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During recent years, new mechanisms of regulation
of gene expression have been discovered. These mecha-
nisms are based on complementary interaction of short
RNA (of 20-30 nucleotides in length) with their mRNA
targets or nascent transcripts within chromatin [1-3].
siRNA—mRNA recognition results in suppression of
translation, and the interaction of siRNA with nascent
transcript may be accompanied by heterochromatiniza-
tion and chromatin silencing. Are impairments in these
processes related to the appearance of tumors? The large
experimental material summarized in recently published
reviews demonstrates how impairments in formation and
functioning of microRNA (miRNA) suppressing gene
expression at the level of translation may cause malig-
nization [4-6]. A possible role of short RNA in epige-
nomic modification of genes (and impairments in this
regulation, which is now considered as one of the reasons
underlying the development of cancer) remains less stud-
ied. The goal of numerous studies consists in investigation
of epigenomic modifications that change gene expression
and are inherited in subsequent cell generation, but are
not accompanied by changes in DNA nucleotide
sequences [7-9]. Taking into consideration results of
studies on mammalian and other model objects, we con-
sider here the possible effect of short RNA-dependent
epigenomic modification on the development of cancer.

* To whom correspondence should be addressed.

Discussion of this topic may help to foresee future direc-
tions in studies of the epigenomics of cancer.

The discovery of the phenomenon known as RNA
interference (RNAi) has demonstrated, that exogenously
administered or artificially expressed double stranded
RNAs (dsRNA) selectively inhibit expression of target
genes with homologous nucleotide sequence [10]. This
effect is associated with formation of siRNA (short inter-
fering RNA) of 21-23 nucleotides in length. The role of
miRNA (having the same size) in regulation of nematode
development has been elucidated slight earlier; one type
of miRNA has been shown to be highly conservative and
functionally active in various eukaryotes [11]. The mech-
anisms of miRNA biogenesis employ the same biochem-
ical reactions, which are also responsible for siRNA for-
mation.

Results of these studies have been summarized in
several reviews [12-14] and are shown at Fig. 1. The
miRNA genes are transcribed by RNA-polymerase 11 fol-
lowed by formation of primary transcript of ~1 kb.
Subsequent excision of the miRNA precursor (pre-
miRNA) of 60-90 nucleotides, representing imperfect
hairpin with overhang dinucleotide at 3’ end involves
endoribonuclease RNase 111 (Drosha) and RNA-binding
protein DGCRS. Pre-miRNA is transported into the
cytoplasm by a Exp5/Ran-GTP complex; in the cyto-
plasm RNase III Dicer functioning with other RNA-
binding proteins cleaves a terminal loop. The resulting
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double-stranded intermediate with overhanging 3’ ends is
then untwisted, and one of these strands (mature
miRNA) becomes a component of the multiprotein effec-
tor RISC (RNA-induced silencing complex). The protein
Argonaute is a key component of RISC; it recognizes
short RNA and exhibits potential endonuclease activity.
When miRNA and mRNA are fully complementary, the
latter undergoes endonuclease cleavage; in the case of
incomplete complementarity between miRNA and
mRNA, translation process is blocked. The siRNA is
formed from endogenous or artificially administered
dsRNA, which undergoes processing by Dicer endonu-
clease. As in the case of miRNA, RISC contains only sin-
gle stranded siRNA. Suppression of gene expression at
the level of translation is determined by siRNA binding
with complementary sequence in mRNA. The binding of
siRNA to complementary sites of nascent transcript can
also induce chromatin compactization (Fig. 1).
Similarity in processing of miRNA and siRNA sug-
gest that functional pathways of these short RNAs may
intercross because, in contrast to genomes of other organ-
isms (Drosophila, plants), the human genome contains a
single gene encoding Dicer. The viewpoints that delivery
of miRNA and siRNA to their targets is strictly deter-
mined by one of the corresponding variants of the
Argonaute protein have very recently been corrected.
Studies on Drosophila have shown that these two classes of
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short RNA may compete for the binding at the same
effector complex containing the same variant of the
Argonaute protein; this suggests lack of “division of
labor” between siRNA and miRNA [15]. Diversity of
miRNA in mammals is determined by hundreds of corre-
sponding genes, whereas the origin of endogenous
dsRNA and siRNA in mammalian cells still requires
detailed investigation. Probably sources for their forma-
tion may be associated not only with repeated elements of
the genome (both strands may be templates during tran-
scription) but also with other non-protein-coding tran-
scripts, which overlap by nucleotide sequence and are
complementary to each other [16]. Recently, another
type of short RNA known as piRNA, differing from
miRNA and siRNA by length (26-30 nucleotides) and
methylation of 3’-terminal nucleotide at its 2'-OH-
group, has been found in Drosophila and vertebrates
(including mammals) [17]. The functioning of piRNA is
associated with the development and differentiation of
germinal tissues.

microRNAs

miRNAs are a large new class of regulatory RNAs,
which are involved in control of expression of many
genes. More than 5000 miRNAs are known in 58 species;
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Fig. 1. a) Mechanisms of formation and action of miRNAs and siRNAs (in mammals as an example). Ovals show effector complex contain-
ing the Argonaute protein. b) Nucleotide sequences of two human pre-miRNAs and mature miRNAs (marked in bold).
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these include miRNAs encoded by viral genomes
(miRBase, Release 10.0, http://microrna.sanger.ac.uk).
Obviously, mammalian miRNAs (~500 miRNAs in
humans) regulate gene expression only at the translation-
al level, but in plants miRNAs can induce gene repression
at the chromatin level (this is accompanied by DNA
methylation) [18]. Usually miRNA is complementary to
3’-untranslated region (UTR) of mRNA (Fig. 1). Each
mRNA can be regulated by several miRNAs, and one
miRNA can recognize several targets [11, 13, 14]. Rules
have been developed for predicting mRNA-target recog-
nition and so identification of mRNA targets employs
computer programs that predict targets with high proba-
bility. However, prediction of target candidates requires
experimental validation. It is believed that expression of
30% of human genes may be regulated by miRNA [19].

The mechanisms responsible for the effect of
miRNA in animal cells still represent a subject for hot
discussions [20]. Inhibition may occur at the stage of
translation initiation [21-25], and this requires the pres-
ence of mRNA cap (m’Gppp-modification) [23-25].
However, suppression of translation may also occur dur-
ing elongation [26-29]. Proteins of the Ago subfamily, the
key components of the effector complex, contain an obli-
gate cap-recognizing motif found in the initiation trans-
lation factor elF4E [30]. In Drosophila, inhibition
involves factor elF6 blocking assembly of 80S ribosomes
[21]. A marked fraction of repressed mRNA was found in
the processing bodies (P-bodies) representing perinuclear
cytoplasmic aggregates of RNA—protein complexes [31-
36]. The mRNAs (including miRNA targets) accumulat-
ed in P-bodies either undergo degradation by means of
decapping and deadenylating enzymes, and also RNA
exonucleases or leave these bodies and are employed in
translation [37-39].

It is possible that miRNAs form a regulatory network
controlling many fundamental biological process: tissue
differentiation [40-42], development [43, 44], metabo-
lism [45], apoptosis [46], cell cycle [47-49]. Results of
recent studies suggest involvement of miRNA in coordi-
nation of the gene expression program determining tumor
metastases [50]. So it is not surprisingly that defects in
miRNA expression result in appearance of cancer, and
miRNA genes may act as oncogenes or tumor suppres-
sors. Involvement of miRNA in cancerogenesis caused
the development of the notion about oncomirs, i.e.
miRNAs (miRs) whose impaired expression promotes
oncoformation [6].

miRNAs AS KEY PLAYERS IN CANCEROGENESIS

Mammalian miRNAs. The expression profile of
miRNA is highly specific for a particular type of tissue
and stage of cell differentiation [11, 13, 14]. Impaired
miRNA functioning, which occurs during tumor trans-

RYAZANSKY, GVOZDEV

let-7 miR-21—PTEN — apoptosis
. H
Ras C_Myc :
MAPK E2FI/\— miR-17-92 BCL2
Gt O | RpS miR-34a miR-15,16
M
,CDK2—LATS2  p53
G, T
s miR-372,373

Fig. 2. Participation of miRNAs in regulation of some key compo-
nents of the cell cycle and apoptosis. Putative interactions are
shown by dashed lines.

formation, can be evaluated as a consequence rather than
the cause of loss of cell identity. However, detection of
deletions, local amplifications, and chromosomal break-
points in the regions of miRNA genes (causing impair-
ments in miRNA expression during cancerogenesis) is a
good demonstration of direct role of miRNA in these
processes. More than half of 186 predicted or known (at
that time) miRNA genes were located inside or near
regions of tumor-associated chromosomal rearrange-
ments [51]. There is a specific change in expression of
only miRNAs encoded by genes located in the regions of
known chromosomal breakpoints typical for a particular
type of cancer [52, 53].

Defects in miRNA expression cause the develop-
ment of cancer associated with impaired formation of
oncoproteins or tumor suppressors regulated by these
miRNAs (Fig. 2). For example, miR-15a and miR-16-1!
(the first miRNAs with documented role in cancerogene-
sis) suppressed expression of the inhibitor of apoptosis,
Bcl-2 [54-56]. Deletion of the region 13q14.1 encoding
these miRNAs was partially associated with B-cell chron-
ic lymphocytic leukemia (B-CLL), brain cortex cell lym-
phoma, and multiple myeloma [5]. Expression of miR-
15a and miR-16-1 decreased in 68% of B-CLL cases
[56]; this was accompanied by Bcl-2 overexpression [57].

One of the first identified miRNAs, let-7 found in
the nematode Caenorhabditis elegans as well as in
humans, is also a tumor suppressor decreasing formation
of the oncoproteins Ras and HMGA?2. In patients with
lung cancer, there was inverse correclation between
expression of let-7 and Ras/HMGA2 [58, 59].
Overexpression of /et-7 suppressed growth of lung cancer
cell culture [59]. Involvement of conservative miRNA let-
7 in regulation of ras expression was also found in nema-

"The name of miRNA contains an index number reflecting the
order of its discovery and number or letter suffix, which usual-
ly discriminates miRNAs from the same family, which have
the same index number; the latter consists of miRNAs with
identical or very similar nucleotide sequences [54]. Some
miRNAs (let-7, etc.) still have trivial names.
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todes [58, 60, 61]. Human lung cancer is often associated
with translocation of the first three exons of hAmga2 fol-
lowed by subsequent fusion with another gene [62]. It is
suggested that during translocation, the AmgaZ2 gene loses
3'-UTR with let-7 binding sites; this results in overex-
pression of oncoprotein and tumor transformation [63].
It is possible that HMGA2 and Ras proteins regulated by
let-7 cooperate during tumor transformation of lung cells.

Under conditions of stress, known tumor suppressor
p53 activated transcription of several miRNAs and gene
miR-34a exhibited the highest activation [64-68].
Overexpression of miR-34a was characterized by arrest of
the cell cycle and apoptosis accompanied by the decrease
in expression of many genes responsible for cell prolifer-
ation and angiogenesis. Most of these genes were predict-
ed as targets of miR-34a. These included the apoptosis
inhibitor Bcl-2 [65, 67, 69] (Fig. 2). Inhibition of miR-
34a by antisense LNA (locked nucleic acid) oligonu-
cleotides strongly attenuated pS53-dependent apoptosis
during DNA damage [67]. The region 1p36 of chromo-
some 1 containing gene mir-34a is often deleted in many
types of cancer, for example, in neuroblastoma [70].
These observations demonstrate that miR-34 and possi-
bly other miRNAs are involved in p53-dependent cell
response to stress. Thus, miR-34a may be considered as a
tumor suppressor, which plays (together with p53) an
important role in regulation of cell proliferation and
apoptosis.

miR-155 is an example of miRNA exhibiting onco-
genic properties; this miRNA is required for functioning
of B- and T-cells [71-73]. Increased expression of miR-
155 is observed in pediatric Burkitt’s lymphoma, classic
Hodgkin’s disease, diffuse large cell lymphoma, B-CLL,
and also in lung, breast, and pancreatic cancers [74-80].
Overexpression of miR-155 observed in B-CLL obvious-
ly occurs due to impairments in regulation of expression,
and it is not associated with amplification of a correspon-
ding genome locus [80]. Bioinformatic analysis predicts
that cytokines, chemokines, and transcription factors are
possible miR-155 targets [72]. In pancreatic cancer cells,
this miRNA suppresses the activator of apoptosis
TP53INP1 [79]. Immature B-cells from transgenic mice
overexpressing miR-155 are characterized by induction of
early polyclonal malignization [81].

Artificial expression of miR-372 and miR-373
induced proliferation and malignization of human primary
cell culture overexpressing ras oncogene [82]. The target
for both miRNAs is LATS2, a cyclin-dependent kinase
(CDK?2) [83]. Suppression of LATS2 by miR-372 and
miR-373 activated CDK2 and the cell cycle (Fig. 2) [82].

We have considered possible functioning of various
miRNA genes as tumor suppressors and also as onco-
genes. Genes encoding miRNAs with oncogenic and sup-
pressor properties may be located within one cluster. The
cluster of miRNA genes mir-17-92, located in the region
13931-32, includes seven miRNA genes (mir-17-5p, -17-
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3p, -18, -1%a, -20a, -19b-1, and -92-1). It is transcribed
with formation of a single transcript, which is a precursor
of all encoded miRNAs. This cluster generally exhibits
oncogenic properties. Frequent amplification of the
region 13q31-32 has been recognized in B-cell lym-
phomas, follicular lymphomas, brain cortex lymphomas,
and some other tumors [84]. Induction of transformation
of mouse hemopoietic stem cells into B-cell lymphoma
caused by human transgenic oncogene c-Myc accelerated
by additional transfection of overexpressing truncated
cluster fragment lacking the mir-92-1 gene [85].
Expression of this cluster also increased the rate of prolif-
eration of lung cancer cell culture [86]. The predicted tar-
gets for some cluster miRNA include tumor suppressors:
PTEN inducing apoptosis [87] and one protein of the Rb
family (Rb12) inhibiting E2F [88] (Fig. 2). Interestingly,
proto-oncogene c-Myc activating transcription of E2F1
can also activate this cluster (Fig. 2) [§9]. However, some
miRNA can act as tumor suppressors. miR-17-5p and
miR-20a of this cluster can suppress translation of E2F1
mRNA [89]. In the same time, it is known that high level
of E2F1 expression results in apoptosis [90]. In this case,
negative regulation by miR-17-5p and miR-20a will
exhibit oncogenic effect. These observations demonstrate
complex regulatory effects of the miRNA cluster; they
combine both oncogenic effects (determined by suppres-
sion of tumor suppressors) and some anti-oncogenic
effects determined by complex modulation of E2F1
expression.

In some tumor cells miR-21 and miR-24 act as
oncogenes, and in others they act as tumor suppressors.
In HeLa cells, inhibition of miR-21 or miR-24 activity by
modified anti-miR oligonucleotides accelerated prolifer-
ation [47]. Inhibition of miR-24 in A549 cells caused
potent inhibition of cell growth, whereas inhibition of
miR-21 had no influence on cell growth. Some tumors
(hepatomas, glioblastoma, pancreatic or breast cancer)
are accompanied by high expression of mir-21 [91-93].
Suppression of miR-21 in glioblastoma cell culture acti-
vates caspases in apoptosis [93], whereas in hepatomas
the effect of miR-21 is probably determined by suppres-
sion of tumor suppressor PTEN [92] (Fig. 2).

In general, analysis of bioinformatic predictions of
putative targets suggests that proto- and anti-oncogenic
activity is typical for many other miRNAs (Table 1).
However, the proportion of false positive predictions of
such targets is very high and may reach 30% [94]. Clearly,
these predictions require experimental validation.

Defects in miRNA expression associated with car-
cinogens are possible not only during chromosomal
rearrangements, but also due to impairments in the
machinery responsible for miRNA formation and pro-
cessing. For example, inhibition of expression of ribonu-
cleases Dicer and Drosha by complementary siRNA
caused acceleration of growth of lung adenocarcinoma
cells of naked mice [95]. Expression of miR-143 and
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Table 1. Oncogenes and tumor suppressors as potential
targets for miRNA (modified from [202])

Gene Gene function miRNA

Abl oncogene 44,71, 259, 238
Cbl-b 261, 353

Bel2 " 239

Fyn " 271

Mek2 63, 64, 65, 66, 228, 230
Raf " 43, 246, 272

p33 tumor suppressor 258

PRB tumor suppressor 70, 232, 247, 258, 355

miR-145 strongly decreased in colon and breast cancers
[96, 97], possibly due to blockade of processing of corre-
sponding pre-miRNA [97].

Tumor transformation may be also determined by
primary impairments in regulation of expression of a sin-
gle miRNA, which is then accompanied by imbalance in
the whole miRNA network. It is suggested that under
normal conditions the regulatory network of miRNA sup-
presses expression of “unwanted” (for a particular tissue)
genes and provides “canalization” for the development of
particular cell types via a strictly determined pathway [98,
99]. Damage to this network induced, for example, by
defect in expression of single but key miRNA may result
in “de-canalization” of this cell followed by its de-differ-
entiation and reduced resistance to various oncogenic
stimuli.

Viral miRNAs. Genes encoding miRNAs have been
found not only in eukaryotes, but also in DNA viruses

RYAZANSKY, GVOZDEV

preferentially related to herpesviruses. Functions of sev-
eral miRNAs are known to date; these include suppres-
sion of expression of both viral and cell genes, which is
required for optimal production of viral proteins [100].
Most of these viruses are associated with tumors [100,
101]. Epstein—Barr virus (EBV) encodes 23 miRNAs and
can induce the development of B- and T-cell lymphomas
and nasopharyngeal carcinomas. KSHV virus encoding
12 miRNAs is associated with Kaposi’s sarcoma and
some aggressive lymphomas. Polyoma virus SV40 (1
miRNA) induces tumors in newborn hamsters and mice
with attenuated immunity. There is indirect evidence that
cancerogenesis may be associated with viral miRNAs. For
example, bioinformatic prediction has shown that pro-
teins p53 and Bcl-2 are potential targets for two EBV
miRNAs [101]. KSHV miR-K12-11 is the ortholog of
cellular miR-155 [102] exhibiting oncogenic properties.
Viruses also can alter cell growth by influencing forma-
tion or stability of host cell miRNA. For example, cells
infected with HIV-1 markedly change the level of expres-
sion of ~40% of cell miRNAs [103]. More detailed dis-
cussion of the interrelationship between viruses, miRNA,
and tumor cells can be found in [101].

miRNAs IN TUMOR DIAGNOSTICS

Impairments in miRNA functioning seen in can-
cerogenesis can be used for determination of miRNA
expression for diagnostics of tumor origin. Each type of
cancer is characterized by a certain profile of miRNA
expression (Table 2). Analysis of expression of more than
200 miRNAs in more than 1000 samples (from three
studies) of lymphomas and solid cancers resulted in suc-
cessful classification of tumors into subtypes by their ori-
gin and stage of differentiation [91, 104, 105]. For exam-

Table 2. miRNA expression increased (1) or decreased (¥) in some of the most common tumors compared with nor-

mal tissues (modified from [203])

Tumor

miRNA

References

Lung cancer

Breast cancer 217, 12564, 1454, 1557

Prostate cancer 1524, 16—14, 217, 1434,1454

Colon cancer 19aT, 217, 1434, 1454
Pancreatic cancer 217, 1031, 10771, 1557

Ovary cancer 2107

Chronic lymphocytic
leukemia (CLL)

17-927, let-74, 124al, 1264, 1434, 1454, 155T, 1917, 205T, 2107

15ad, 16—14, 16—2T, 23bT, 24—1T, 294, 146T, 1557, 195T, 22171, 223

6, 89,91, 97, 204, 205]
[96]
[6, 91]

[91,97]
[79, 81, 206]
[204]

[6, 52, 56, 106]

BIOCHEMISTRY (Moscow) Vol. 73 No. 5 2008



SMALL RNAs AND CANCEROGENESIS

ple, cluster analysis of miRNA expression profiles in
tumors accurately determines not only type of the tissue
(e.g. epithelium or hemopoictic system), but also dis-
criminates tumors within the same type of tissue; this may
reflect mechanism of transformation [104]. The miRNA
profile can be evaluated by means of microarrays [91]. It
has been calculated that accuracy of tumor classification
by means of miRNA profiles is higher than that employ-
ing mRNA profiles [104]. Obviously, evaluation of
miRNA profiles can be used for prognosis of the develop-
ment of tumors [59, 78, 106]. Such an approach for
tumor diagnostics is very promising. However, it is not
widely employed yet due to not-well developed technolo-
gy, lack of standards, requirements of very high purity of
RNA samples, and not always reproducible results.

EPIGENOMIC MODIFICATIONS
AND THE CANCER EPIGENOME

The importance of epigenomic modifications of
chromatin structure for the development of tumors has
already been recognized [107-109]. We will cite here the
results of studies of epigenomic modifications in cancer,
which will be necessary for subsequent discussion of a
possible role of short RNAs in elucidation of these modi-
fications!. Heterogeneity of tumor cells is significantly
influenced by variations in epigenomic structure of chro-
matin (epigenome) in tumor precursor cells. The
epigenome undergoes significant rearrangements during
the development of cancer [110]. Tumor progression is
determined not only by genetic changes but also by
impairments in epigenomic characteristics, which appear
more often than true mutations [111]. Chromatin con-
tains inherited epigenetic information determining
important characteristics of the epigenome. The epige-
nomic modifications include: DNA methylation, post-
transnational modification of histones, and substitution
of canonic variants of histones for others differing in
amino acid sequence.

Methylation of cytosine in DNA followed by forma-
tion of 5-methylcytosine occurs in the dinucleotide
sequences CpG [8]; most of them are methylated, except
those which constitute CpG islands, the CpG clusters
located in most promoters of human genes. Methylation
can cause suppression of transcription due to “attraction”
of proteins recognizing methylated CpG. Such proteins
cause gene repression via competition with other regula-
tory proteins [112] or due to binding of histone deacety-
lases removing acetyl groups from lysine residues, the
typical markers of active chromatin [113]. Methylation of
DNA may also change parameters of nucleosome struc-

" Most of the references are recent reviews rather than particu-
lar studies.
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ture of chromatin, which depends on functioning of vari-
ous remodeling complexes [114-116]. The remodeling
complexes can remove nucleosomes, change their loca-
tion on DNA, and regulate the presence of histone vari-
ants differing by amino acid sequence in a nucleosome.
Functions of the remodeling complexes can depend on
the presence of proteins recognizing methylated DNA.
Nucleosome DNA sites are either protected against inter-
action with regulatory complexes of non-histone regula-
tory proteins or may promote such interactions.
Remodeling can result in activation of repression of gene
activity, thus determining gene expression in the develop-
ment and specificity of cell differentiation. Three
processes (DNA methylation, histone modification, and
remodeling of nucleosome structure of chromatin) are
mutually coupled and so mutations in genes encoding
proteins, direct participants of these processes, can be a
reason for the development of various types of cancer.

DNA methylation in the presence of DNA methyl-
transferase Dnmtl may be passively maintained during
DNA replication for preservation of this type of epigenet-
ic information in cell generations. However, methylation
of the mammalian genome can be changed during devel-
opment [117, 118]. After fertilization but before fusion of
pronuclei, the father genome undergoes active demethy-
lation. Subsequently, during cell divisions in the absence
of active DNA methyltransferase, the maternal genome
undergoes passive demethylation. Genome methylation
de novo begins at the stage of the blastocyst. “Methylation
waves” also occur during gastrulation; this promotes tis-
sue specific methylation. The pattern of DNA methyla-
tion (“methylome”) is subjected to changes in cancer,
and the mode of these changes is specific for various
tumors [119]. Although there is general decrease of
methylation, some CpG islands are characterized by local
aberrant excessive methylation typical for the develop-
ment of cancer and leading to gene repression [109, 120].
Such excessive methylation results in suppression of
activity of tumor suppressor genes or may be accompa-
nied by mutations in these genes, because 5-methylcyto-
sine is a mutagenic base, which can be converted into
thymine during deamination [109, 121]. Suppression of
tumor suppressors caused by methylation is the most
important epigenomic impairment leading to growth of
tumor cells. One type of tumor can be characterized by
hundreds of genes with aberrantly methylated promoters.
Recently, excessive methylation of CpG islands of
miRNA genes has been found in cancer cells [122, 123].
The authors attribute the effect of this methylation to
suppression of tumor suppressor genes represented by
miRNA genes. Some types of cancer are accompanied by
methylation of extended parts of the genome (about 10°
DNA base pairs) [124].

Besides gene specific methylation, which can also
occur in the coding region of a gene, there is so-called
global decrease of genome methylation, which occurs in
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tumor cells (especially in metastasizing cells) [125, 126].
This mainly reflects changes in methylation of CpG in
non-coding sequences of the mammalian genome. Under
normal conditions satellite DNA sequences located with-
in the centromeric heterochromatin are strongly methy-
lated. Global decrease of methylation involving these
regions has been described for human glioblastoma [127].
Insufficient DNA methylation in the pericentromeric
region of human chromosomes can induce their instabil-
ity due to decondensation of heterochromatin and
increased recombination in these regions [117].
Chromosome rearrangements caused by hypomethyla-
tion have been described in several studies [128, 129].
Impairments in the structure of centromere regions cause
chromosome nondisjunction and aneuploidy typical for
tumor cells. These processes have been shown to correlate
with the development of urinary bladder carcinomas (e.g.
by inducing loss of chromosome 9) [130].

Processes of DNA methylation may be closely asso-
ciated with modification of chromatin histones. Several
recent reviews highlight the role of histone modification
in gene expression [131, 132]. The mechanism underlying
dependence of histone modification on DNA methyla-
tion is based on complex formation between proteins
forming epigenome characteristics: DNA methyltrans-
ferases; proteins recognizing methylated sites; histone
acetylases and histone methyltransferases [107, 110, 133,
134]. DNA methyltransferase can bind not only histone
methyltransferase, but also histone deacetylase and the
heterochromatin protein HP1. Histone methyltransferase
recruits DNA methyltransferase into the complex of
Polycomb (PcG) proteins involved in hereditary repres-
sion of genes responsible for differentiation. Formation of
such complexes may represent a basis for the reverse
process—the dependence of DNA methylation on his-
tone modification; this demonstrates the possibility of
tight interactions between these two systems of epige-
nomic silencing.

Active chromatin is usually characterized by acetyla-
tion of lysine residues (K) in histones and trimethylation
of lysine residue at position 4 of the histone H3
(H3K4me3), whereas modification H3K9me3 and
H3K27me3 are typical for repressed heterochromatin and
inactive euchromatin, respectively [131]. Gene silencing
determined by characteristic modification of H3K27me3
and H3K9me3 can be accompanied by histone deacetyla-
tion and DNA methylation. The H3K9me3 modification
attracts structural protein HP1, which plays an important
role in gene silencing and formation of heterochromatin
structures [133]. Loss of H3K9me3 causes removal of
HPI1 from the pericentromeric heterochromatin, aneu-
ploidy, and cancerogenesis [135]. Appearance and metas-
tasizing of breast cancer is associated with decreased level
of HP1 expression [136]. It should be noted that separate
modification of histones has to be considered in context
with other modifications: a single modification cannot be
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unequivocally interpreted as positive or negative without
analysis of other modifications; a common pattern of
localization of such modifications on histone nucleo-
somes will determine specificity of interaction with chro-
matin of activating or repressing protein complexes [137].

Impairments of histone modifications in tumor cells
have been found in many studies; we just mention here
that the typical change in histone modification in human
cancer includes loss of K16 acetylation and K20 methyla-
tion in histone H4 [120, 138]. There is a correlation
between the decrease of histone acetylase activity with
respect of H3K27 and H3KO9 sites and impairments in Rb
protein functioning and also with abnormalities in regu-
lation of the cell cycle observed in tumor cells [133].
Some types of cancers are characterized by a sharp
increase in expression of proteins of the PcG protein
complex, which is responsible for modifications of
H3K27me3 and H3K9me [107]. One of the PcG proteins
is histone methyltransferase [139]. In embryonic mam-
malian stem cells, the PcG proteins are required for
maintenance of cell pluripotency by transient (reversible)
suppression of activity of genes, which are actively
expressed during differentiation. In cancer cells, there is
sharp methylation of promoters of the genes that are tar-
gets for PcG proteins. This results in reliable gene silenc-
ing, which prevents differentiation and maintains stem
cell self-renovation, predisposing to malignization [140].

RNA-MEDIATED EPIGENOMIC SILENCING

In mammals RNA not coding proteins (further
defined as non-coding RNA) determines genomic
imprinting—selective expression of only one of two alleles
inherited from the parents [141, 142], inactivation of one
of two X-chromosomes in mammalian cells [143], and
also PcG protein associated regulation of HOX cluster
genes responsible for realization of the plan of the body
formation [144]. These cases of RNA silencing involve
large non-coding RNA molecules, which consist of tens
and even hundreds of thousands of nucleotides [145,
146]. Impairments in genomic imprinting may cause
expression of both alleles and overproduction of potential
growth factors leading to tumor formation [107]. Gene
silencing during genomic imprinting and inactivation of
X-chromosome are accompanied not only by various
modifications of histone molecules but also by DNA
methylation. Recently it has been reported that overex-
pression of non-coding long RNA (>2 kb) causes an anti-
apoptotic effect in human cancer cells [147].

Processes of epigenomic silencing may involve
another type of non-coding RNAs, short siRNAs. This
demonstrates the existence of nuclear RNA-interference,
which is based (in contrast to RNAi) on suppression of
mRNA translation in cytoplasm. Involvement of siRNAs
in gene silencing at the level of chromatin was originally
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found in model objects. There is still no convincing evi-
dence that this type of silencing is a cause for tumor
development. However, some experimental data suggest
that siRNA plays a certain role in gene silencing at the
level of chromatin in mammalian cells (including human
cancer cells). Short RNAs play a certain role in stabiliza-
tion of non-coding pericentromeric regions of mam-
malian chromosomes (it has already been mentioned that
impairments in chromatin structure of these regions are
associated with appearance of tumors). Subsequent stud-
ies of mechanisms responsible for cancer epigenome for-
mation would clarify the role of these short RNAs in these
processes. We consider examples of involvement of short
RNAs in epigenomic silencing, which is coupled to DNA
methylation, histone modification of target genes, and
attraction of the heterochromatin HP1 protein to them.
All these chromatin modifications are typical for the can-
cer epigenome.

Short RNAs and epigenomic silencing. Studies on the
role of siRNA and the Dicer protein in suppression of
gene expression at the chromatin level originally
employed model objects, plants (Arabidopsis thaliana)
and dividing yeasts (Schizosaccharomyces pombe) [148,
149], and then they were continued using Drosophila. In
plants, siRNA-mediated RNA silencing was accompa-
nied by repressor modification of histones and DNA
methylation. It was induced by endogenous dsRNA; its
nucleotide sequence was identical to gene promoters
[149]. The dsRNAs were formed during transcription of
self-complementary inverted repeats or RNA-dependent
RNA synthesis. In yeasts, siRNAs are involved in hete-
rochromatinization of pericentromeric regions of chro-
mosomes. In this case, dSRNAs are formed due to tran-
scription of both strands of DNA repeats of these regions
or (as in plants) using RNA-dependent RNA polymerase.
Processing of dsRNA involves the Dicer protein; the
resulting siRNAs bind to the Argonaute (AGO) protein
required for their interactions with nascent transcripts
(Fig. 1). The forming complex attracts histone methyl-
transferase responsible for the repressor modification
H3K9me and association of the heterochromatin protein,
yeast homolog of HP1. This results in heterochroma-
tinization and silencing of centromeres required for chro-
matid cohesion and their normal disjunction during cell
division [150, 151]. Yeasts lack DNA methylation.
Consequently, it is reasonable to propose the rather para-
doxical (at first glance) but experimentally confirmable
suggestion that formation of compact inactive chromatin
requires chromatin transcription, because nascent tran-
scripts are a platform for assembly of complexes responsi-
ble for silencing. In plants, heterochromatin formation
requires transcription of corresponding regions of the
chromosome, which involves special RNA polymerase IV
[9, 149]. Thus, heterochromatinization is determined by
transcription, and notions that heterochromatin is not
transcribed should therefore be essentially corrected.
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In mammalian cells lacking RNA-dependent RNA
polymerase, siRNA can originate from dsRNA via bi-
directional transcription of the repeated elements of the
genome (heterochromatin repeats and transposable ele-
ments). Non-coding intergenic regions of the mam-
malian genome are also transcribed, and the forming
transcripts can be oppositely oriented and complementa-
ry to each other [16, 152, 153]. Finally, formation of a
special type of short RNAs from single stranded tran-
scripts is also possible.

Studies on human cell cultures (mainly of tumor ori-
gin) have shown that siRNA administered into cells or
endogenously expressed siRNA can be involved in tran-
scription silencing provided that complementary
nucleotide sequence of gene promoter is a target [154-
159]. Silencing requires transcription of a promoter
region [156, 157] as previously shown using model objects
[148, 149]. However, it is also possible that promoter
DNA can be also a target. Transcription silencing is char-
acterized by appearance of repressor modification
(H3K27me3 and H3K9me?2) of histones; it was accompa-
nied [155] or not accompanied [154, 157] by methylation
of the target gene. In Hela cells expression of siRNA
complementary to the promoter region and CpG islands
in recently found tumor suppressor RASSFI1A (Ras asso-
ciation domain family 1 isoform A) resulted in gene
silencing due to DNA methylation without any signs of
repressor modification of histones [159]. However, results
of another study demonstrated that siRNA-dependent
transcription silencing of rassfla gene was accompanied
by insertion of the H3K9me2 modification into histone
promoter and association of AGO1 protein with PcG
(attracting DNA methyltransferase) on the promoter
[160]. Using siRNAs complementary to promoter region
of progesterone receptor gene, it was possible to suppress
its expression in breast cancer cells, but this, however, was
not accompanied by changes in histone modification
[158]. In this case, inhibition of expression of the
Argonaute family proteins (AGO1 and AGO?2) abolished
both silencing induced by siRNA complementary to the
promoter and siRNA acting at cytoplasmic mRNA as the
target. These data indicate cross-talk between pathways of
transcription silencing and mechanisms of RNAI realized
at the translation level. Results of these studies demon-
strate similarity of siRNA-dependent mechanisms of
sequence-specific transcription silencing in humans and
model objects. The examples of transcription silencing
found in tumor cell cultures reflect interest of researchers
in the development of new approaches to “epigenomic
therapy” of cancerogenesis, which may be highly specific.
However, paradoxical activation of progesterone receptor
gene expression induced by siRNA complementary to the
promoter sequence accompanied by active histone modi-
fication in the target has also been reported [161].

The role of RNAI is recognized not only in silencing
of tumor suppressors or proto-oncogenes, but also in
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maintenance of heterochromatin structure of centromer-
ic regions in mammalian cells [162, 163]. Transcription of
both strands of centromeric DNA regions can result in
formation of dSRNA, which undergoes Dicer endonucle-
ase dependent processing followed siRNA formation
[164]. Knockout of the Dicer gene in mouse embryonic
stem cells resulted in impairments of epigenomic silenc-
ing of centromeric repeats; these impairments included
the decrease in DNA methylation and disappearance of
characteristic histone modifications [163]. In cell cul-
tures possessing a hybrid genome (human chromosome
21 in chicken genome), deletion of the Dicer gene caused
accumulation of abnormal mitoses demonstrating prema-
ture separation of sister chromatids [162]. Studies on
Drosophila demonstrate that impairments in expression of
the Argonaute family protein (AGO2) may result in
defects of compact centromeric heterochromatin and
aberrations in the division cycles [165], whereas muta-
tions in the Dicer gene are accompanied by disorganiza-
tion of centromeric heterochromatin [166]. All these
results reasonably suggest involvement of short RNAs in
maintenance of heterochromatin structures in human
cells; defects in these structures are typical for tumor
cells.

TRANSPOSABLE ELEMENTS AND SHORT RNAs

The role of transposable genome elements in appear-
ance of cancer requires separate consideration. Let us
consider results of studies demonstrating association of
cancerogenesis with derepression of transposable ele-
ments and mechanisms of their silencing by means of
short RNAs. This usually includes consideration of
potential effect on tumor progression of L1 retrotrans-
posons lacking long terminal repeats (LINE elements).
The LINE elements represent 17% of the human genome
and about a hundred of their copies, which are capable of
autonomous transposition [167, 168]. Reverse transcrip-
tase and endonuclease encoded by L1 elements can pro-
vide transposition of nonautonomous Alu retroelements
(~10° copies in humans) and SVA (~5000 copies) [169].
The presence of reverse transcriptase encoded by these
elements and also by endogenous retroviruses is consid-
ered as functional characteristics of tumorigenic cells
[170]. In two sublines of melanoma cells obtained from a
common parent line, proliferative potential and tumori-
genicity positively correlated with the expression level of
L1 elements [171]. Activation of L1 transcription can
somehow stimulate initiation and tumor progression
[172]. Suppression of reverse transcription by means of an
RNAi mechanism decreased proliferation and promoted
differentiation of some cancer cell lines [173, 174]. L1
transposition makes a marked contribution to insertion
mutagenesis accompanied by diseases in humans [175].
Although L1 does not play a leading role in cancerogene-
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sis, nevertheless L1 insertion into proto-oncogene or sup-
pressor gene has been shown to be associated with tumor
formation [176, 177]. It also should be noted that L1
transposition (especially defects of these transpositions)
can result in double strand breaks of DNA [178] accom-
panied by genetic instability typical for cancer cells [179].

The possibility of suppression of L1 expression by
siRNA is discussed. It has been shown that the antisense
promoter L1 is required for dSRNA formation; in vitro the
latter may be processed to siRNA by means of Dicer.
These siRNAs suppress expression of artificial constructs
with transcribed L1 sequences [180]. It has also been
found that RNA binding protein encoded by L1 and
required for element transposition binds to proteins
AGO2 and FMRP (fragile mental retardation protein) of
the effector complex RISC [181]. This suggests the role of
RNAIi in regulation of LINE element transposition in
humans.

In eukaryotic genomes, expression of transposable
elements can be regulated by means of epigenomic mod-
ifications. In mammals silencing of retrotransposons
including L1 elements occurs due to their methylation of
CpGsites [182]. Impairments of methylation of transpos-
able elements trigger their expression [183]. Tumor pro-
gression is accompanied by global decrease of genome
methylation and correlates with increased transcription
of retrotransposons in cancer cells [184, 185]. It is sug-
gested that the decrease of L1 methylation can be associ-
ated with urinary bladder carcinoma [186]. L1 methyla-
tion in tissues of mouse embryonic germline tissues is
determined by functioning of special silencing system,
employing a recently discovered type of short RNAs
(average size of 26-30 nucleotides) [187]. In contrast to
siRNA and miRNA, this type of short RNAs is defined as
piRNAs because their functioning is determined by PIWI
subfamily proteins, which represent structural variants of
a large family of Argonaute proteins [188, 189].
Mutations in genes encoding mouse PIWI proteins result
in derepression and demethylation not only of LI, but
also other transposons possessing long terminal repeats
(as retroviruses). This is accompanied by double strand
breaks followed by formation of intranuclear repair com-
partments, the indicators of double strand breaks [190].
The role of short RNAs in suppression of transposable
element expression in embryonic germline tissues includ-
ing the role of short RNAs in chromatin silencing has
been better studied in Drosophila [191-194]. Results of
recent studies indicate that piRNAs are obviously formed
from long single stranded transcripts, and this does not
involve the Dicer protein [194, 195]. In vertebrates as well
as in Drosophila, functioning of PIWI family proteins is
associated with germline tissues, where transposable ele-
ment transpositions, the sources of genomic instability,
are considered as especially dangerous. High level of L1
expression is detected in tumors originating from human
germinal tissues [126], and the decrease of their methyla-
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tion has been demonstrated for various types of human
tumors [196]. It is possible that piRNAs play an impor-
tant role in the epigenomic regulation of retrotransposon
expression in germinal tissues.

Besides consideration of the role of impairments of
miRNA functions for cancerogenesis, we have discussed
the role of other types of short RNAs (siRNA, piRNA) in
regulation of epigenomic modifications and their impair-
ments typical for cancer cells. This problem still requires
further investigation, and studies in this direction may
reveal new approaches for analysis of cancer epigenomics.
It is possible that siRNA exhibits not only the cis-effect
on repression of genes adjacent to the promoter, but it is
also involved in long range, possibly frans-acting mecha-
nisms of epigenomic regulation of gene expression. This
is quite expectable because proteins involved in both
siRNA-dependent (Dicer, Argonaute) and piRNA-
dependent (PIWI) silencing have been found in intranu-
clear bodies, which include large evolutionarily conserva-
tive multiprotein complexes PcG; their impaired func-
tioning is typical for cancer cells. The interrelationship
between functioning of PcG complexes and the RNAi
system has been found only for Drosophila [197], where
these complexes are responsible for distant interactions,
providing the repressor effect of regulatory elements posi-
tioned from the target genes at the distance of >10 kb or
located on other chromosomes [198].

Tumor therapy represents an important problem.
New principles of tumor therapy can be based on our
knowledge of the role of short RNAs in cancerogenesis.
We have already considered examples of artificial overex-
pression or knockdown of miRNA in cell cultures result-
ed in suppression of their growth [47, 82, 93]. Deletion of
a miRNA gene in cancer cells may be compensated by its
delivery by means of viral vectors. In the case of overex-
pression of oncogenic miRNAs it is possible to use anti-
miR oligonucleotides (antagomirs) complementary to
miRNA and modified for their lifetime elongation for
miRNA knockdown. Oligonucleotides carrying 2'-O-
methyl [47, 93, 199] and 2'-O-methoxyethyl [200] groups
and also LNA-oligonucleotides in which ribose oxygen
atoms at C-2’ and C-4' are linked together with a methyl-
ene bridge [93, 201] have already been employed for stud-
ies of miRNA functions. Results of basic studies of epige-
nomic RNA silencing may be used for the development of
a new direction in epigenomic therapy, where the action
of inhibitor onto a particular target will be based on its
complementary interaction with RNA. This provides
high specificity of interactions, which are not usually
achieved in the case of use of other antitumor “epige-
nomic” agents, inhibitors of DNA methylation or his-
tone-modifying proteins.
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