of integration receives certain “epige�

netic labels”, e.g., histone modifications or methylated

cytosines in DNA, and this results in the interaction of the

transgene locus in the genome with RdRp amplifying the

locally produced transcripts. Such a mechanism could

appear in the course of evolution of plants as an approach

for defense against invasion of retroviruses and mobile ele�

ment transpositions.

Mutations affecting cosuppression of transgenes also

lead to supersensitivity of plants to RNA viruses [86].

Silencing of viruses is triggered by dsRNA intermediates

produced during viral replication. If transgenes inside the

plant genome contain sequences homologous to RNA

virus, the succeeding infection of the plant with this virus

results in methylation of the transgenic DNA [99�101].

Transgenes containing viral sequences induce cleavage of

the homologous viral RNA and prevent viral infection

[102�104]. Thus, silencing based on formation of dsRNA

allows plants to struggle against exogenous genes, and this

is a kind of immune defense on the level of nucleic acids

[105].

DNA METHYLATION

AND THE RNAi MACHINERY

In plant genomes cytosine residues are methylated in

palindromic CG, CNG, and also asymmetric CNN sites

(where N is any nucleotide). In fungi and mammals,

mainly CG sites are methylated [11, 106]. Two types of

DNA methylation have been described: the de novo

methylation and maintenance of methylation on a “half�

methylated” template, which after the replication carries

methylated cytosines only in the “parental” strand. The

maintenance of methylation provides a stable inheritance

of the repressed state of DNA through cell divisions. The

genome of Arabidopsis contains at least ten genes, which

encode DNA methyltransferases, and four of them have

been characterized [107]. The methylase MET1 homolo�

gous to the Dnmt1 methylase of mammals performs both

de novo [108] and maintenance of methylation of CG sites

[108�110]. The methylases DRM1 and DRM2 (Domains

Rearranged Methylase) are required for de novo methyla�

tion of sites of all types and are also involved in mainte�

nance of methylation of CNG and CNN sites [54, 111,

112]. The chromodomain�possessing chromomethylase3

(CMT3) is involved in methylation of CNG and CNN

sites together with DRM1/DRM2 [111, 113, 114].

Mutation in the gene DDM1 (Decrease DNA Methyla�

tion 1) encoding a component of the ATP�dependent

complex of chromatin remodeling also affects methyla�

tion of all type sites of DNA in Arabidopsis [115]. This

complex changes the spatial arrangement of DNA on the

histone globule and replaces the latter along the DNA

chain [116]. However, the specific role of the remodeling

complex affecting methylation of DNA is unknown.

The interrelation between methylation of histones

and DNA was first detected in the fungus N. crassa.

Mutation in the gene dim5 encoding the H3K9 histone

methyltransferase disturbs methylation of both histones

and DNA [117, 118], whereas mutation in the gene of the

only DNA methylase dim2 totally abolishing the genome

methylation has no effect on methylation of histones

[119]. Thus, DNA methylation in N. crassa is determined

by methylation of K9 of the histone H3, but not con�

versely. A direct interaction of DNA methyltransferase

dim2 with HP1 was shown [120]. Consequently, HP1 in

N. crassa acts as a “bridge” between H3K9Me and methy�

lation of cytosines in DNA. In plants (Arabidopsis), the

opposite process is detected: histone methylation is

directed by methylated CG sites of DNA [121�123]. But

methylation of the sites CNG and CNN in Arabidopsis

depends on methylation of histones [124, 125].

Methylation of DNA sequences caused by homolo�

gous dsRNAs was shown in plants and later in mammals.

However, methylation not always depends on RNA. The

fungus N. crassa possesses both RNA silencing and DNA

methylation systems, but they are not interrelated [126,

127]. Mutations in the genes of RNAi in N. crassa do not

decrease the level of the genome methylation, which

mainly concerns repeating elements [127]. Note that in

plants RNA�independent DNA methylation seems also

to be more common than RNA�dependent methylation

[128, 129].

In Arabidopsis different systems of genes control ini�

tiation and maintenance of the RNA�dependent DNA

methylation. This was shown for silencing of the FWA

gene encoding a homeoprotein that controls flowering.

The promoter of FWA contains tandem repeats, which

are targets for endogenous siRNAs arising during tran�
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scription of mobile elements (see below) [129]. The trans�

gene FWA is repressed when integrated in the genome of

the wild type plant but not of mutants in Dicer3, RdRp,

AGO4 [75], and also double mutants in the genes encod�

ing DNA methylases of DRM1/DRM2 [75, 111, 112].

However, these mutations have no influence on mainte�

nance of methylation of CG sites and do not cause dere�

pression of endogenous FWA [75]. Thus, the proteins

responsible for formation and functioning of siRNAs are

involved only at the stage of establishing methylation. The

repressed chromatin in the following generations is main�

tained with involvement of DNA of the MET1 methylase.

Mutation in MET1 results in derepression of endogenous

FWA because of demethylation of the CG sites [130].

Genetic studies on different systems of silencing

allow us to illustrate the mechanism of the RNA�depend�

ent DNA methylation in plants with the following

Scheme 2. Long molecules of dsRNAs produced by repli�

cation of an RNA virus in the cytoplasm, action of the

cellular RdRp, or via bidirectional transcription of trans�

genic or endogenous DNA are cut by the protein Dicer3

into siRNAs of 24�26 nucleotides in length. These

siRNAs are included into the complex, which seems to be

like the RITS complex in yeast and contains a protein of

the Argonaute family. This complex interacts with chro�

matin and recruits methylases capable of de novo methy�

lating DNA: DRM1/DRM2 modify the CNG/CNN

sites and three methylases (MET1/DRM1/DRM2)

methylate the CG sites [75, 108, 111]. The ATP�depend�

ent complex of nucleosome remodeling [131], which pro�

vides the availability of certain DNA regions for methyla�

tion, can also be involved. Methylated cytosines are rec�

ognized by proteins containing methyl DNA binding

domains (MBD), which can bind histone deacetylases

(HDAC) and methyltransferases (HMT), which are

involved in RNA�dependent methylation [54, 132].

HDAC removes the acetyl group from K9 of histone H3,

opens lysine 9, and makes it available for HMT. H3K9Me

is recognized by the chromodomain of the DNA methy�

lase CMT3, which together with DRM1/DRM2 main�

tains methylation of the sites CNN and CNG, whereas

MET1 maintains methylation of the CG sites.

Mutations in the genes encoding the DNA methy�

lase MET1 and protein DDM1 lead to disappearance of

Mechanism of chromatin repression directed by dsRNA molecules in plants (Arabidopsis). Molecules of dsRNA are produced as a result of

RNA replication or transcription of some loci in the genome. The Dicer proteins process dsRNAs with formation of two types of siRNAs:

short ones of 21�22 nucleotides and more extended ones (of 24�26 nucleotides). siRNAs of 21�22 nt in length are involved in cleavage of

RNA molecules; siRNAs of 24�26 nt in length perform repression on the chromatin level and are also involved in the systemic spreading of

silencing in the organism. The complex interacting with chromatin and containing siRNA and AGO attracts methylases DRM and MET1

which de novo methylate DNA. Methylated cytosines (mC) are recognized by the MBD proteins, which can interact with histone deacety�

lases (HDAC) and methyltransferases (HMT). Histone deacetylase removes the acetyl group of lysine 9 of histone H3 (AcK9). Histone

methylase methylates lysine 9 (MetK9), which is recognized by the chromodomain of DNA methylase CMT3. Methylation is maintained

with involvement of DNA methylase MET1. DNA in the repressed chromatin is transcribed by RNA polymerase IV (Pol IV), whereas

newly synthesized transcripts are used as a template for the synthesis of dsRNAs by RdRp

Scheme 2
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siRNAs in various systems of silencing that suggests the

involvement of these proteins in stabilization of siRNAs

[128, 129]. To confirm this model, additional biochemi�

cal studies are necessary. One may speculate that the pro�

duction of siRNAs is not only the cause but also the con�

sequence of DNA methylation. That means that the

repressed structure of chromatin of the locus can some�

how stimulate a local production of small RNAs.

One Arabidopsis gene identified during the search for

suppressors of RNA silencing was found to encode a pro�

tein homologous to the large subunit of DNA�dependent

RNA polymerases [133, 134]. This protein carries a

unique C�terminal domain but contains the most conser�

vative regions of the RNA polymerase subunit. There�

fore, plants were suggested to have RNA polymerase Pol

IV different from the three RNA polymerases. The

genome of Arabidopsis was found to contain genes that

seemed to encode other subunits of Pol IV [133, 134].

The knockdown of these genes through homologous

dsRNA resulted in the same disorders in RNA silencing

as mutation in the gene of the large subunit, in particular,

disappearance of some endogenous siRNAs and disor�

ders in the RNA�dependent DNA methylation. Genetic

approaches revealed Pol IV to be involved in silencing in

Arabidopsis, together with Dicer 3 producing “long”

siRNAs of 24�26 nucleotides in length, and one RdRp

(RDR2). It was suggested that, by contrast with RNA

polymerases I�III, which preferentially transcribe genes

inside the “open” chromatin, Pol IV should have an

increased affinity for compacted chromatin carrying

H3K9Me and methylated DNA. Interacting with Pol IV

and using the synthesized transcripts as a template, RdRp

can produce dsRNA corresponding to the regions of het�

erochromatin (Scheme 2). Thus, Pol IV/RdRp can be

responsible for provision of the pool of siRNAs maintain�

ing the repressed state of chromatin [133, 134]. As it has

been said, the interaction of RdRp with chromatin may

be an explanation of arising of dsRNAs during cosup�

pression.

ROLE OF dsRNAs IN TRANSCRIPTIONAL

REPRESSION OF MOBILE ELEMENTS

IN PLANTS AND YEAST

Various eucaryotes have dsRNAs and siRNAs corre�

sponding to sequences of retrotransposons and DNA�

transposons [74, 135�140]. Mobile elements can often be

transcribed both forwards and backwards. The opposite

direction of transcription can depend on the own “anti�

sense” promoters of transposons or external promoters

close to insertion of the element [141]. In addition,

inverted regions in transcripts of mobile elements can

produce hairpin�like structures [138]. dsRNAs can also

originate from heterochromatin where abundant trans�

posable elements with mutual opposite orientation are

accumulated [129]. Due to the presence of dsRNA trans�

posons, the cellular RNAi machinery can repress their

expression, which is often deleterious for the organism

because it leads to transpositions and, as a result, muta�

tions and chromosome rearrangements [86, 142]. Some

mutations affecting RNAi are also accompanied by dere�

pression of mobile elements in animals [43, 143�148],

plants [54, 74], and microorganisms [50, 149].

In Arabidopsis, insertions of transposons, often inte�

grated one into another [129], are a significant part of

heterochromatin that is located in centromeric and

telomeric regions of chromosomes. Moreover, in plant

chromosomes heterochromatin forms small easily stain�

able intercalary areas, or knobs. About 90% of cloned

endogenous siRNAs in Arabidopsis correspond to

sequences of transposons and heterochromatic regions

[74, 136]. Such siRNAs have 24�26 nucleotides in length

and belong to the “long” siRNAs, which as it has been

mentioned are involved in repression of gene expression

on the level of transcription. The number of siRNAs cor�

responding to certain regions of intercalary heterochro�

matin positively correlates with the methylation degree of

both DNA and histones (the presence of H3K9Me) in

these regions [129]. Mutation in the DDM1 gene results

in disappearance of siRNA of intercalary heterochro�

matin, lowering the number of methylated DNA

cytosines and H3K9Me histones, and increase in the

amount of the H3K4Me modification that is specific for

active chromatin [129].

Silencing of transposons on the chromatin level is

caused not only by RNAi but also due to RNAi inde�

pendent DNA methylation. In Arabidopsis, mutations in

the genes encoding the Argonaute proteins result in dere�

pression and abolishing of methylation only of some

mobile elements [54, 74, 128]. Caused by Dicer 3 or

RdRp deficiency, absence of siRNAs corresponding to

transposon sequences is not always accompanied by their

activation [74]. Mutations in the genes of chromatin pro�

teins (DDM1, MET1) lead to greater derepression of

transposons than mutation in the RNAi genes [128, 129,

150, 151].

The mechanism of RNAi directed to repress trans�

poson expression can also regulate transcription of the

organism’s inherent genes. This occurs in the cases when

the transposon repressed with involvement of siRNA is

located in the regulatory region of the gene or nearby.

Thus, in S. pombe, mutations in the Argonaute, Dicer,

and RdRp result in activation of a group of genes respon�

sible for meiosis during starvation but repressed during

the growth on rich nutrition medium [53]. Insertions of

LTR retrotransposons were found near each gene of this

group. Endogenous siRNAs corresponding to the LTR

sequences were detected. It was suggested that siRNAs

should induce methylation of K9 of the H3 histones in

the LTR region (similarly to events in the centromeric

region), and then the repressed structure of chromatin
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spreads from LTR to the adjacent gene with involvement

of RdRp. LTR deletions result in histone demethylation

and activation of neighboring genes [53]. Thus, retro�

transposons in S. pombe act as controlling elements of the

genome. Involvement of small RNAs of retrotransposons

in regulation of transcription of unique proteins encoding

genes is also shown for Arabidopsis. The above�mentioned

gene FWA contains in the promoter tandem repeats of a

SINE�like retro�element. A homeoprotein encoded by

the FWA gene is expressed only in the endosperm and is

involved in regulation of flowering [130, 152]. In vegeta�

tive tissues, siRNAs homologous to the SINE element

direct histone and DNA methylation in the promoter of

FWA [129].

In addition to mobile elements, inverted repeats of

some genes can also be a source of endogenous dsRNA

[54, 153]. Thus, the euchromatin gene PAI, which con�

trols biosynthesis of tryptophan in Arabidopsis, is

expressed poorly because of transcription of inverted

repeats of two other copies of this gene and production of

dsRNAs [153, 154]. Methylation of PAI is prevented

when transcription of inverted repeats is disturbed [153].

RNA SILENCING ON THE CHROMATIN

LEVEL IN ANIMALS

In Drosophila, DNA is methylated much more weak�

ly than in plants and mammals [12, 155, 156], and the

functional role of this methylation is unclear. Therefore,

Drosophila is interesting as a multicellular organism in

which the repressed state of chromatin, including hete�

rochromatin, can be established and maintained without

methylation of DNA observed in unicellular S. pombe.

Gene knockdown with artificially synthesized dsRNAs or

by introduction of dsRNA�producing constructs into the

genome is an approach intensively used in functional

genomics of Drosophila [157, 158]. But induction of tran�

scriptional repression of active euchromatic genes by

“exogenous” dsRNAs was not shown in Drosophila.

However, disorders in RNAi proteins in Drosophila were

found to change the state of heterochromatin [58].

Endogenous small RNAs are supposed to repress chro�

matin via negative modifications of histones, recruitment

of the heterochromatic proteins HP1 and HP2, and, pos�

sibly, transcriptional repressors presented by proteins of

the Polycomb group [58, 159]. Mutations in Drosophila’s

genes of RNAi that encode proteins of the Argonaute

family and RNA helicase abolish the position effect [58],

which presents an unstable inactivation of the gene adja�

cent to heterochromatin. The same mutations affect the

normal distribution of the HP1 and HP2 proteins on

chromosomes and decrease the total amount of H3K9Me

histones [58].

The RNAi mechanism is involved in repression of

retrotransposons in germinal tissues of Drosophila [145,

147, 148]. Activation of some retrotransposons caused by

mutation in the RNAi gene of is accompanied by a local

decondensation of chromatin and increase in the histone

acetylation (Klenov, unpublished data). It seems that

small RNA can recruit histone deacetylase to the

repressed region of chromatin, similarly to that observed

in plants. In germinal tissues of Drosophila males, dsRNA

produced by heterochromatic repeats Su(Ste) directs

silencing of the homologous genes Stellate whose overex�

pression disturbs normal spermatogenesis [22, 145, 160].

Derepression of the Stellate genes caused by deletion of

the Su(Ste) locus or mutation in the genes of RNAi is

accompanied by disappearance of small RNAs [145, 161].

The locus Su(Ste) deletion is associated with accumula�

tion of unspliced Stellate transcripts, suggesting an

increase in the level of Stellate transcription because the

splicing goes cotranscriptionally in the cell nuclei. The

Su(Ste) deletion increases derepression of the Stellate

gene cluster in euchromatin several tens times higher than

of the Stellate genes located in heterochromatin (Klenov,

unpublished data). These data suggest that small RNAs

can induce transcriptional repression of genes in germinal

tissues of Drosophila.

Transcription of the Stellate/Su(Ste) genes and

mobile elements seems to be repressed through “long”

siRNAs of 24�26 nucleotides in length, similarly to events

in plants [139, 140, 161], whereas siRNAs of 20�22

nucleotides in length are involved in cleavage of mRNA

or repression of translation [28, 139]. The cloning of

small RNAs of Drosophila has also revealed two classes of

small RNAs with different length: microRNAs of 20�22

nucleotides and small RNAs corresponding to trans�

posons, which as a rule have more than 24 nucleotides in

length [139].

Repression of chromatin in mammals was recently

shown to be induced by the RNAi. Introduction of artifi�

cially synthesized siRNAs into human cell culture result�

ed in methylation of CG sites of DNA, methylation of K9

of histone H3, and transcriptional repression of the

homologous gene [55, 57]. It remains unclear whether

endogenous molecules of dsRNAs are involved in forma�

tion of heterochromatin in mammals. Knockout of the

gene encoding Dicer in the culture of hybrid

chicken/HeLa cells results in accumulation of transcripts

of the α�satellite repeats that form centromeric regions of

human chromosomes and also disturbs the sister chro�

matide segregation during mitosis [162]. This seems to be

similar to the mechanism of maintaining of the cen�

tromere heterochromatin functions in yeast. The null�

mutation in the Dicer gene in mice results in an early

arrest of development associated with deficient stem cells

[163, 164]. However, this effect can be caused by disor�

ders in the structure of centromeric chromatin and nor�

mal division as well as by disappearance of microRNAs

regulating the expression of different mRNAs during the

mouse development.
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dsRNA�DEPENDENT

HETEROCHROMATINIZATION

AS AN ACQUIRED FUNCTION

OF GENE REPRESSION IN EUCARYOTES

Various cases of gene silencing with involvement of

small RNAs suggest that this mechanism appeared in

eucaryotes at early stages of evolution to protect the

genome against expansion of mobile elements and virus�

es. From the evolutionary standpoint, it is an interesting

possibility of “taming/domestication” of mobile elements

and using the mechanism of their transcriptional silenc�

ing to support cellular functions of the host organism.

Such a tendency is exemplified by maintenance in yeast

of the functional state of the centromeric regions consist�

ing of transposon�like repeats and also by cases of repres�

sion of genes with regulatory regions containing retro�

transposons or their fragments. In S. pombe, dsRNA mol�

ecules corresponding to transposon sequences regulate

transcription of the genes responsible for transition from

mitotic divisions to meiosis and sporogenesis [53]. Thus,

small RNAs can direct the repression of nonhomologous

genes located near long terminal repeats of retro�ele�

ments via controlling differentiation of the yeast cell.

Small RNAs corresponding to retrotransposons function

also in plants and ensure repression in somatic tissues of

the FWA gene, which controls flowering in Arabidopsis

[129]. Genes responsible for RNAi and silencing of retro�

transposons in Drosophila [145, 147] are also involved in

development of germinal tissues and gametogenesis [165�

168], and this suggests a possible function of dsRNAs of

mobile elements in these processes.

The mechanism of chromatin repression through

small RNAs in S. pombe is characterized by local methy�

lation of K9 of histone H3. In contrast to yeast, small

RNAs in plants seem, first of all, to direct methylation of

DNA, which stimulates the subsequent methylation of

histones. In both plants and yeast, an important role dur�

ing repression belongs to RNA�directed RNA poly�

merase, which functions in the cell nuclei and provides

formation of dsRNA corresponding to heterochromatin

sequences. However, RdRp was not detected (by

sequencing) in genomes of Drosophila and mammals.

Consequently, in these organisms endogenous small

RNAs can be produced only as a result of bidirectional

transcription or processing of hairpin�like regions of

RNA. It was suggested that in the nematode C. elegans,

dsRNAs did not affect compactization of chromatin. The

RNAi machinery in C. elegans is involved in repression of

tranposons, but this repression likely occurs on the post�

transcriptional level and not as a result of chromatin

repression [138]. This finding is in agreement with the

lack of “classical” chromatin in the nematode.

The involvement of siRNAs in regulation of gene

expression shows that not only proteins but also RNA

molecules not encoding proteins play roles in this

process. MicroRNAs (their regulatory role was beyond

consideration here) and siRNAs are only a small fraction

of noncoding regulatory RNAs. In eucaryotes, the bulk of

DNA is transcribed but not involved in encoding pro�

teins. Note that overlapping transcripts, which are read

from both DNA strands, form an essential part of the

newly produced RNA in mammals [169]. In addition to

heterochromatinization directed by siRNA molecules,

other cases of involvement of noncoding RNAs in the

regulation of chromatin structure have been described.

Thus, noncoding and rather large RNAs (of more than

10,000 nucleotides) regulate activities of the X�chromo�

some genes on the chromatin level in mammals and

Drosophila [14]. Inactivation of one X�chromosome in

mammalian females through noncoding RNAs is accom�

panied by methylation of DNA. The components, which

are destroyed by treatment with RNases, are also involved

in the organization of the centromeric heterochromatin

on autosomes in mammals and binding of the repressor

protein HP1 to the K9�methylated H3 histones [170].

Note in conclusion that production of short dsRNAs

accompanied by chromatin inactivation and its spreading

onto adjacent regions allows us to discuss from new view�

points not only mechanisms of gene repression, but also

arising of new functions of heterochromatin and its evo�

lution.

This work was supported by grants of Scientific

School, the Russian Academy of Sciences on Molecular

and Cellular Biology, and the Russian Foundation for

Basic Research (No. 05�04�48034).

REFERENCES

1. Jenuwein, T., and Allis, C. D. (2001) Science, 293, 1074�

1080.

2. Litt, M. D., Simpson, M., Gaszner, M., Allis, C. D., and

Felsenfeld, G. (2001) Science, 293, 2453�2455.

3. Peters, A. H., O’Carroll, D., Scherthan, H., Mechtler, K.,

Sauer, S., Schofer, C., Weipoltshammer, K., Pagani, M.,

Lachner, M., Kohlmaier, A., Opravil, S., Doyle, M.,

Sibilia, M., and Jenuwein, T. (2001) Cell, 107, 323�337.

4. Nakayama, J., Rice, J. C., Strahl, B. D., Allis, C. D., and

Grewal, S. I. (2001) Science, 292, 110�113.

5. Lachner, M., and Jenuwein, T. (2002) Curr. Opin. Cell.

Biol., 14, 286�298.

6. Strahl, B. D., and Allis, C. D. (2000) Nature, 403, 41�45.

7. Zhang, Y., and Reinberg, D. (2001) Genes Dev., 15, 2343�

2360.

8. Kouzarides, T. (2002) Curr. Opin. Genet. Dev., 12, 198�209.

9. Lachner, M., O’Sullivan, R. J., and Jenuwein, T. (2003) J.

Cell Sci., 116, 2117�2124.

10. Bird, A. (2002) Genes Dev., 16, 6�21.

11. Tariq, M., and Paszkowski, J. (2004) Trends Genet., 20,

244�251.

12. Lyko, F. (2001) Trends Genet., 17, 169�172.

13. Pollard, T. D., and Ernshaw, W. C. (2002) in Cell Biology,

Sanders, Philadelphia�London�N. Y., pp. 210, 805.



1196 KLENOV, GVOZDEV

BIOCHEMISTRY  (Moscow)   Vol.  70   No.  11   2005

14. Akhtar, A. (2003) Curr. Opin. Genet. Dev., 13, 161�169.

15. Richards, E. J., and Elgin, S. C. (2002) Cell, 108, 489�500.

16. Lachner, M., O’Carroll, D., Rea, S., Mechtler, K., and

Jenuwein, T. (2001) Nature, 410, 116�120.

17. Bannister, A. J., Zegerman, P., Partridge, J. F., Miska, E.

A., Thomas, J. O., Allshire, R. C., and Kouzarides, T.

(2001) Nature, 410, 120�124.

18. Andersen, A. A., and Panning, B. (2003) Curr. Opin. Cell.

Biol., 15, 281�289.

19. Kelley, R. L., and Kuroda, M. I. (2000) Cell, 103, 9�12.

20. Fire, A., Xu, S., Montgomery, M. K., Kostas, S. A., Driver,

S. E., and Mello, C. C. (1998) Nature, 391, 806�811.

21. Hannon, G. J. (2002) Nature, 418, 244�251.

22. Aravin, A. A., Klenov, M. S., Vagin, V. V., Rozovsky, Ya.

M., and Gvosdev, V. A. (2002) Mol. Biol. (Moscow), 36,

240�251.

23. Meister, G., and Tuschl, T. (2004) Nature, 431, 343�349.

24. Tuschl, T., Zamore, P. D., Lehmann, R., Bartel, D. P., and

Sharp, P. A. (1999) Genes Dev., 13, 3191�3197.

25. Zamore, P. D., Tuschl, T., Sharp, P. A., and Bartel, D. P.

(2000) Cell, 101, 25�33.

26. Hammond, S. M., Bernstein, E., Beach, D., and Hannon,

G. J. (2000) Nature, 404, 293�296.

27. Bernstein, E., Caudy, A. A., Hammond, S. M., and

Hannon, G. J. (2001) Nature, 409, 363�366.

28. Elbashir, S. M., Lendeckel, W., and Tuschl, T. (2001) Genes

Dev., 15, 188�200.

29. Elbashir, S. M., Harborth, J., Lendeckel, W., Yalcin, A.,

Weber, K., and Tuschl, T. (2001) Nature, 411, 494�498.

30. Martinez, J., Patkaniowska, A., Urlaub, H., Luhrmann,

R., and Tuschl, T. (2002) Cell, 110, 563�574.

31. Chiu, Y. L., and Rana, T. M. (2002) Mol. Cell, 10, 549�561.

32. Schwarz, D. S., Hutvagner, G., Du, T., Xu, Z., Aronin, N.,

and Zamore, P. D. (2003) Cell, 115, 199�208.

33. Olsen, P. H., and Ambros, V. (1999) Dev. Biol., 216, 671�

680.

34. Saxena, S., Jonsson, Z. O., and Dutta, A. (2003) J. Biol.

Chem., 278, 44312�44319.

35. Hammond, S. M., Boettcher, S., Caudy, A. A., Kobayashi,

R., and Hannon, G. J. (2001) Science, 293, 1146�1150.

36. Martinez, J., and Tuschl, T. (2004) Genes Dev., 18, 975�980.

37. Liu, J., Carmell, M. A., Rivas, F. V., Marsden, C. G.,

Thomson, J. M., Song, J. J., Hammond, S. M., Joshua�

Tor, L., and Hannon, G. J. (2004) Science, 305, 1437�1441.

38. Cerutti, L., Mian, N., and Bateman, A. (2000) Trends

Biochem. Sci., 25, 481�482.

39. Song, J. J., Liu, J., Tolia, N. H., Schneiderman, J., Smith,

S. K., Martienssen, R. A., Hannon, G. J., and Joshua�Tor,

L. (2003) Nat. Struct. Biol., 10, 1026�1032.

40. Lingel, A., Simon, B., Izaurralde, E., and Sattler, M.

(2004) Nat. Struct. Mol. Biol., 11, 576�577.

41. Ma, J. B., Ye, K., and Patel, D. J. (2004) Nature, 429, 318�322.

42. Song, J. J., Smith, S. K., Hannon, G. J., and Joshua�Tor,

L. (2004) Science, 305, 1434�1437.

43. Tabara, H., Sarkissian, M., Kelly, W. G., Fleenor, J.,

Grishok, A., Timmons, L., Fire, A., and Mello, C. C.

(1999) Cell, 99, 123�132.

44. Fagard, M., Boutet, S., Morel, J. B., Bellini, C., and

Vaucheret, H. (2000) Proc. Natl. Acad. Sci. USA, 97, 11650�

11654.

45. Williams, R. W., and Rubin, G. M. (2002) Proc. Natl. Acad.

Sci. USA, 99, 6889�6894.

46. Carmell, M. A., Xuan, Z., Zhang, M. Q., and Hannon, G.

J. (2002) Genes Dev., 16, 2733�2742.

47. Catalanotto, C., Azzalin, G., Macino, G., and Cogoni, C.

(2002) Genes Dev., 16, 790�795.

48. Volpe, T. A., Kidner, C., Hall, I. M., Teng, G., Grewal, S.

I., and Martienssen, R. A. (2002) Science, 297, 1833�1837.

49. Mochizuki, K., Fine, N. A., Fujisawa, T., and Gorovsky,

M. A. (2002) Cell, 110, 689�699.

50. Shi, H., Djikeng, A., Tschudi, C., and Ullu, E. (2004) Mol.

Cell. Biol., 24, 420�427.

51. Bartel, D. P. (2004) Cell, 116, 281�297.

52. Hutvagner, G., and Zamore, P. D. (2002) Science, 297,

2056�2060.

53. Schramke, V., and Allshire, R. (2003) Science, 301, 1069�

1074.

54. Zilberman, D., Cao, X., and Jacobsen, S. E. (2003)

Science, 299, 716�719.

55. Kawasaki, H., and Taira, K. (2004) Nature, 431, 211�217.

56. Mette, M. F., Aufsatz, W., van der Winden, J., Matzke, M.

A., and Matzke, A. J. (2000) EMBO J., 19, 5194�5201.

57. Morris, K. V., Chan, S. W., Jacobsen, S. E., and Looney, D.

J. (2004) Science, 305, 1289�1292.

58. Pal�Bhadra, M., Leibovitch, B. A., Gandhi, S. G., Rao,

M., Bhadra, U., Birchler, J. A., and Elgin, S. C. (2004)

Science, 303, 669�672.

59. Okamura, K., Ishizuka, A., Siomi, H., and Siomi, M. C.

(2004) Genes Dev., 18, 1655�1666.

60. Sigova, A., Rhind, N., and Zamore, P. D. (2004) Genes

Dev., 18, 2359�2367.

61. Verdel, A., Jia, S., Gerber, S., Sugiyama, T., Gygi, S.,

Grewal, S. I., and Moazed, D. (2004) Science, 303, 672�

676.

62. Grishok, A., Pasquinelli, A. E., Conte, D., Li, N., Parrish,

S., Ha, I., Baillie, D. L., Fire, A., Ruvkun, G., and Mello,

C. C. (2001) Cell, 106, 23�34.

63. Grewal, S. I. (2000) J. Cell Physiol., 184, 311�318.

64. Reinhart, B. J., and Bartel, D. P. (2002) Science, 297, 1831.

65. Motamedi, M. R., Verdel, A., Colmenares, S. U., Gerber,

S. A., Gygi, S. P., and Moazed, D. (2004) Cell, 119, 789�

802.

66. Sugiyama, T., Cam, H., Verdel, A., Moazed, D., and

Grewal, S. I. (2005) Proc. Natl. Acad. Sci. USA, 102, 152�

157.

67. Bernard, P., Maure, J. F., Partridge, J. F., Genier, S.,

Javerzat, J. P., and Allshire, R. C. (2001) Science, 294,

2539�2542.

68. Hall, I. M., Noma, K., and Grewal, S. I. (2003) Proc. Natl.

Acad. Sci. USA, 100, 193�198.

69. Volpe, T., Schramke, V., Hamilton, G. L., White, S. A.,

Teng, G., Martienssen, R. A., and Allshire, R. C. (2003)

Chromosome Res., 11, 137�146.

70. Hall, I. M., Shankaranarayana, G. D., Noma, K., Ayoub,

N., Cohen, A., and Grewal, S. I. (2002) Science, 297,

2232�2237.

71. Hansen, K. R., Burns, G., Mata, J., Volpe, T. A.,

Martienssen, R. A., Bahler, J., and Thon, G. (2005) Mol.

Cell. Biol., 25, 590�601.

72. Sijen, T., Vijn, I., Rebocho, A., van Blokland, R., Roelofs,

D., Mol, J. N., and Kooter, J. M. (2001) Curr. Biol., 11,

436�440.

73. Dalmay, T., Hamilton, A., Rudd, S., Angell, S., and

Baulcombe, D. C. (2000) Cell, 101, 543�553.



HETEROCHROMATIN FORMATION: SMALL RNAs AND DNA METHYLATION 1197

BIOCHEMISTRY  (Moscow)   Vol.  70   No.  11   2005

74. Xie, Z., Johansen, L. K., Gustafson, A. M., Kasschau, K.

D., Lellis, A. D., Zilberman, D., Jacobsen, S. E., and

Carrington, J. C. (2004) PLoS Biol., 2, E104.

75. Chan, S. W., Zilberman, D., Xie, Z., Johansen, L. K.,

Carrington, J. C., and Jacobsen, S. E. (2004) Science, 303,

1336.

76. Zilberman, D., Cao, X., Johansen, L. K., Xie, Z.,

Carrington, J. C., and Jacobsen, S. E. (2004) Curr. Biol.,

14, 1214�1220.

77. Baulcombe, D. (2004) Nature, 431, 356�363.

78. Bao, N., Lye, K. W., and Barton, M. K. (2004) Dev. Cell,

7, 653�662.

79. Hunter, C., Sun, H., and Poethig, R. S. (2003) Curr. Biol.,

13, 1734�1739.

80. Hamilton, A., Voinnet, O., Chappell, L., and Baulcombe,

D. (2002) EMBO J., 21, 4671�4679.

81. Tang, G., Reinhart, B. J., Bartel, D. P., and Zamore, P. D.

(2003) Genes Dev., 17, 49�63.

82. Mallory, A. C., Mlotshwa, S., Bowman, L. H., and Vance,

V. B. (2003) Plant J., 35, 82�92.

83. Voinnet, O., and Baulcombe, D. C. (1997) Nature, 389, 553.

84. Cogoni, C., and Macino, G. (1999) Curr. Opin. Microbiol.,

2, 657�662.

85. Pickford, A. S., Catalanotto, C., Cogoni, C., and Macino,

G. (2002) Adv. Genet., 46, 277�303.

86. Tijsterman, M., Ketting, R. F., and Plasterk, R. H. (2002)

Annu. Rev. Genet., 36, 489�519.

87. Napoli, C., Lemieux, C., and Jorgensen, R. (1990) Plant

Cell, 2, 279�289.

88. Van der Krol, A. R., Mur, L. A., Beld, M., Mol, J. N., and

Stuitje, A. R. (1990) Plant Cell, 2, 291�299.

89. Ingelbrecht, I., van Houdt, H., van Montagu, M., and

Depicker, A. (1994) Proc. Natl. Acad. Sci. USA, 91, 10502�

10506.

90. Van Eldik, G. J., Litiere, K., Jacobs, J. J., van Montagu, M.,

and Cornelissen, M. (1998) Nucleic Acids Res., 26, 5176�5181.

91. Jones, L., Hamilton, A. J., Voinnet, O., Thomas, C. L.,

Maule, A. J., and Baulcombe, D. C. (1999) Plant Cell, 11,

2291�2301.

92. Holtorf, H., Schob, H., Kunz, C., Waldvogel, R., and

Meins, F., Jr. (1999) Plant Cell, 11, 471�484.

93. Hamilton, A. J., and Baulcombe, D. C. (1999) Science,

286, 950�952.

94. Mourrain, P., Beclin, C., Elmayan, T., Feuerbach, F.,

Godon, C., Morel, J. B., Jouette, D., Lacombe, A. M.,

Nikic, S., Picault, N., Remoue, K., Sanial, M., Vo, T. A.,

and Vaucheret, H. (2000) Cell, 101, 533�542.

95. Vaistij, F. E., Jones, L., and Baulcombe, D. C. (2002)

Plant Cell, 14, 857�867.

96. Vaucheret, H., Nussaume, L., Palauqui, J. C., Quillere, I.,

and Elmayan, T. (1997) Plant Cell, 9, 1495�1504.

97. Que, Q., Wang, H. Y., English, J. J., and Jorgensen, R. A.

(1997) Plant Cell, 9, 1357�1368.

98. Gazzani, S., Lawrenson, T., Woodward, C., Headon, D.,

and Sablowski, R. (2004) Science, 306, 1046�1048.

99. Wassenegger, M., Heimes, S., Riedel, L., and Sanger, H.

L. (1994) Cell, 76, 567�576.

100. Ruiz, M. T., Voinnet, O., and Baulcombe, D. C. (1998)

Plant Cell, 10, 937�946.

101. Jones, L., Hamilton, A. J., Voinnet, O., Thomas, C. L.,

Maule, A. J., and Baulcombe, D. C. (1999) Plant Cell, 11,

2291�2301.

102. English, J. J., Mueller, E., and Baulcombe, D. C. (1996)

Plant Cell, 8, 179�188.

103. Angell, S. M., and Baulcombe, D. C. (1997) EMBO J., 16,

3675�3684.

104. Marathe, R., Anandalakshmi, R., Smith, T. H., Pruss, G.

J., and Vance, V. B. (2000) Plant Mol. Biol., 43, 295�306.

105. Matzke, M. A., Aufsatz, W., Kanno, T., Mette, M. F., and

Matzke, A. J. (2002) Adv. Genet., 46, 235�275.

106. Martienssen, R. A., and Colot, V. (2001) Science, 293,

1070�1074.

107. Finnegan, E. J., and Kovac, K. A. (2000) Plant Mol. Biol.,

43, 189�201.

108. Aufsatz, W., Mette, M. F., Matzke, A. J., and Matzke, M.

(2004) Plant Mol. Biol., 54, 793�804.

109. Kankel, M. W., Ramsey, D. E., Stokes, T. L., Flowers, S.

K., Haag, J. R., Jeddeloh, J. A., Riddle, N. C., Verbsky, M.

L., and Richards, E. J. (2003) Genetics, 163, 1109�1022.

110. Saze, H., Scheid, O. M., and Paszkowski, J. (2003) Nat.

Genet., 34, 65�69.

111. Cao, X., Aufsatz, W., Zilberman, D., Mette, M. F.,

Huang, M. S., Matzke, M., and Jacobsen, S. E. (2003)

Curr. Biol., 13, 2212�2217.

112. Cao, X., and Jacobsen, S. E. (2002) Curr. Biol., 12, 1138�1144.

113. Bartee, L., Malagnac, F., and Bender, J. (2001) Genes

Dev., 15, 1753�1758.

114. Cao, X., and Jacobsen, S. E. (2002) Proc. Natl. Acad. Sci.

USA, 99, 16491�16498.

115. Jeddeloh, J. A., Stokes, T. L., and Richards, E. J. (1999)

Nat. Genet., 22, 94�97.

116. Vignali, M., Hassan, A. H., Neely, K. E., and Workman, J.

L. (2000) Mol. Cell. Biol., 20, 1899�1910.

117. Tamaru, H., and Selker, E. U. (2001) Nature, 414, 277�

283.

118. Tamaru, H., Zhang, X., McMillen, D., Singh, P. B.,

Nakayama, J., Grewal, S. I., Allis, C. D., Cheng, X., and

Selker, E. U. (2003) Nat. Genet., 34, 75�79.

119. Kouzminova, E., and Selker, E. U. (2001) EMBO J., 20,

4309�4323.

120. Freitag, M., Hickey, P. C., Khlafallah, T. K., Read, N. D.,

and Selker, E. U. (2004) Mol. Cell, 13, 427�434.

121. Johnson, L., Cao, X., and Jacobsen, S. (2002) Curr. Biol.,

12, 1360�1367.

122. Soppe, W. J., Jasencakova, Z., Houben, A., Kakutani, T.,

Meister, A., Huang, M. S., Jacobsen, S. E., Schubert, I.,

and Fransz, P. F. (2002) EMBO J., 21, 6549�6559.

123. Tariq, M., Saze, H., Probst, A. V., Lichota, J., Habu, Y.,

and Paszkowski, J. (2003) Proc. Natl. Acad. Sci. USA, 100,

8823�8827.

124. Jackson, J. P., Lindroth, A. M., Cao, X., and Jacobsen, S.

E. (2002) Nature, 416, 556�560.

125. Malagnac, F., Bartee, L., and Bender, J. (2002) EMBO J.,

21, 6842�6852.

126. Chicas, A., Cogoni, C., and Macino, G. (2004) Nucleic

Acids Res., 32, 4237�4243.

127. Freitag, M., Lee, D. W., Kothe, G. O., Pratt, R. J.,

Aramayo, R., and Selker, E. U. (2004) Science, 304, 1939.

128. Lippman, Z., May, B., Yordan, C., Singer, T., and

Martienssen, R. (2003) PLoS Biol., 1, E67.

129. Lippman, Z., Gendrel, A. V., Black, M., Vaughn, M. W.,

Dedhia, N., McCombie, W. R., Lavine, K., Mittal, V., May,

B., Kasschau, K. D., Carrington, J. C., Doerge, R. W.,

Colot, V., and Martienssen, R. (2004) Nature, 430, 471�476.



1198 KLENOV, GVOZDEV

BIOCHEMISTRY  (Moscow)   Vol.  70   No.  11   2005

130. Soppe, W. J., Jacobsen, S. E., Alonso�Blanco, C.,

Jackson, J. P., Kakutani, T., Koornneef, M., and Peeters,

A. J. (2000) Mol. Cell, 6, 791�802.

131. Kanno, T., Mette, M. F., Kreil, D. P., Aufsatz, W.,

Matzke, M., and Matzke, A. J. (2004) Curr. Biol., 14, 801�

805.

132. Aufsatz, W., Mette, M. F., van der Winden, J.,

Matzke, M., and Matzke, A. J. (2002) EMBO J., 21,

6832�6841.

133. Herr, A. J., Jensen, M. B., Dalmay, T., and Baulcombe, D.

C. (2005) Science, 308, 118�120.

134. Onodera, Y., Haag, J. R., Ream, T., Nunes, P. C., Pontes,

O., and Pikaard, C. S. (2005) Cell, 120, 613�622.

135. Djikeng, A., Shi, H., Tschudi, C., and Ullu, E. (2001)

RNA, 7, 1522�1530.

136. Llave, C., Kasschau, K. D., Rector, M. A., and

Carrington, J. C. (2002) Plant Cell, 14, 1605�1619.

137. Ambros, V., Lee, R. C., Lavanway, A., Williams, P. T., and

Jewell, D. (2003) Curr. Biol., 13, 807�818.

138. Sijen, T., and Plasterk, R. H. (2003) Nature, 426, 310�

314.

139. Aravin, A. A., Lagos�Quintana, M., Yalcin, A., Zavolan,

M., Marks, D., Snyder, B., Gaasterland, T., Meyer, J., and

Tuschl, T. (2003) Dev. Cell, 5, 337�350.

140. Sarot, E., Payen�Groschene, G., Bucheton, A., and

Pelisson, A. (2004) Genetics, 166, 1313�1321.

141. Lankenau, S., Corces, V., and Lankenau, D. (1994) Mol.

Cell. Biol., 14, 1764�1775.

142. Gvozdev, V. A. (2003) Genetika, 39, 151�156.

143. Ketting, R. F., Haverkamp, T. H., van Luenen, H. G., and

Plasterk, R. H. (1999) Cell, 99, 133�141.

144. Stapleton, W., Das, S., and McKee, B. D. (2001)

Chromosoma, 110, 228�240.

145. Aravin, A. A., Naumova, N. M., Tulin, A. V., Vagin, V. V.,

Rozovsky, Y. M., and Gvozdev, V. A. (2001) Curr. Biol., 11,

1017�1027.

146. Svoboda, P., Stein, P., Anger, M., Bernstein, E., Hannon,

G. J., and Schultz, R. M. (2004) Dev. Biol., 269, 276�285.

147. Vagin, V. V., Klenov, M. S., Kalmykova, A. I., Stolyarenko,

A. D., Kotelnikov, R. N., and Gvozdev, V. A. (2004) RNA

Biol., 1, 51�55.

148. Kalmykova, A. I., Klenov, M. S., and Gvozdev, V. A.

(2005) Nucleic Acids Res., in press.

149. Wu�Scharf, D., Jeong, B., Zhang, C., and Cerutti, H.

(2000) Science, 290, 1159�1162.

150. Hirochika, H., Okamoto, H., and Kakutani, T. (2000)

Plant Cell, 12, 357�369.

151. Gendrel, A. V., Lippman, Z., Yordan, C., Colot, V., and

Martienssen, R. A. (2002) Science, 297, 1871�1873.

152. Kinoshita, T., Miura, A., Choi, Y., Kinoshita, Y., Cao, X.,

Jacobsen, S. E., Fischer, R. L., and Kakutani, T. (2004)

Science, 303, 521�523.

153. Melquist, S., and Bender, J. (2003) Genes Dev., 17, 2036�2047.

154. Melquist, S., Luff, B., and Bender, J. (1999) Genetics, 153,

401�413.

155. Lyko, F., Ramsahoye, B. H., and Jaenisch, R. (2000)

Nature, 408, 538�540.

156. Gowher, H., Leismann, O., and Jeltsch, A. (2000) EMBO

J., 19, 6918�6923.

157. Ivanov, A. I., Rovescalli, A. C., Pozzi, P., Yoo, S., Mozer,

B., Li, H. P., Yu, S. H., Higashida, H., Guo, V., Spencer,

M., and Nirenberg, M. (2004) Proc. Natl. Acad. Sci. USA,

101, 16216�16221.

158. Kuttenkeuler, D., and Boutros, M. (2004) Brief. Funct.

Genomic Proteomic, 3, 168�176.

159. Pal�Bhadra, M., Bhadra, U., and Birchler, J. A. (1997)

Cell, 90, 479�490.

160. Gvozdev, V. A., Aravin, A. A., Abramov, Y. A., Klenov, M.

S., Kogan, G. L., Lavrov, S. A., Naumova, N. M.,

Olenkina, O. M., Tulin, A. V., and Vagin, V. V. (2003)

Genetika, 117, 239�245.

161. Aravin, A. A., Klenov, M. S., Vagin, V. V., Bantignies, F.,

Cavalli, G., and Gvozdev, V. A. (2004) Mol. Cell. Biol., 24,

6742�6750.

162. Fukagawa, T., Nogami, M., Yoshikawa, M., Ikeno, M.,

Okazaki, T., Takami, Y., Nakayama, T., and Oshimura, M.

(2004) Nat. Cell Biol., 6, 784�791.

163. Bernstein, E., Kim, S. Y., Carmell, M. A., Murchison, E.

P., Alcorn, H., Li, M. Z., Mills, A. A., Elledge, S. J.,

Anderson, K. V., and Hannon, G. J. (2003) Nat. Genet.,

35, 215�217.

164. Kanellopoulou, C., Muljo, S. A., Kung, A. L., Ganesan,

S., Drapkin, R., Jenuwein, T., Livingston, D. M., and

Rajewsky, K. (2005) Genes Dev., 19, 489�501.

165. Gillespie, D. E., and Berg, C. A. (1995) Genes Dev., 9,

2495�2508.

166. Wilson, J. E., Connell, J. E., and Macdonald, P. M. (1996)

Development, 122, 1631�1639.

167. Tomancak, P., Guichet, A., Zavorszky, P., and Ephrussi, A.

(1998) Development, 125, 1723�1732.

168. Cook, H. A., Koppetsch, B. S., Wu, J., and Theurkauf, W.

E. (2004) Cell, 116, 817�829.

169. Chen, J., Sun, M., Kent, W. J., Huang, X., Xie, H., Wang,

W., Zhou, G., Shi, R. Z., and Rowley, J. D. (2004) Nucleic

Acids Res., 32, 4812�4820.

170. Maison, C., Bailly, D., Peters, A. H., Quivy, J. P., Roche,

D., Taddei, A., Lachner, M., Jenuwein, T., and Almouzni,

G. (2002) Nat. Genet., 30, 329�334.


