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ABSTRACT

One of the most significant events in recent years in the field of molecular biological research has been
the recognition of the biological significance of non-coding ribonucleic acid (RNA). It turned out that a
significant part of the non-coding part of the genome, which constitutes 98% of the genome, is rewritten. In
addition to small RNAs (such as microRNAs (miRNA)), long non-coding RNAs (IncRNAs), which are a large
group of non-coding RNAs (ncRNAs) over 200 nucleotides in length, have been discovered. They play a role
in the regulation of a number of basic molecular processes (cell division, chromatin function, microRNA
activity, etc.). Many of these long non-coding RNAs were expressed in tumors compared with healthy
tissues, for example, H19, HOX antisense intergenic RNA HOX (HOTAIR), Metastasis Associated Lung
Adenocarcinoma Transcript 1 (MALAT1). A large amount of evidence revealed their roles at all stages of
carcinogenesis and in modulating metastasis through regulatory networks. Aberrant expression of IncRNAs
has been observed in cancer patients. In this context, IncRNAs can regulate the main characteristics of
cancer cells by controlling gene expression programs associated with their suppressive and oncogenic
functions. Therefore, they can be excellent biomarkers and therapeutic targets for tumors.
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PE3IOME

OaHnM 13 HanGoAee 3HAUNTEABHBIX COOBITHI B IOCAEAHME TOABI B OGAACTY MOAEKYASPHO-GUOAOTHIECKUX
MCCAEAOBAaHMII CTAaAO IpM3HaHMe OmMorormdeckoit 3HaummocTy Hekoaupyrommx PHK. Okasanocs, uro
3HAYUTEABHAS YaCTh HEKOAMPYIOLIEN 4acTu FeHoMa, KoTopas cocrtaBaser 98%, mepesamucana. ITomumo
He6oabumx PHK (raknx xkak mukpoPHK) nssectHo o aannnbix Hekoanpyomux PHK (IncRNAs), kotopsie
ABAAIOTCS 60AbmON rpymnoi Hekoanpyomux PHK (ncRNAs) aaunoi 6oaee 200 aykaeotnpos. Oun urpaior
POAB B peryAfnuM PsAAd OCHOBHBIX MOAEKYASADPHBIX IIPOLECCOB (AeAeHME KAETOK, (PYHKIMA XPOMATHMHA,
akTuBHOCTh MUKPOPHK u T1.a). MHorne u3 stux aanmuabsix Hekopupytomux PHK 6bian axkcnpeccupoBanst
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B ONYXOAAX IO CPaBHEHMIO O 3AopoBbiMu TKamsamy, Hanpumep H19, HOTAIR, MALATI. Boasmoe
KOAMYECTBO MCCAEAOBAHMII BBIABMAO MX POAb HAa BCEX CTaAMAX KaHIepOTeHe3a ¥ B MOAYAMPOBAHUM
MeTacTa3upoBaHNUA depe3 peryAATOpHble ceTn. Bbira 3amedena abeppanrHas akcmpeccus IncRNAs y
60AbHBIX pakoM. B arom konrekcre IncRNAs moryr peryampoBaTh OCHOBHbBIE XapaKTEPUCTHKM PaKOBBIX
KAETOK, KOHTPOAMPYS NIPOTPaMMbl 3KCIPECCUM TE€HOB, CBA3AHHBIE C MX CYIPECCUBHBIMU ¥ OHKOTE€HHBIMMU
dyuryuamu. CAeAOBaTEABHO, OHM MOTYT GbITh OTAMYHBIMI GMOMapKepaMy ¥ TePaneBTHIeCKUMI MUIIEHAMMU

The role of long, non-coding RNA in the biology of tumors

opu A€4eHUn OHyXOAeI;I.
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INTRODUCTION

In recent years, we have witnessed radically
new directions in the field of molecular biology.
Among them, a new interpretation of the world
of ribonucleic acids (RNA) is of great impor-
tance, in which new regulatory mechanisms led
to the discovery of previously unknown aspects
of the genome, cells, and organism [1, 2]. The
wider use of bioinformatics methods is signifi-
cant in expanding our knowledge. In addition to
protein-based messenger RNAs (mRNAs), RNAs
that do not encode proteins are becoming in-
creasingly important. Epigenetic pathways that
are not associated with a change in the nucle-
otide sequence play a primary role in the mo-
lecular mechanisms of these molecules. Among
non-coding RNAs, there is growing evidence of
the importance of small RNAs, including mi-
croRNAs (they are mature, 18-24 nucleotide
single-stranded RNA fragments: important ele-
ments of post-transcriptional regulation). Their
various expressions have been described in many
diseases, and the role of miRNAs in the molec-
ular biological aspects of neoplasms has already
been proven [3]. In addition to microRNAs, it
is known that a number of other small RNAs
play a key role in supporting basic molecular
processes, such as splicing during mRNA matu-
ration, telomere maintenance, centromere con-
trol, and genome stability. The former “central
dogma” of molecular biology has been changed
in several respects, and the role of RNA in the
regulation of cell and genome functions can
be shown at many levels [2]. One of the most
shocking results of the next generation sequenc-

ing methods, which revolutionized research in
the field of molecular biology (deep sequenc-
ing), was that a significant part (70-90%) of the
non-coding part of the genome is transcribed
into RNA [4, 5]. For example, an RNA aggregate
transcribed from the mouse genome (transcript)
may consist of 180,000 RNA molecules, of which
only 20,000 encode proteins [1]. The functions
of most non-coding RNAs are currently largely
unknown. Non-coding RNAs can mainly be di-
vided into two groups: small RNAs (microRNAs,
transport RNAs associated with PIWI RNAs,
telomeric RNAs associated with the RNA pro-
moter, small nucleolar RNAs, etc.); and a class
of long non-coding RNAs up from a size of 200
nucleotides. Although there is a lot of data on
small RNAs, especially microRNAs, much less is
known about the importance of long non-coding
RNAs [5—-7]. In this short review article, we are
trying to present a very new and rapidly devel-
oping direction. Unfortunately, for most of the
terms mentioned, there are currently no Russian
equivalents, so we used English terminology.

CHARACTERISTIC OF IncRNAs

The biological function of several IncRNAs,
which play a role in the regulation of basic mo-
lecular biological processes, is described. They
include regulation of gene expression and ge-
nome function, which can be positively and neg-
atively affected by protein binding, including
transcription factors, to affect chromatin struc-
ture and function. Regulation of the ratio of
transcriptionally active euchromatin to inactive
heterochromatin, modification of histone pro-
teins (including methylation and phosphoryla-
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tion) give greater importance to IncRNAs. They
can participate in these processes as molecular
scaffolds [5]. In addition, IncRNA genes express
themselves weaker than the coding genes, and
their expression is particularly specific for cer-
tain tissues. Depending on their position relative
to the coding genes, IncRNA can be divided into
two broad categories: intergenic IncRNAs and
intragenic IncRNAs. Intergenic localized by defi-
nition in unannotated regions of the genome are
commonly referred to as lincRNA. On the oth-
er hand, intragenic IncRNAs can be subdivid-
ed depending on how they overlap the coding
genes or their orientation in relation to them
(antisense, intron, etc.). Many IncRNAs have an
antisense sequence complementary to other se-
quences, and it is also known that some of the
promoters that regulate gene expression also al-
low bidirectional transcription [4]. The binding
of antisense IncRNA to complementary RNA can
lead to the formation of double-stranded RNA,
which is the fundamental substrate for the RNA
interference process and can lead to the appear-
ance of small interfering RNA (siRNA) during
the general maturation of miRNAs. SiRNAs, like
their endogenous analogues, have a mechanism
similar to miRNAs for post-transcriptional reg-
ulation of gene expression [4]. In humans, the
number of IncRNAs is estimated to a range from
5,000 to 7,000, but it is expected that this num-
ber will increase in the future [8]. However, the
number of experimentally confirmed and known
functions of IncRNAs is only about 100 [9]. One
of the first known IncRNAs was XIST (X inactive
specific transcript), responsible for inactivation
of the X chromosome. XIST binds to proteins,
of which the protein group PRC (polycomb re-
pressor complex) should be noted. Modification
of histones and chromatin leads to inactivation
of the X chromosome. PRC proteins also play a
role in the regulation of chromatin structure due
to the expression of IncRNAs [10].

THE FUNCTIONS OF IncRNAs
IN PHYSIOLOGICAL PROCESSES

IncRNAs mainly act by modulating gene ex-
pression [11]. This function can be performed
locally when IncRNAs act on neighboring genes
in the cis-position, or distally when their func-
tions are performed regardless of the location of
the target genes. In particular, there is a class
of IncRNA with enhancer-like activity that can
transcriptionally activate neighboring genes [12].
More generally, studies of the functions of In-

cRNAs have shown that they are potentially in-
volved in various biological processes in mam-
mals [11]. These processes include, for example,
maintaining the pluripotency of embryonic stem
cells, cell differentiation, cell cycle regulation,
and the immune response. LncRNAs can reg-
ulate gene expression through various mecha-
nisms. The molecular aspects of these mecha-
nisms have been described in detail in a recent
review [11]. LncRNAs can potentially bind DNA,
proteins or other RNAs, forming networks and,
thus, providing an interaction between different
functional molecules. Some IncRNAs can change
the chromatin context near their target genes
by a set of transcription factors, histone modi-
fication factors, thereby stimulating or inhibit-
ing the transcription of target genes, depending
on the context. Among the IncRNAs that were
functionally characterized, XIST, which gene is
located on the X chromosome [13], is directly in-
volved in the inactivation of the X chromosome
in women. After transcription, XIST is retained
in the nucleus and covers the inactive X chro-
mosome. In addition, it interacts with the Poly-
comb 2 inhibitor complex (PRC2), which makes
it possible to purposefully recruit this complex
and thereby contributes to maintaining the inac-
tivation of the X chromosome [13]. Interesting-
ly, XIST, in turn, is regulated by other IncRNAs,
such as TSIX (Transcription silencing inactiva-
tion of X) and XITE (X-inactivation intergen-
ic transcription element) [13]. Other IncRNAs,
such as AIRN, H19, and KCNQ1OT]1, also par-
ticipate in the inactivation of gene expression
through their association with chromatin-asso-
ciated inhibitor complexes. HOTAIR IncRNA,
whose gene is located in the HOXC locus, will
serve as a framework for the PRC2 and LSDI1
complexes (lysine-specific demethylase 1), two
complexes associated with transcription inhibi-
tion, and facilitate their recruitment within the
HOXD locus [14, 15]. In contrast, Mistral and
HOTTIP IncRNAs will facilitate the expression
of HOXA genes by recruiting the WD5 / MLL
epigenetic complex [16, 17]. LncRNAs are also
significantly involved in post-transcriptional pro-
cesses associated with mRNA biogenesis, such as
splicing, transport, translation, and mRNA deg-
radation. For example, UCHL1-as, an antisense
LncRNA that partially overlaps the 5 ‘end of
the UCHL1 gene, promotes translation of the
mRNA of the UCHL1 gene [18]. In addition, In-
cRNAs can act as “sponges” to prevent miRNAs
from binding to their mRNA targets. CDR1-as /
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ciRS-7 (sponge for miR-7), circular IncRNA ex-
pressed in humans, has 70 binding sites for miR-
7 [19, 20]. In addition, some non-coding RNAs,
called enhancer RNAs (eRNAs), are formed from
distal cis-regulatory elements [12]. Currently,
the role of these eRNAs in the transcriptional
activity of the target gene has not yet been de-
termined, since they can also be simply by-prod-
ucts of active regulatory elements. In this sense,
it has recently been demonstrated that divergent
transcribed IncRNA / mRNA pairs reflect a spe-
cialized transcriptional regulation mechanism in-
volving bidirectional promoters.

IncRNAs IN TUMORS

IncRNAs can affect many aspects of tumor
formation, such as stimulating cell division, elim-
inating effects that inhibit cell growth, inducing
unlimited ability to replicate, stimulating invasion
and metastasis, enhancing neovascularization and
inhibiting apoptosis [8]. One of the earliest iden-
tified IncRNAs with biological significance in the
tumor was H19. H19 is 2.3 kb IncRNA. This is a
highly conserved imprinted gene that is expressed
only in the maternal allele. This phenomenon, in
which the alleles of the father and mother be-
have differently and only one allele is expressed,
is called genomic imprinting. Another import-
ant gene involved in the H19 regulatory system
is IGF-2, an insulin-like growth factor type 2,
which is expressed only in the paternal allele.
Increased expression of IGF-2 has been report-
ed in several tumors, including adrenal cancer.
In Beckwith-Wiedemann syndrome (hemihyper-
trophy, neonatal hypoglycemia, omphalocele,
adrenal cancer, etc.), increased expression of
IGF-2 is a fundamental indicator [21]. Increased
expression of H19 is observed in cancer of the
bladder, breast and hepatocellular carcinoma. It
has been shown that the proto-oncogene c-myc
stimulates H19 expression [22]. A close relation-
ship between large and small non-coding RNAs
is indicated by the fact that the first exon H19
encodes miRNA-675, which inhibits mRNA, the
tumor suppressor Rb (retinoblastoma) [23, 24].
However, in many experiments, a decrease in
H19 expression was associated with an increase
in the tumor [6].

SRA (steroid receptor RNA activator), iden-
tified as a co-activator of steroid receptors (es-
trogen, progesterone, glucocorticoids and an-
drogens), is also IncRNA. It has a transactivation
effect through its AF-1 domain. Breast tumors
have been shown to have increased SRA expres-

sion, which may play a role in tumor formation
[25]. However, recent evidence suggests that
SRA can not only function as IncRNA, but also
can encode a transcriptional protein. The for-
mation of non-coding and protein-coding RNA
can be controlled by alternative splicing [26].
In the regulation of cell division in the aging
process of cells, telomeres located at the end of
chromosomes and the telomerase enzyme that
regulates their length are of great importance.
The telomerase enzyme complex itself also con-
tains non-coding RNA called TERC (telomer-
ase RNA component) and TERT (telomerase
reverse transcriptase) activity. According to
recent data, another IncRNA also plays a role
in regulating telomerase activity called TERRA
(telomeric repeat-containing RNA). Some evi-
dence suggests that TERRA expression in tumor
cells is reduced and that increasing TERRA ex-
pression may be a possible method of inhibiting
tumor growth [27].

Among IncRNAs involved in metastatic pro-
cesses, HOTAIR and MALAT1 should be distin-
guished. The expression of HOTAIR in prima-
ry and metastatic breast cancer is significantly
increased [28]. Increased HOTAIR expression
can be assessed as a prognostic signal associ-
ated with metastasis and decreased survival [6,
28]. PRC2, already mentioned in the XIST case,
plays a role in its molecular mode of action.
The PRC2 complex inhibits the transcription of
a number of genes, including the fundamental
processes of cell division and differentiation [29].
HOTAIR binding to PRC alters the inhibitory
effect of PRC, restraining the inhibition of sev-
eral genes’ transcription. Increased expression
of IncRNA MALAT]1 (metastasis associated lung
adenocarcinoma transcript 1) was observed in
non-small cell lung cancer [30]. In addition to
non-small cell lung cancer, increased expression
was observed in cancer of the prostate, breast,
liver and uterus. MALAT1 is important for the
regulation of cancer cell invasiveness, but its ex-
act mechanism of action is unknown. Some data
suggest that mRNA maturation may play an
important role in alternative splicing processes
[31]. Like XIST and HOTAIR, ANRIL (antisense
non-coding RNA in the INK4 locus) also binds
to the PRC complex. Significance in the biolo-
gy of tumors of the INK4b-ARF-INKa locus is
indicated by its deletion in several tumors [32].
ANRIL inhibits the expression of several genes
(including tumor suppressor genes pl5 and p21)
through complexes of PRC1 and PRC2 [33, 34].
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MEG3 was the first IncRNA originally identified
as a tumor suppressor. Like H19, MEG3 has
only the maternal allele [35]. By analogy with
H19, one can also interpret that MEG3 encodes
miR-770, whose gene is located in the intron at
the 3’-end of RNA [36]. MEG3 is most strongly
expressed in pituitary and brain tissues, and its
expression in pituitary adenomas is associated
with increased methylation of the regulatory
region of MEG3 expression [35]. Activation of
p33 pathways is a priority in the suppressor ef-
fect of MEG3. P53 itself induces the expression
of certain IncRNAs, among which the tumor
suppressor IncRNA-p21 should be noted [37].
GAS5 (growth-arrest specifc 5) is another tu-
mor suppressor. Like the previously mentioned
SRA, GAS5 also plays a role in the regulation
of glucocorticoid receptor activity, by inhibit-
ing glucocorticoid activity [38, 39]. Increased
expression of GAS5 leads to inhibition of cell
proliferation in breast and prostate cancer cell
lines [40]. Apparently, an extremely interesting
molecular mechanism is that IncRNAs can bind
complementary miRNAs and, thus, inhibit their
action (“sponge” miRNA). MicroRNA binding is
also tested for inhibition of the action of miR-
NAs with artificial nucleic acids, since several
miRNAs can be inhibited simultaneously [41].
An example is IncRNA HULC (highly upregu-
lated in liver cancer), which exhibits increased
expression in hepatocellular carcinoma [42]. A
mechanism similar to HULC-mediated miRNA
inhibition has been described for tumor sup-
pressor PTEN (phosphatase and tensin homo-
log). PTEN, a tumor suppressor gene, has the
pseudogen PTENP1. PTENP1 and PTEN com-
pete for binding of inhibitory miRNAs. Under
normal conditions, IncRNA PTENP1 allows ex-
pression of PTEN by binding of miRNAs [43].
However, in tumors, somatic miRNA binding
sites result in a loss of ability to bind PTENP1.
Therefore, the expression of PTEN is reduced,
which can lead to an increase in tumor growth
[44]. IncRNA, called aHIF, plays a central role
in the regulation of HIFla (hypoxia-induced
factor 1la) specifically in neovascularization
processes. o HIF is an antisense IncRNA that is
complementary to the 3 ‘untranslated portion
of HIFla mRNA. Increased expression of a HIF
leads to inhibition of HIFla and thereby to in-
hibition of angiogenesis [45]. The expression of
aHIF has been described in many tissues and,
interestingly, its expression in breast cancer is a
poor prognostic factor [46].

THE MOLECULAR MECHANISM OF IncRNA
IN TUMOR METASTASIS

The metastatic cascade is a coordinated se-
quence of cell-biological events that includes lo-
cal cell invasion and allows cancer cells to exit
the primary site, develop new blood vessels (an-
giogenesis), migrate and penetrate the microen-
vironment, perform intravation and extravasa-
tion, survive in circulation and colonize distant
organs [47]. There is increasing evidence for the
role of IncRNAs at every stage of metastasis. Let
us examine the role of IncRNAs in cell invasion.

IncRNA IN CELL INVASION

In order to spread to distant organs, cancer
cells must separate from the primary tumor us-
ing extracellular proteases to destroy the extra-
cellular matrix (ECM) and invade the adjacent
parenchyma. Then metastasis occurs when in-
vasive cancer cells enter the blood and lymph
vessels, pass through the bloodstream and enter
the endothelium, eventually settling in a distant
organ and creating a secondary tumor [48]. The
epithelial-mesenchymal transition (EMF) is one
of the central and important processes that al-
lows epithelial cells to acquire migration ability
and penetrate into tissues and organs [49, 50].
EMF is performed by activating a number of
transcription factors (EMF-TF), mainly the ZEB,
SNAIL, and TWIST families [51]. Many research
groups have reported that IncRNAs are the main
regulators of invasion. We summarized the most
thoroughly studied IncRNAs involved in the
regulation of EMF-TF to stimulate metastasis.
Several IncRNAs, including IncRNA-ATB21 and
HOTAIR, function as miRNAs to modulate ZEB
and SNAIL levels in cancer [52]. Other IncRNAs
are also involved in the epigenetic regulation of
EMF-TF expression, such as TRERNAI as an en-
hancer of the recruitment of SNAI1 and ZEBI1-
AS1p300 to the ZEB1 promoter [53, 54]. Ln-
cRNAs also function through RNA and protein
interactions to regulate metastasis. For example,
GAPLINC stimulates the expression of SNAI2
by binding to PSF and the NONO protein [55].
In addition to the regulation of SNAIL and ZEB,
Hu et al. revealed more than 99 IncRNAs in-
volved in EMF processes induced with TWIST
[56]. Detailed mechanisms of how IncRNAs bind
to TWIST / EMF signaling pathways have also
been confirmed by other groups of scientists.
TWIST binds to IncRNA HOTTIP, which re-
cruits and directs WDR) to the HOX cluster and
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induces HOXAY expression [57]. High levels of
HOXA9 correlate with an aggressive cellular
phenotype in prostate cancer. It was shown that
in addition to direct binding to TWIST, LncRNA
CHRF regulates the TWIST / EMF signaling
pathway, acting as miR-489 [58]. CHRF inhibits
the expression of TWIST and further inhibits the
progression of EMF in CRC [58].

DIAGNOSTIC AND THERAPEUTIC VALUE
OF IncRNAs

The role of miRNAs in the diagnosis of tu-
mors is confirmed by several experimental re-
sults. Their applicability is greatly enhanced due
to their stability, so that they can be safely de-
tected not only in frozen tissue samples, but also
in body fluids and secretions. IncRNAs, despite
their larger size, can also be found in body flu-
ids, such as, for example, in blood samples of
patients with hepatocellular carcinoma (HULC)
[41]. The detection of PCA3 (prostate cancer
gene 3) in urine has been described in some stud-
ies as a more sensitive biomarker compared to
the prostate-specific antigen (PSA) [59]. Detec-
tion of some IncRNAs in tissue has a predictive
value. For example, in hepatocellular carcino-
ma, increased MALAT1 expression is associated
with poor prognosis and decreased survival after
liver transplantation [60]. Although we are just
beginning to learn the biology of IncRNAs, and
there are many more questions that need to be
clarified, it is possible that they may become a
therapeutic target in the future, based on their
significance in tumor biology.

CONCLUSION

Thus, acquaintance with long non-coding
RNAs is a new chapter in research in the field
of molecular biology of tumors, which contrib-
utes to a better understanding of tumor devel-
opment processes. Clarification of the functions
and mechanisms of these IncRNAs in biological
systems under normal and pathological condi-
tions may lead to potential opportunities for the
identification of biomarkers and new therapeutic
targets for tumors. To date, only a very small
number of IncRNAs have been studied for their
effect on the pathological process of neoplasms.
Studies on IncRNAs require more sensitive de-
tection methods than those on proteins and
other RNAs due to IncRNAs lower expression.
With an increased understanding of the role of
IncRNAs in tumor biology, we can expect to

identify new diagnostic biomarkers in the future.
A clear understanding of how IncRNAs regulate
many mechanisms in metastasis may lead to the
emergence of new therapies for cancer patients.
The IncRNA research area is expected to contin-
ue to improve in the near future.

REFERENCES

1. Carninci P., Kasukawa T., Katayama S., Gough ]J.,
Frith M.C., Maeda N., Oyama R., Ravasi T., Lenhard B.,
Wells C., Kodzius R., Shimokawa K., Bajic V.B., Bren-
ner S.E., Batalov S., Forrest A.R., Zavolan M., Davis M.].,
Wilming L.G., Aidinis V., Allen J.E., Ambesi-Impiomba-
to A., Apweiler R., Aturaliya R.N., Bailey T.L., Bansal M.,
Baxter L., Beisel K.W., Bersano T., Bono H., Chalk A.M.,
ChiuK.P.,ChoudharyV.,Christoffels A.,ClutterbuckD.R.,
Crowe M.L., Dalla E., Dalrymple B.P., de Bono B.,
Della Gatta G., di Bernardo D., Down T., Engstrom P.,
Fagiolini M., Faulkner G., Fletcher C.F., Fukushima T.,
Furuno M., FutakiS.,Gariboldi M., Georgii-HemmingP.,
Gingeras T.R., Gojobori T., Green R.E., Gustincich S.,
Harbers M., Hayashi Y., Hensch T.K., Hirokawa N.,
Hill D., Huminiecki L., Iacono M., Ikeo K., Iwama A.,
IshikawaT.,JaktM.,Kanapin A.,KatohM.,KawasawaY.,
Kelso].,KitamuraH.,Kitano H.,KolliasG.,KrishnanS.P.,
Kruger A., Kummerfeld S.K., Kurochkin I.V., Lar-
eau L.F.,, Lazarevic D., Lipovich L., Liu J., Liuni S.,
McWilliam S., Madan Babu M., Madera M., Mar-
chionni L., Matsuda H., Matsuzawa S., Miki H., Mi-
gnone F., Miyake S., Morris K., Mottagui-Tabar S.,
Mulder N., Nakano N., Nakauchi H., Ng P., Nilsson
R., Nishiguchi S., Nishikawa S., Nori F., Ohara O.,
Okazaki Y., Orlando V., Pang K.C., Pavan W.]., Pave-
si G., Pesole G., Petrovsky N., Piazza S., Reed ],
Reid J.F.,, Ring B.Z., Ringwald M., Rost B., Ruan Y.,
Salzberg S.L., Sandelin A., Schneider C., Schynbach C.,
Sekiguchi K., Semple C.A., Seno S., Sessa L., Sheng Y.,
Shibata Y., Shimada H., Shimada K., Silva D., Sinclair B.,
SperlingS.,StupkaE.,SugiuraK.,SultanaR., TakenakaY.,
Taki K., Tammoja K., Tan S.L., Tang S., Taylor M.S,,
Tegner J., Teichmann S.A., Ueda H.R., van Nimwegen E.,
VerardoR.,WeiC.L.,YagiK.,YamanishiH.,ZabarovskyE.,
Zhu S., Zimmer A., Hide W., Bult C., Grimmond S.M.,
Teasdale R.D., Liu E.T., Brusic V., Quackenbush ]J.,
Wahlestedt C., Mattick J.S., Hume D.A., Kai C., Sasa-
ki D., Tomaru Y., Fukuda S., Kanamori-Katayama M.,
Suzuki M., Aoki J., Arakawa T., Iida J., Imamura K.,
Itoh M., Kato T., Kawaji H., Kawagashira N., Kawashi-
ma T., Kojima M., Kondo S., Konno H., Nakano K., Ni-
nomiya N., Nishio T., Okada M., Plessy C., Shibata K.,
Shiraki T., Suzuki S., Tagami M., Waki K., Watahiki
A., Okamura-Oho Y., Suzuki H., Kawai J., Hayashizaki
Y.; FANTOM Consortium; RIKEN Genome Explora-
tion Research Group and Genome Science Group (Ge-
nome Network Project Core Group). The transcrip-
tional landscape of the mammalian genome. Science.

130 Bulletin of Siberian Medicine. 2020; 19 (1): 125-133



Reviews and lectures

10

11.

12.

13.

14.

15.

16.

2005; 309 (5440): 1559-1563. DOI: 10.1126/science.
1112014.

. Molnar V., Bakos B., Hegyesi H., Falus A. Nem kydoly

genom és mikroRNS-ek: 0j fejezet a genetika torténeté-
ben. Lege Artis Medicinae. 2008; 18: 591-597.

. Tombol Z., Szaby P., Racz K., Zsolt T. Relevance of

microRNA-s in neoplastic diseases. Orv. Hetil. 2007;
148 (24): 1135-1141. DOI: 10.1556/ OH.2007.28117.

. Atkinson S.R., Marguerat S., Bahler J. Exploring long

non-coding RNAs through sequencing. Semin. Cell Dev.
Biol. 2012; 23 (2): 200-205. DOI: 10.1016/j.sem-
cdb.2011.12.003.

. Nagano T., Fraser P. No-nonsense functions for long

noncoding RNAs. Cel/l. 2011; 145 (2): 178-181. DOI:
10.1016/j.cell.2011.03.014.

. Gibb E.A., Brown C.J., Lam W.L. The functional role

of long non-coding RNA in human carcinomas. Mo/.
Cancer. 2011; 10: 38. DOI: 10.1186/1476-4598-10-38.

. Mitra S.A., Mitra A.P., Triche T.J. A central role for

long non-coding RNA in cancer. Front. Genet. 2012; 3:
17. DOI: 10.3389/fgene.2012.00017.

. Gutschner S., Diederichs S. The hallmarks of cancer: a

long non-coding RNA point of view. RNA Biol. 2012;
9 (6): 703—719. DOI: 10.4161/rna.20481.

. Knowling S., Morris K.V. Non-coding RNA and anti-

sense RNA. Nature’s trash or treasure? Biochimie. 2011;
93 (11): 1922-1927. DOI: 10.1016/j.biochi.2011.07.031.

. Aguilo F., Zhou M.M., Walsh M.]. Long non coding

RNA, polycomb, and the ghosts haunting LNK4b-
ARF-LNK4a expression. Cancer Res. 2011; 71 (16):
5365-5369. DOI: 10.1158/0008-5472.CAN-10-4379.
Yang L., Froberg J.E., Lee ].T. Long noncoding
RNAs: fresh perspectives into the RNA world. Trends
Biochem. Sci. 2014; 39 (1): 35-43. DOI: 10.1016/].
tibs.2013.10.002.

Orom U.A., Shiekhattar R. Long noncoding RNAs ush-
er in a new era in the biology of enhancers. Cell. 2013;
154 (6): 1190-1193. DOI: 10.1016/j.cell.2013.08.028.
Lee J.T. Gracefully ageing at 50, X-chromosome in-
activation becomes a paradigm for RNA and chroma-
tin control. Nat. Rev. Mol. Cell Biol. 2011; 12 (12):
815-826. DOI: 10.1038/nrm3231.

Rinn J.L., Kertesz M., Wang J.K., Squazzo S.L., Xu X.,
Brugmann S.A., Goodnough L.H., Helms J.A., Farn-
ham P.J., Segal E., Chang H.Y. Functional demarca-
tion of active and silent chromatin domains in human
HOX loci by noncoding RNAs. Cell. 2007; 129 (7):
1311-1323. DOI: 10.1016/j.cell.2007.05.022.

Tsai M.C., Manor O., Wan Y., Mosammaparast N.,
Wang J.K., Lan F., Shi Y., Segal E., Chang H.Y. Long
noncoding RNA as modular scaffold of histone modifi-
cation complexes. Science. 2010; 329 (5992): 689—-693.
DOI: 10.1126/science.1192002.

Bertani S., Sauer S., Bolotin E., Sauer F. The noncod-
ing RNA Mistral activates Hoxa6 and Hoxa7 expres-
sion and stem cell differentiation by recruiting MLL1

bionneteHb cMbupckoi meanumHbl. 2020; 19 (1): 125-133

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

to chromatin. Mol. Cell. 2011; 43(6): 1040-1046.
DOI: 10.1016/j.molcel.2011.08.019.

Wang K.C., Yang Y.W., Liu B., Sanyal A., Corces-
Zimmerman R., Chen Y., Lajoie B.R., Protacio A.,
Flynn R.A., Gupta R.A., Wysocka J., Lei M., Dek-
ker J., Helms J.A., Chang H.Y. A long noncoding RNA
maintains active chromatin to coordinate homeotic
gene expression. Nature. 2011; 472 (7341): 120-124.
DOI: 10.1038/nature09819.

CarrieriC., Cimatti L., Biagioli M., Beugnet A., Zucchel-
li S., Fedele S., Pesce E., Ferrer 1., Collavin L., San-
toro C., Forrest A.R., Carninci P., Biffo S., Stupka E.,
Gustincich S. Long non-coding antisense RNA con-
trols Uchll translation through an embedded SINEB2
repeat. Nature. 2012; 491 (7424): 454-457. DOI:
10.1038/nature11508.

Memczak S., Jens M., Elefsinioti A., Torti F., Krueger J.,
Rybak A., Maier L., Mackowiak S.D., Gregersen L.H.,
Munschauer M., Loewer A., Ziebold U., Landthal-
er M., Kocks C., le Noble F., Rajewsky N. Circular
RNAs are a large class of animal RNAs with regula-
tory potency. Nature. 2013; 495 (744): 333—338. DOI:
10.1038/nature11928.

Spicuglia S., Zacarias-Cabeza J., Pekowska P., Ferrier P.
Epigenetic regulation of antigen receptor gene rear-
rangement. F1000 Biol. Rep. 2010; 2: 23.

Szaby D., Zsippai A., Bendes M., Zsyfia T, Szabo P.M.,
Ké6roly R., Igaz P. Pathogenesis of adrenocortical
cancer. Orv. Hetil. 2010; 151(29): 1163-1170. DOI:
10.1556/OH.2010.28931.

Barsyte-Lovejoy D., Lau S.K., Boutros P.C., Khosravi
F., Jurisica I., Andrulis I.L., Tsao M.S., Penn L.Z. The
c-Myc oncogene directly induces the H19 noncoding
RNA by allelespecific binding to potentiate tumori-
genesis. Cancer Res. 2006; 66 (10): 5330-5337. DOI:
10.1158/0008-5472.CAN-06-0037.

Cai X., Cullen B.R. The imprinted H19 noncoding
RNA is a primary microRNA precursor. RNA. 2007;
13 (3): 313-316. DOI: 10.1261/rna.351707.

Tsang W.P., Ng E.X., Ng S.S., Jin H., Yu J., Sung J.].,
Kwok T.T. Oncofetal H19-derived miR-675 regulates
tumor suppressor RB in human colorectal cancer.
Carcinogenesis. 2010; 31 (3): 350-358. DOI: 10.1093/
carcin/bgp181.

Leygue E., Dotzlaw H., Watson P.H., Murphy L.C.
Expression of the steroid receptor RNA activator
in human breast tumors. Cancer Res. 1999; 59 (17):
4190-4193.

Hube F., Guo J., Chooniedass-Kothari S., Cooper C.,
Hamedani M.K.,Dibrov A.A., Blanchard A.A., Wang X.,
Deng G., Myal Y., Leygue E. Alternative splicing of
the first intron of the steroid receptor RNA activator
(SRA) participates in the generation of coding and
noncoding RNA isoforms in breast cancer cell lines.
DNA Cell Biol. 2006; 25 (7): 418—428. DOI: 10.1089/
dna.2006.25.418.

131



Beylerli O.A., Gareev I.F.

The role of long, non-coding RNA in the biology of tumors

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

132

Caslini C. Transcriptional regulation of telomeric
non-coding RNA: implications on telomere biology,
replicative senescence and cancer. RNA Biol. 2010; 7
(1): 18—22. DOI: 10.4161/rna.7.1.10257.

Gupta R.A., Shah N., Wang K.C., Kim J., Horlings
H.M., Wong D.J., Tsai M.C., Hung T., Argani P., Rinn
J.L., Wang Y., Brzoska P., Kong B., Li R., West R.B.,
van de Vijver M.]J., Sukumar S., Chang H.Y. Long
non-coding RNA HOTAIR reprograms chromatin
state to promote cancer metastasis. Nature. 2010; 464
(7291): 1071-1076. DOI: 10.1038/nature08975.
Morey L., Helin K. Polycomb group protein-medi-
ated repression of transcription. Trends Biochem.
Sci. 2010; 35 (6): 323—-332. DOI: 10.1016/j.tibs.2010.
02.009.

Ji P., Diederichs S., Wang W., Buing S., Metzger R.,
Schneider P.M., TidowN., BrandtB., Buerger H., BulkE.,
Thomas M., Berdel W.E., Serve H., Msller-Tidow C.
MALAT-1, a novel noncoding RNA, and thymosin
beta4 predict metastasis and survival in early-stage
non-small cell lung cancer. Oncogene. 2003; 22 (39):
8031-8041. DOI: 10.1038/sj.onc.1206928.
TripathiV.,Ellis].D.,ShenZ.,SongD.Y.,PanQ.,WattA.T.,
Freier S.M., Bennett C.F., Sharma A., Bubulya P.A.,
Blencowe B.J., Prasanth S.G., Prasanth K.V. The nu-
clear-retained non-coding RNA MALAT1 regulates
alternative splicing by modulating SR splicing factor
phosphorylation. Mol. Cell. 2010; 39 (6): 925-938.
DOI: 10.1016/j.molcel.2010.08.011.

Popov N., Gil ]J. Epigenetic regulation of the
INK4b-ARF-INK4a locus: in sickness and in health.
Epigenetics. 2010; 5 (8): 685—-690. DOI: 10.4161/
epi.5.8.12996.

Yu W., Gius D., Onyango P., Muldoon-Jacobs K.,
Karp J., Feinberg A.P., Cui H. Epigenetic silencing
of tumour suppressor gene pl) by its antisense RNA.
Nature. 2008; 451(7175): 202-206. DOI: 10.1038/na-
ture06468.

Morris K.V., Santoso S., Turner A.M., Pastori C.,
Hawkins P.G. Bidirectional transcription directs both
transcriptional gene activation and suppression in hu-
man cells. PLoS Genet. 2008; 4 (11): €1000258. DOI:
10.1371/journal.pgen.1000258.

Zhang X., Zhou Y., Mehta K.R., Danila D.C., Scolavi-
no S., Johnson S.R., Klibanski A. A pituitary-derived
MEG3 isoform functions as a growth suppressor in
tumor cells. J. Clin. Endocrinol. Metab. 2003; 88 (11):
5119-5126. DOI: 10.1210/jc.2003-030222.

Hagan J.P., O’Neill B.L., Stewart C.L., Kozlov S.V.,
Croce C.M. At least ten genes defi ne the imprint-
ed DIk1-Dio3 cluster on mouse chromosome 12qF1.
PLoS One. 2009; 4 (2): e4352. DOI: 10.1371/journal.
pone.0004352.

Huarte M., Guttman M., Feldser D., Garber M., Kozi-
ol M.J., Kenzelmann-Broz D., Khalil A.M., Zuk O.,
Amit I., Rabani M., Attardi L.D., Regev A., Lander

38.

39.

40.

41.

42.

43.

44,

45.

46.

E.S., Jacks T., Rinn J.L. A large intergenic noncoding
RNA induced by p53 mediates global gene repression
in the p53 response. Ce/l. 2010; 142(3): 409—419. DOI:
10.1016/j.cell.2010.06.040.

Wapinski O., Chang H.Y. Long noncoding RNAs and
human disease. Trends Cell Biol. 2011; 21 (6): 354—
361. DOI: 10.1016/j.tcb.2011.04.001.

Kino T., Hurt D.E., Ichijo T., Nader N., Chrousos
G.P. Noncoding RNA gas5 is a growth arrest- and
starvation-associated repressor of the glucocorticoid
receptor. Sci. Signal. 2010; 3 (107): 8. DOI: 10.1126/
scisignal.2000568.

Mourtada-Maarabouni M., Hasan A.M., Farzaneh F.,
Williams G.T. Inhibition of human T-cell proliferation
by mammalian target of rapamycin (mTOR) antago-
nists requires noncoding RNA growth-arrest-specifi ¢
transcript 5 (GAS5). Mol. Pharmacol. 2010; 78 (1):
19-28. DOL: 10.1124/mol.110.064055.

McDermott A.M., Heneghan H.M., Miller N., Kerin
M.J. The therapeutic potential of microRNAs: disease
modulators and drug targets. Pharm. Res. 2011; 28
(12): 3016—3029. DOI: 10.1007/s11095-011-0550-2.
Panzitt K., Tschernatsch M.M., Guelly C., Moustafa
T., Stradner M., Strohmaier H.M., Buck C.R., Denk
H., Schroeder R., Trauner M., Zatloukal K. Char-
acterization of HULC, a novel gene with striking
up-regulation in hepatocellular carcinoma, as non-
coding RNA. Gastroenterology. 2007; 132: 330-342.
DOI: 10.1053/j.gastro.2006.08.026.

Poliseno L., Salmena L., Zhang ]J., Carver B., Haveman
W.J., Pandolfi P.P. A coding-independent function of
gene and pseudogene mRNAs regulates tumour biolo-
gy. Nature. 2010; 465 (7301): 1033-1038. DOI: 10.1038/
nature(09144.

Alimonti A., Carracedo A., Clohessy J.G., TrotmanL.C.,
Nardella C., Egia A., Salmena L., Sampieri K., Have-
man W.J., Brogi E., Richardson A.L., Zhang ]J., Pan-
dolfi P.P. Subtle variations in Pten dose determine
cancer susceptibility. Nat. Genet. 2010; 42 (5): 454—
458. DOI: 10.1038/ng.556.

Rossignol F., Vachit C., Clottes E. Natural antisense
transcripts of hypoxia-inducible factor 1 alpha are de-
tected in different normal and tumour human tissues.
Gene. 2002; 299 (1-2): 135-140. DOIL: 10.1016/s0378-
1119(02)01049-1.

Cayre A., Rossignol F., Clottes E., Penault-Llorca F.
HIF but not HIF-lalpha transcript is a poor prog-
nostic marker in human breast cancer. Breast Cancer
Res. 2003; 5 (6): R223—-R230. DOI: 10.1186/bcr652.

47. Jafri M.A., Al-Qahtani M.H., Shay J.W. Role of miR-

48.

NAs in human cancer metastasis: Implications for
therapeutic intervention. Semin. Cancer Biol. 2017,
44: 117-131. DOI: 10.1016/j.semcancer.2017.02.004.
Leber M.F., Efferth T. Molecular principles of cancer
invasion and metastasis (review). Int. J. Oncol. 2009;
34(4): 881-895. DOI: 10.3892/ijo_00000214.

Bulletin of Siberian Medicine. 2020; 19 (1): 125-133



Reviews and lectures

49.

50.

51.

52.

53.

54.

55.

Tsai J.H., Yang J. Epithelial-mesenchymal plasticity
in carcinoma metastasis. Genes Dev. 2013; 27 (20):
2192-2206. DOI: 10.1101/gad.225334.113.

Lambert A.W., Pattabiraman D.R., Weinberg R.A.
Emerging Biological Principles of Metastasis. Cell.
2017; 168 (4): 670—-691. DOI: 10.1016/j.cell.2016.11.037.
Sanchez-Tillo E., Liu Y., de Barrios O., Siles L., Fanlo L.,
Cuatrecasas M., Darling D.S., Dean D.C., Castells A.,
Postigo A. EMT-activating transcription factors in can-
cer: beyond EMT and tumor invasiveness. Cell Mol.
Life Sci. 2012; 69 (20): 3429-3456. DOL: 10.1007/
s00018-012-1122-2.

Liu Y.W., Zhang E., Liu X., Zhang Z., Xu T., De W.,
Liu B., Wang Z. LincHOTAIR epigenetically silences
miR34a by binding to PRC2 to promote the epithe-
lial-to-mesenchymal transition in human gastric can-
cer. Cell Death Dis. 2015; 6: e1802. DOI: 10.1038/
cddis.2015.150.

Wu H., Hu Y., Liu X,, Song W., Gong P., Zhang
K., Chen Z., Zhou M., Shen X., Qian Y., Fan H. Ln-
cRNA TRERNAI Function as an Enhancer of SNAI1
Promotes Gastric Cancer Metastasis by Regulat-
ing Epithelial-Mesenchymal Transition. Mol. Ther.
Nucleic. Acids. 2017; 8: 291-299. DOI: 10.1016/j.
omtn.2017.06.021.

Liu C., Lin J. Long noncoding RNA ZEB1-AS1 acts
as an oncogene in osteosarcoma by epigenetically
activating ZEB1. Am. J. Transl. Res. 2016; 8 (10):
4095-4105.

Yang P., Chen T., Xu Z., Zhu H., Wang J., He Z.
Long noncoding RNA GAPLINC promotes invasion in

Authors information
Beylerli Ozal A., Post-Graduate Student, Department of Urology, Bashkir State Medical University, Ufa. ORCID 0000-0002-
6149-5460.

Gareev Ilgiz F., Post-Graduate Student, Department of Neurosurgery and Medical Rehabilitation, Bashkir State Medical
University, Ufa. ORCID 0000-0002-4965-0835.

(><) Beylerli Ozal A., e-mail: obeylerli@mail.ru.

bionneteHb cMbupckoi meanumHbl. 2020; 19 (1): 125-133

56.

57.

58.

59.

60.

colorectal cancer by targeting SNAI2 through bind-
ing with PSF and NONO. Ouncotarget. 2016; 7 (27):
42183-42194. DOI: 10.18632/oncotarget.9741.

Hu P., Yang J., Hou Y., Zhang H., Zeng Z., Zhao L.,
Yu T., Tang X., Tu G., Cui X., Liu M. LncRNA ex-
pression signatures of twist-induced epithelial-to-mes-
enchymal transition in MCF10A cells. Cell Signal.
2014; 26 (1): 83—93. DOI: 10.1016/j.cellsig.2013.10.001.
Malek R, Gajula R.P., Williams R.D., Nghiem B.,
Simons B.W., Nugent K., Wang H., Taparra K., Lemtiri-
Chlieh G., Yoon A.R., True L., An S.S., DeWeese T.L.,
Ross A.E., Schaeffer E.M., Pienta K.J., Hurley P.J.,
Morrissey C., Tran P.T. TWIST1-WDR5-Hottip Reg-
ulates Hoxa9 Chromatin to Facilitate Prostate Can-
cer Metastasis. Cancer Res. 2017; 77 (12): 3181-3193.
DOI: 10.1158/0008-5472.CAN-16-2797.

Tao Y., Han T., Zhang T., Ma C., Sun C. LncRNA
CHRF-induced miR-489 loss promotes metastasis of
colorectal cancer via TWIST1/EMT signaling path-
way. Oncotarget. 2017; 8 (22): 36410-36422. DOI:
10.18632/oncotarget.16850.

Tinzl M., Marberger M., Horvath S., Chypre C.
DD3PCA3 RNA analysis in urine — a new perspective
for detecting prostate cancer. Eur. Urol. 2004; 46 (2):
182-186. DOI: 10.1016/j.eururo.2004.06.004.

Lai M.C., Yang Z., Zhou L., Zhu Q.Q., Xie H.Y.,
Zhang F., Wu L.M., Chen L.M., Zheng S.S. Long
non-coding RNA MALAT-1 overexpression predicts
tumor recurrence of hepatocellular carcinoma after
liver transplantation. Med. Oncol. 2012; 29 (3): 1810—
1816. DOTI: 10.1007/512032-011-0004-z.

Received 02.05.2019
Accepted 25.12.2019

133



