YIIK 616.155-006.44:575.1/.2 doi: 10.31549/2542-1174-2021-4-108-133
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AHHOTAILIUA

B mociennue fgecatuietus o6Hapy:keHo, 4To MUKpOPHK y4JacTBYIOT IPAKTHYECKH BO BCEX KJIETOUHBIX MTPOIECCAX, B TOM
4ucile B pa3BUTHU OITyXOJIeH.

B npezncraBiieHHOM 0030pe paccMOTpEHA MOJIEKYJISIPHO-TeHETHYeCcKasi XapaKTepucTruka psaaa MukpoPHK, pyHknnoHupy-
IOIIUX IPU HOPMAaJIbHOM KPOBETBOPEHUH, HapYIIIEeHHEe SKCIIPECCUU KOTOPBIX IIOKA3aHO IPH pa3BuTHH JIuMbonpotrdepa-
THUBHBIX 3a00sieBaHU#. [IpUBeEeHBI NOCIeAHNE OIMyOJINKOBAHHBIE PE3YJIBTAThI HUCCIETOBAHUN IO JAMATHOCTUIECKOMY,
[IPOTHOCTUYECKOMY ¥ KJIMHUYECKOMY 3HAYEHHI0 METHJIMPOBAHUS I'eHOB paccMarpuBaeMmbix MHKPOPHK mpu 3yiokaue-
CTBEHHBIX HOBOOOPA30BaAHUAX CUCTEMBI KDOBH.
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Aberrant expression and methylation of individual microRNAs
genes in lymphoproliferative diseases: a literature review
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ABSTRACT

In recent decades, it has been found that microRNAs are involved in almost all cellular processes, including the develop-
ment of tumors.

In this paper, we consider the molecular genetic characteristics of a number of microRNAs that function in normal hema-
topoiesis, whose expression is impaired in the development of lymphoproliferative diseases. The last published results of
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studies on the diagnostic, prognostic and clinical significance of gene methylation considered by microRNAs in malignant

neoplasms of the blood system are presented.
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MukpoPHK (miRNAs, miRs) sBastOTCS HETraTHB-
HBIMU PETYJIATOPAMU SKCIIPECCUU TEHOB Y MJIEKOITH-
taromux. I1o TaHHBIM OIIEHOK C ITPUBJIEUeHHEM OHO-
UHOOPMAIMOHHBIX METO/IOB, OHU MOTYT Y4acTBO-
BaTh B PETYJIAIUH YPOBH:A OoJiee 90 % 6eyikoB [1].

Homenwitarypa mukpoPHK umeer cBou ocobeH-
HOCTH, ¥ CO BpeMeHeM OHa Bce OOJIbIIe AeTATU3UPY-
ercs u yrounsiercs. Tak, HarpuMep, B Ha3BaHUU hsa-
mir-34a yacruna hsa cBHUeTEBCTBYET O TOM, UTO
peus uzer o mukpoPHK uenoBeka, mir — o Tom, 4TO
ONMChIBaeMasi  IIOCJIEJIOBATEIbHOCTh  SIBJISAETCS
MOJIEKYJIOU-TIPE/IIIECTBEHHUIIE, B TO BpeMsA Kak
yactura miR obo3Hauaer yxe 3pesbie MukpoPHK.
[TosTHOCTHIO UIEHTUYHBIM I C BBICOKOU CTETIEHBIO
romosiorun MukpoPHK mpucBamBaeTcss OfuH U TOT
JKe HoMep ¢ jobapyieHueM OyKB wiu 1udp. IloaTomy
IepBOe YKCJIO B HA3BAHUU — 3TO HOMEP CEMENCTRA,
KOTOPBIM IPUCBAUBAJICA 10 Mepe €ro OTKPBITHUA U
onucanus. K nociaenosaresbHOCTAM, KOTOPBIE OT/IN-
YAIOTCA 110 HECKOJIBKUM HYKJIEOTHJIAM, I00aBJISIOTCS
OykBeI (a, b, ¢ ¥ T.1.), @ K HAEHTUYHBIM IIOCIEZI0BA-
TeJIBHOCTSM, 3aKOJPOBAHHBIM B Pa3JIMYHBIX PETHO-
HaX reHOMa, JTIobaBsAroTe mudpsI (1, 2, 3 u T.4.) [2].

T'ensr mukpoPHK wmoryr pacnosaratbes rpyn-
IaMd U TPAHCKPUOUPOBATHCA ITOJTUIIUCTPOHAMU.
3peJible MOJIEKYJIBI 00PaBYIOTCA B PE3YJIbTATE ITOCTIe-
JIOBaTEJILHOTO co3peBaHus (mporeccunra). Tpaxc-
KpubupyeMass Ha IEpPBOM dTalle JIMHHAsA (OKOJIO
200 nap HykJIeoTusoB (1.H.)) pri-microRNA (mipu-
mukpoPHK) mop melicTBreM KoMiuiekca OEIKOB ¢
yuactueMm siieproit PHKassr I11 Drosha ykopaunsa-
ercsa 0 pre-microRNA (mpe-mukpoPHK) pimuHOM
0K0J1I0 60—70 11.H. besIkoM 5KCIIOPTUHOM-5 HOCTET-
HAA U3 A7pa J0oCTaBisgeTca B LUTOILIa3My. Tam, ¢
oMoInpio pepmerTa Dicer, oHa ykopaduBaeTcs 10
20—-25 II.H. ¥ IpPEeBpAIaeTcs B 3PEIyI0 JABYXIIEIO-
yeuynyro MUKpOoPHK. Ilocne paspesanusa «TOMUHU-
pyomasa» 5-menb Tpd  HoMoImu Oenka Ago
(Argonaute) Brirouaercs B coctraB PHK-unayiupye-
MOro KoMmIuiekca BeikaoueHus reHa (RISC — RNA-
induced silencing complex), B To Bpems Kak 3 -1elib
paspymiaercs.

B cocraBe komiuiekca RISC mukpoPHK moryr
CBA3BIBATBCA € KOMIUIeMeHTapHbiMu uM MRE

MicroRNAs (miRNAs, miRs) are negative regula-
tors of gene expression in mammals. According to
estimates using bioinformatic methods, they can
participate in the regulation of the level of more than
90% of proteins [1].

The nomenclature of microRNAs has its own
characteristics, and over time it is more and more
detailed and refined. For example, in the name
hsa-mir-34a, the hsa indicates that we are talking
about human microRNA, the mir indicates that the
described sequence is a precursor molecule, while
the miR designates mature microRNAs. MicroRNAs
that are completely identical or with a high degree of
homology, are assigned the same number with the
addition of letters or numbers. Therefore, the first
number in the name is the family number, which was
assigned as it was discovered and described. Letters
(a, b, c, etc.) are added to sequences that differ in sev-
eral nucleotides, and numbers (1, 2, 3, etc.) are added
to the identical sequences encoded in different
regions of a genome [2].

MicroRNA genes can be arranged in groups and
transcribed by polycistrons. Mature molecules are
formed by successive maturation (processing). The
long (about 200 base pairs (bp)) pri-microRNA
(pri-microRNA) transcribed at the first stage under
the action of a complex of proteins with the partici-
pation of the nuclear RNase III Drosha is shortened
to pre-microRNA long about 60—70 bp. By protein
exportin-5, the latter is delivered from the nucleus
to the cytoplasm. There, with the help of the Dicer
enzyme, it is shortened to 20—25 bp and turns into
a mature double-stranded microRNA. After cut-
ting, the “dominant” 5'-chain with the Ago protein
(Argonaute) is incorporated into the RNA-induced
silencing complex (RISC), while the 3'-chain is
destroyed.

As part of the RISC complex, microRNAs can
bind to complementary MREs (microRNA response
elements) on the 3"-untranslated region of messen-
ger RNA (mRNA) of target genes and cause their
degradation or translation repression. Thus, the
RISC complex can disrupt the initiation of transla-
tion, slow down the elongation of the amino acid
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(microRNA response elements) Ha 3'-HeTpaHCIHPY-
emoit obsactu MarpuuHoii PHK (m-PHK) renos-
MHUIIIEHEH U BBI3BIBATD UX JIETPAIAIIAIO UJIH Perpec-
curto TpaHeaanuu. Tak, komiuieke RISC moxet Hapy-
IIaTh HAYaJI0 TPAHC/IAIUH, 3aMEJIJISTh 3JIOHTAIUIO0
aMHUHOKHCJIOTHOMU IEITH, BBI3bIBATH OBICTPOE OT/IEsIE-
HHe PUOOCOMBI WM IIPOTEOJHU3 00pasyIoIerocs
Geska [3].

ITocnepoBarenpHocTh MUKPOPHK co 2-ro mo
8- HyKJ1€e0TH/T HA3bIBAIOT « KJIDUEBOU » , TIOCKOJIBKY
WMEHHO OHa BajkKHA IS KOMILJIEMEHTapHOTrO pac-
MO3HAaBaHUA MUIlleHu. I[losHAA WM 4YacTUJIHAasA
KOMILJIEMEHTAPHOCTh MEK/y 3'-HEeTpaHCIUPyeMOi
ob6sactei0 M-PHK u KJII04eBOH I1OC/I€0BATEIbHO-
crei0 MUKpOPHK fietaeTr BO3MOKHBIM TTOCAZIKY
komiiekca RISC. CienyeT oTMeTUTD, UTO MyTalluU
U OJHOHYKJIEOTH/IHbIE MOJUMOpGU3IMBI B 3'-He-

TPAHCIUPYEMBIX IIOCIEA0BATEIBHOCTAX T'E€HOB-
MUIIEHEH  HApyImIAalT  B3aUMOJEHUCTBHE  C
mukpoPHK [4].

ITokazaHo, yTo HekoTOphie MUKpOPHK paboTtaror
Kak Oydepnl ciaydyalHBIX U3MEHEHUU SKCIIPECCUH,
BO3HUKAIOIIUX M3-32 CTOXACTUYECKUX COOBITUU B
TPAHCKPUIIUH, TPAHCIIAIUN U CTAOMIIBHOCTH OeJIKa
[5]. dBomOIIMOHHO cTapble U Hanbosee KOHCEPBa-
tuBHBbIe MUKPpOPHK »skcmpeccupyioress Ha 6osee
BBICOKUX YPOBHSX, 2 U3MEHEHUS B UX SKCIIPECCUU C
BBICOKOU JI0JIE BEPOSITHOCTH IIPUBEJYT K ITATOJIOTH-
yeckuM peHoTumnam [6].

Unentndukanua mumenedr mMukpoPHK u ux
PeryJIsiTOpPHBIX IIETENIh B HACTOsAIIIEe BPEMSI OCTAETCS
OJTHOU M3 CaMbIX BaXKHBIX 33/1a4 B KJIETOUHOU OHMO-
JIOTHH, TOCKOJIBKY OHH MOTYT OBITh KOHTEKCTHO-
3aBUCHMBIMHY, T.€. PA3JINYATHCSA B KJIETKAX Pa3Ind-
Horo tuima [5].

IIEJIb NCCJIEJOBAHUA

0O0630p BOIPOCOB, KACAIOUIUXCA HAPYIIEHUS DKC-
MIPECCUU M METUJIMPOBAHUA T'eHOB pAza MUKkpoPHK
U UX POJIM B pa3BUTUU JuMonpoaiudepaTuBHBIX
3a00J1eBaHUI.

PE3YJIBTATBI UCCJIEJOBAHUA

CemeiictBo MukpoPHK miR-129

CemelicTBO mpealiecTBeHHUKOB MUKpoPHK
miR-129 yesoBeka BKJIIOUaeT B cebs /iBa WieHa —
redbl MIR-129-1 u MIR-129-2, pacnojiOKeHHbIE B
XPOMOCOMHOM Y9YacTKe 7(32 U BHYTPUTE€HHOM
JIOKyce 11p11.2 (reHOM-x03AMHOM sBisercs EST)
COOTBeTCTBEHHO [7, 8]. Bosibiioe 3HaueHne JaHHbIE
mukpoPHK umeror B perynsamuu mposudeparuu,
aroITo3a, aJre3ui, MUTPAIlUU U WHBAa3UU KJIETOK,
a Tak)ke MHOXKEeCTBEHHOM JieKapCTBEHHOU pe3u-
CTEHTHOCTH omyxosier [9, 10]. Tak, mokazaHo, 4TO

chain, and cause rapid separation of the ribosome or
proteolysis of the resulting protein [3].

The sequence of microRNA from the 2nd to the
8th nucleotide is called “key,” since it is this sequence
that is important for complementary target recogni-
tion. The complete or partial complementarity
between the 3'-untranslated region of mRNA and the
key sequence of miRNA makes it possible of entry of
the RISC complex. It should be noted that mutations
and single nucleotide polymorphisms in the
3'-untranslated sequences of target genes disrupt the
interaction with microRNAs [4].

It has been shown that some miRNAs act as buf-
fers of random changes in expression arising from
stochastic events in transcription, translation, and
protein stability [5]. Evolutionarily the oldest and
most conserved miRNAs are expressed at higher lev-
els, and changes in their expression will most likely
lead to pathological phenotypes [6].

The identification of microRNA targets and their
regulatory loops currently remains one of the most
important tasks in cell biology, since they can be con-
text-sensitive, i.e., differ in cells of various types [5].

AIM OF THE RESEARCH

A review of issues related to disorder of expres-
sion and methylation of genes of a number of micro-
RNAs and their role in the development of lymphop-
roliferative diseases.

RESULTS

The miR-129 family

The family of human miR-129 microRNA pre-
cursors includes two members, MIR-129-1 and
MIR-129-2 genes, located in the 7q32 chromosomal
region and the 11p11.2 locus (the host genome is
EST) respectively [7, 8]. These miRNAs are of great
importance in the regulation of proliferation, apop-
tosis, adhesion, migration, and invasion of cells, as
well as multidrug resistance of tumors [9, 10].
Thus, it has been shown that an increase in the
expression of miR-129 in a lung adenocarcinoma
cell culture leads to a cell cycle arrest followed by
cell death [11].

The targets of miR-129 are mRNAs of a number
of oncogenes (Table 1), the most studied of which are
CDK6, PDGFRA, FOXP1, HMGB1 and transcription
factors of stem (including hematopoietic) cells SOX4,
EIF2C3, and CAMTA1[7, 12, 13 ]. Thus, CDK®6, inter-
acting with cyclin D1, leads to the transition of the
cell cycle from G1 phase to phase S. SOX4 (B-cell
transcription factor) regulates a number of genes,
including microRNAs genes responsible for prolifer-
ation, survival, and inhibition of apoptosis in tumors,
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MIOBHIIIIEHNE DKCIIpeccuu MiR-129 B KyIbType Kie-
TOK a/IEHOKApPIITHOMBI JIETKOTO IPUBOJIUT K OCTa-
HOBKE KJIETOUHOTO ITUKJIA C IOCTIeAYIOIIeH rnberbio
KJIEeTOK [11].

MumenssmMu miR-129 sapasaotcas M-PHK psga
OHKOTeHOB (Tabs. 1), Haubojee W3YYEHHBIMH U3
koTopeix sBysIOTCsE CDK6, PDGFRA, FOXP1,
HMGB1 v TpaHCKpUHOIMOHHBIE (AKTOPHI CTBOJIO-
BBIX (B TOM YMCJIE TEMOIIOTHYECKHX) Ki1eTok SOX4,
EIF2C3 u CAMTA1 [7, 12, 13]. Tak, CDK6, B3aumo-
JIEUCTBYA C IUKIUHOM D1, NPUBOAUT K IEPEXOY
KJleTouyHOoro nukiaa us ¢aspl G1 B ¢asy S. SOX4
(TpaHcKpuUNIUOHHBIA (akTop B-KieTOK) perysiu-
PYeT psi TeHOB, B TOM 4ucie U reHoB MUKpOPHK,
OTBETCTBEHHBIX 32 MPOIU(EPAINI0, BHIKHUBAEMOCTh
1 MHTHOMPOBAaHUE alloNTO3a B OIyXoJisaX, a PDGFRA,
HMGB1 u FOXP1 BaxkHBI JJII ME3€HXHMAaJIbHO-
SHJIOTEJIMAIBHOTO TIepexofa [8, 14, 15]

HepmaBHo O0bUIO oOmHCAaHO, YTO MUIIEHAMHU
miR-129 SABIAOTCA KO-aKTUBATOPHI TPAHCKPUIIIIN-
oHHbIX (akTopoB TEAD cemeiictBa YAP u TAZ,
KOTOpble HEeOOXOAUMBI /Il TPACKPUIIIUU psAa
OHKOreHOB, B ToM unciie C-MYC [16].

[TepBble COOOIIEHNS O CHIXKEHHOH SKCIIPECCUU
miR-129 npu onyxossax (Mexysobaacrome, Heud-
(epeHIIMPOBAHHOM paKe JKeIyAKa, KOJIOPEKTATh-
HOH KapI[MHOME W aJieHOKapI[MHOME JIETKHX) IOsI-
BIUIMCH B Hauasie 2000-X rozos [8]. Torga e ObLI0
IIO0Ka3aHo, YTO Mo/iaBjieHne sKcnpeccuu MUKpoPHK
cemelicTBa mMiR-129 MOXKeT NPOUCXOJIUTH IIyTEM
SIIUTEHETUYECKUX MEXaHU3MOB,  UMEHHO METHIN-
poBanus MIR-129-2 [9, 17—19]. CpG-0CTpOBKY IIpH-
CYTCTBYIOT B HEIIOCPEICTBEHHOU OJIM30CTH OT IIPO-
MOTOpa HWMEHHO [IaHHOTO TeHa, HO He TeHa
MIR-129-1 [7]. Tlocneguuil pacrnoJsiaraercs B JIOM-
KoM caiite FRA7H Ha 7-W XpOMOCOME U YacTo yTpa-
YHUBaeTCA IIPHU OIMYXOJIAAX. B sKcriepuMeHTaX HA KyJTb-
Typax KJIETOK KapIHHOM TOJICTOTO KHUIIIEUHUKA U
MOJIOUHOH KeJjie3bl IpPUMEHEHHe 5-a3aluTHANHA
IIPUBOAUII0O K  BOCCTAHOBJIEHHUIO  OKCIIPECCHH
miR-129 ¥ 3aMeJJIeHNIO pocCTa KJIETOK OITyXOJIEH,
YTO SIBJISIETCS €Illeé OJHUM II0Ka3aTesieM OHKOCY-
IIpeccopHO# (YHKIHMH JAHHOTO CEMeHCTBA MUKPO-
PHK u Ba?KHOCTH SITUTEHETUYECKOU PETYJIAINU €T0
TPaHCKPUIIINH [11, 19, 20].

L. Koens et al. coob1manu 0 TOM, YTO SKCIIPECCHST
miR-129 cHmKeHa NOpU NEPBUYHON HDIY3HOU
B-kpynHoxserounoi aumdpome (JIBKKII) leg-type.
ITpu 3TOM 0cO60 BRIpAIKEHHOE €€ CHIKEHKE HAOJTIO-
JIJIOCh TIPH TIO/THIIE OIYXOJIM U3 aKTUBUPOBAHHBIX
B-KJ1€TOK B CpaBHEHUU C TIOJITUIIOM U3 KJIETOK 3apO-
JIBIIIIEBOTO IleHTpa [21].

I[Ipu remob6isiacTo3ax HU3KAs  DKCIPECCUS
miR-129, Tak ke Kak ¥ IPH COJIMIHBIX HOBOOOPA30-

while PDGFRA, HMGB1 and FOXP1 are important
for the mesenchymal-endothelial transition [8,
14, 15].

Recently, it was described that the targets of
miR-129 are co-activators of the YAP and TAZ family
of TEAD transcription factors, which are required for
the transcription of a number of oncogenes, inclu-
ding C-MYC [16].

The first reports of decreased expression of
miR-129 in tumors (medulloblastoma, undifferenti-
ated gastric cancer, colorectal carcinoma, and ade-
nocarcinoma of the lungs) appeared in the early
2000s [8]. At the same time, it was shown that the
suppression of expression of miRNAs of the miR-129
family can occur through epigenetic mechanisms,
namely, methylation of MIR-129-2 [9, 17-19]. CpG
islands are present in the immediate vicinity of the
promoter of this particular gene, but not the
MIR-129-1 gene [7]. The latter is located in the
FRA7H fragile site on chromosome 7 and is often lost
in tumors. In experiments on cell cultures of colon
and breast carcinomas, the use of 5-azacytidine led
to the restoration of miR-129 expression and slowing
down of tumor cell growth, which is another indica-
tor of tumor suppression function of this miRNAs
family and the importance of epigenetic regulation of
its transcription [11, 19, 20 ].

L. Koens et al. reported that the expression of
miR-129 is reduced in primary diffuse large B-cell
lymphoma (DLBCL), leg-type. At the same time, a
particularly pronounced decrease in it was observed
with the subtype of the tumor from activated B cells
in comparison with the subtype from the cells of the
germinal center [21].

In hemoblastoses, low expression of miR-129, as
in solid neoplasms, is often associated with methyla-
tion of MIR-129-2, which is more characteristic of
lymphoid, but not myeloid, tumors [9]. In normal
hematopoietic cells, methylation of the MIR-129-2
gene has not been described [7, 22].

Epigenetic inactivation of MIR-129-2 has been
studied on cell lines of multiple myeloma and non-
Hodgkin’s lymphomas (NHL), as well as in cells from
patients with acute and chronic leukemia, lympho-
mas, and monoclonal gammopathies. All five lym-
phoma cell lines and seven of the eight of multiple
myeloma (MM) cell lines had a methylated gene. In
primary tumor samples, methylation of MIR-129-2
was absent in acute myeloid leukemia (AML) and
chronic myeloid leukemia (CML), but was detected
in 38.0—45.9% of cases of chronic lymphocytic leu-
kemia (CLL), 49.5% of cases of multiple myeloma
and 59.1% of cases of non-Hodgkin’s lymphomas.
The frequency of detection of gene methylation was
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BaHUAX, YacTO CBfA3aHA C METWIHPOBAaHUEM
MIR-129-2, yTo ABJsAETCS OoJiee XapaKTEPHBIM JIJIA
AUMGOUIHBIX, HO HE MHUEJOUIAHBIX OIMyXoJied [9].
B HOpMAaTbHBIX TEMOIIO3THYECKUX KJIETKAX METHUIIH-
poBanue reHa MIR-129-2 He onucaHo [7, 22].

dnureHetnueckasa nHaktuBanuga MIR-129-2 usy-
yajiach Ha KJIETOYHBIX JIMHUAX MHOXKECTBEHHOU
MHEJIOMBI ¥ HEXO/[KKUHCKUX JIHMQOM, a TaKKe B
KJIETKAX OT NAIlEHTOB C OCTPHIMHU ¥ XPOHUYECKIMHU
Jeiko3amMu, JUMOMAaMU U MOHOKJIOHAJIBHBIMU
raMMarnaTuamMy. Bce mATh KJIETOUYHBIX JTUHUN JIUM-
¢om u ceMb U3 BOCBMHU KJIETOUHBIX JINTHUN MHOXKe-
cTBeHHOU Mmuesiombl (MM) uMMenTd METHIUPOBaH-
HBIH reH. B MEepBUUYHBIX OITyXOJIEBBIX OOpasmax
MmeTuanpoBanue MIR-129-2 OTCyTCTBOBAJIO IIpU
OCTpOM MHUeJOUTHOM Jieikode (OMJI) u xpoHuYe-
ckoM muesioserikose (XMJI), Ho 0GHApYKHUBAJIOCh B
38.0—45.9 % ciyyaeB XpOHUUYECKOTO JUMQpOIeH-
ko3a (XJIJI), 49.5 % ciiyuaeB MHOKECTBEHHOU Mue-
JIOMBI U 59.1 % cJlydaeB HEXOMKKUHCKUX JUM@POM
(HXJI). YacroTa BBHIABIEHUS METUIMPOBAHUS reHa
OpLIa cpaBHUMA ITpH OmmyXoJsax B-, T- u NK-kneTou-
HOTO TIPOUCXOXKAeHUsA. [Iph 3TOM MeTHIMPOBaHHE
MIR-129-2 OBLIO CBA3aHO ¢ METHIUPOBAHUEM reHa
MIR-203, a ob6paboOTKa KJIETOYHBIX JIMHUU JIUM-
(OoMBI 30HBI MAHTHH JIEMETHIHNPYIOITAMH ar€HTaMH
MPUBOAWJIA K BOCCTAHOBJIEHUIO YPOBHA 3pejoi
MmukpoPHK, a Taxke wmHTHOMpOBaa KJIETOUHYIO
nposiudeparvio U yCuInBaia rubesb KIeTok [7, 22].
[Ipeanosnaraercda, uto MetunupoBanue MIR-129-2
SIBJISIETCS] BAKHBIM COOBITHEM, CBSI3aHHBIM C TPAHC-
¢opmanmeli MOHOKJIOHAJIbHOH TaMMaraTHH Hesic-
HOT'O TeHe3a B CUMIITOMATHYECKYI0 MHOKECTBEHHYIO
muesomy [7].

MukpoPHK miR-342

T'en MIR-342 pacnojioKeH B 3-M UHTPOHE TeHa-
xo3auHa EVL, nokanm3oBaHHOTO B 14q32 [23].
Komupyemas um mukpoPHK miR-342 umeet miuny
21 I.H. U BBINIOJIHAET OITyXOJiecylpeccopHyto dyHK-
[MI0 IyTeM WHTHOWPOBAHUS KJIETOUHOU Ipostude-
panuu, amnonrTo3a, MUTPAIUA U WHBA3uU [23—30],
BO37lelicTBysl Ha Takue MaTpuunble PHK mumienw,
kak FOXQ1, DNMT1, MYC, Runx2 u IKK-y. Takxke
miR-342 yuactByer B perynsnuu M-PHK MCT1.
Bricoknit ypoBenp MCT1 paccmaTpuBaeTrcsi Kak
OIMH W3 IIPU3HAKOB arpecCUBHOCTH PAa3IMIHBIX
3JI0KAYECTBEHHBIX HOBOOOpazoBaHUU. J[aHHBII
0eJIOK M3MeHsAeT MeTaboJIMUYecKUil roMeocTas, CIIo-
cobcTByeT 60siee BBICOKOMY IOTPEDJIEHUIO JIaKTaTa
KJIETKaAMU, TJTUKOJIUTUYECKOMY (PEHOTHUILY OITyXOJIN
U 0cJIabJIEHUI0 UMMYHHBIX OTBETOB [31].

B xseTkax immdom oryxosiecynpeccopHas pyHK-
nus miR-342 6bLIa MPOIEMOHCTPUPOBAHA UHTUOU-

comparable in tumors of B, T, and NK cell origin. At
the same time, methylation of MIR-129-2 was asso-
ciated with methylation of the MIR-203 gene, and
treatment of cell lines of lymphoma of the mantle
zone with demethylating agents led to the restora-
tion of the level of mature miRNA, and also inhibited
cell proliferation and increased cell death [7, 22]. It is
assumed that methylation of MIR-129-2 is an impor-
tant event associated with the transformation of
monoclonal gammopathy of unknown origin into
symptomatic multiple myeloma [7].

miR-342

The MIR-342 gene is located in the 3rd intron of
the host gene EVL localized at 14q32 [23]. Encoded
by it, miR-342 has a length of 21 bp and performs a
tumor suppressor function by inhibiting cell prolif-
eration, apoptosis, migration, and invasion [23—30],
acting on such target messenger RNAs as FOXQ1,
DNMT1, MYC, Runx2, and IKK-y. Also miR-342 is
involved in the regulation of MCT1 mRNA. A high
level of MCT1 is considered as one of the signs of
aggressiveness of various malignant neoplasms. This
protein alters metabolic homeostasis, promotes a
higher lactate consumption by cells, a glycolytic phe-
notype of a tumor, and a weakening of immune
responses [31].

In lymphoma cells, the tumor suppressive func-
tion of miR-342 has been demonstrated by inhibi-
tion of autophagy, cell proliferation, and increased
cell death, as well as a decrease in DNMT1 expres-
sion [23].

A decrease in miR-342 expression has been
shown in various types of epithelial tumors, such as
adenocarcinoma and non-small cell lung cancer,
renal, colon, breast carcinomas, as well as gliomas
[32—36]. Given the presence of a promoter-associ-
ated CpG island of the host gene, it is assumed that
transcription of MIR-342 is co-regulated by methyl-
ation of the EVL promoter region [23, 28, 37].

Methylation of EVL/MIR-342 was studied in
lymphoproliferative tumors and was found in 5 out
of 10 lymphoma cell lines and in 3 out of 15 multiple
myeloma cell lines. In this case, methylation was
tumor-specific, since it was absent in healthy tis-
sues — samples of peripheral blood and the tonsils.
In cell lines with a completely methylated gene,
treatment with 5-azacytidine led to demethylation of
the promoter and re-expression of miR-342 and EVL
(see Table 1) [23].

In primary tumor samples, EVL/MIR-342 was
methylated more often in B-cell lymphomas (68.7%)
than in T-cell lymphomas (24.2%) and multiple
myeloma (5.6%), and was associated with lower gene
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poBaHMeM ayTtodaruui, KIETOUHOH Nposudepanuu
U YBeJIMYEHUEM KJIETOUHOU THOEIIH, a TAKKe CHIDKE-
HueM skcrpeccun DNMT1 [23].

CHmKeHUe sKermpeccuu miR-342 mokaszaHo mpu
Pa3IUYHBIX THUIAX SIUTETUATBHBIX OIYXOJIEH,
TaKUX KaK aJIeHOKapPIIMHOMA U HEMETKOKJIETOUHBIH
paK JIETKHUX, KapIUHOMAa IT0YeK, TOJICTOU KHIIKH,
MOJIOUHOM JKejie3bl, a Takxke rymomax [32—36].
YuuThiBast HAJTMYKE TPOMOTOP-ACCOIUUPOBAHHOTO
CpG-ocTpoBKa TeHa-XO35IMHA, IIPEAIoJIaraeTcs,
yTo TpaHckpunnua MIR-342 Ko-peryaupyercs
myTeM METHUJIUPOBAHUS MPOMOTOPHOTO ydacTKa
EVL [23, 28, 37].

MetunmupoBanue EVL/MIR-342 GbLI0 U3y4E€HO
mpu suMdornpoandepaTUBHbIX OMyX0JIsX U oOHa-
PY’KEHO B 5 M3 10 W3YYEHHBIX KJIETOYHBIX JIMHHUH
auMGbOM U B 3 U3 15 JIMHUU MHOXKECTBEHHOU Mue-
JioMbl. [Tpy 5TOM METUIMPOBAHNE HOCHJIO OIyXO0JIe-
crienu(pUUHBIA XapaKTep, IMOCKOJIbKY OTCYTCTBO-
BaJIO B 3/I0POBBIX TKAHAX — oOpasax nepudepude-
CKOM KPOBH W MUHAAIWH. B KJIETOUHBIX JTUHHUSIX C
MMOJIHOCTPIO METWJIMPOBAHHBIM Te€HOM 00paboTka
5-a3aIUTHUIMHOM ITPUBOJIWIIA K JEMETHINPOBAHUIO
mpomoTopa u peskcnpeccur miR-342 u EVL (cwm.
Tabi. 1) [23].

B nmepBuuHbIX oOpasmax omyxoned EVL/
MIR-342 ObLT METWJIMPOBAH 4Yallle Ipu B-kieTou-
HbIX TUMbomax (68.7 %), ueMm T-k1eTOUHBIX (24.2 %)
1 MHO>KeCTBEHHOH MuesoMe (5.6 %), 11 ObLI CBsA3aH C
boJsiee HUBKOU sKcmpeccrell reHoB [23, 38]. Ilpu
MOHOKJIOHAJIPHBIX TaMMAIlaTHSAX METUIMPOBAaHHE
EVL/MIR-342 6bpUI10 OOHApPY:KEHO HA BCEX CTAJUAX
MHEJIOMOTeHe3a, BK/IYasi MOHOKJIOHAIBHYIO TaM-
MAIlaTHIO HESICHOTO IeHe3a, BIEPBbhIe ITMarHOCTUPO-
BaHHYI0O ¥ PENUJIUBUPYIONIYI0 MHOXKECTBEHHYIO
muesomy [28].

CrestyeT oTMETHTD, UTO TeH MIR-342 JIOKaIn30-
BaH B 1432, I/le TaKXKe pacIoJiaraeTcs SHXaHCEDP
reHa TsKesIoH nenu uMmmyHoraooyinHa (IgH). Jlan-
HBIU JIOKYC YacTO SIBJIAETCS TOYKOH pas3phiBa IIPU
PEKYPPEHTHBIX ~ XPOMOCOMHBIX  TPaHCIOKAIHAX
t(11;14) u t(14;16), HabIOTaEMbIX TIPH T€MOOJIACTO-
3ax [39]. Kpome TOro, TpaHCJIOKAIlMU C BOBJEYE-
HHUEM 1432 B COYETAaHUU ¢ MeTHIrpoBanueMm EVL/
MIR-342 puUBOAUT K OMAJIEIbHOW WHAKTUBAITUU
miR-342, corsiacHO AByXyAapHOH TUIOTe3€e KaHIle-
porenesa Kuysicona. B Tom ke JIOKyce B MEKT€HHOM
MIPOCTPAHCTBE PACIIOJIOKEH Te€H IPYTOH OHKOCYIIpec-
copuoit MukpoPHK — MIR-203, gyacTo cynpeccupo-
BaHHOU 1yTeM abeppaHTHOTO METHJIUPOBAHUSA
JHK. Takum o6paszom, mukpoPHK, nokanuzoBaH-
Has B 14q32, Oy/ib TO UHTPOHHAS WX UHTEPTEeHHAas,
MOKET PEryJIMPOBAaThCSA METUJIMPOBAHUEM IIPOMO-
topuoii JJHK [38].

expression [23, 38]. In monoclonal gammopathies,
EVL/MIR-342 methylation was detected at all stages
of myelomogenesis, including monoclonal gammo-
pathy of undetermined significance, newly diagnosed
and recurrent multiple myeloma [28].

It should be noted that the MIR-342 gene is
located in 14q32, where the enhancer of the immu-
noglobulin heavy chain (IgH) gene is also located.
This locus is often a breakpoint in recurrent chro-
mosomal translocations t(11;14) and t(14;16)
observed in hemoblastosis [39]. In addition, trans-
locations involving 14q32 in combination with EVL/
MIR-342 methylation result in biallelic inactivation
of miR-342, according to Knudson’s two-hit hypoth-
esis of carcinogenesis. In the same locus, in the
intergenic space, there is a gene for another tumor
suppressive miRNA, MIR-203, which is often sup-
pressed by aberrant DNA methylation. Thus,
miRNA localized in 14q32, whether intronic or
intergenic, can be regulated by methylation of pro-
moter DNA [38].

miR-196b

MiRNAs of the miR-196 family are encoded by
intergenic regions of three paralogous loci located in
clusters of homeobox genes (HOX) [40]. The gene of
miR-196b in humans is located in an evolutionarily
highly conserved region between the HOXA9 and
HOXA10 genes on chromosome 7 (7p15.2) [41].

The expression profile of miR-196b differs
depending on the type of malignant disease, and
information on the role of this miRNA in oncogene-
sis is contradictory. Studies show that in a number of
solid tumors it functions as an oncogene, and in oth-
ers, as a suppressor of tumor growth (see Table 1)
[40, 42—47].

It was shown that during differentiation of CD34+
hematopoietic stem cells in vitro, the expression of
miR-196b decreased, and transfection of precursor
molecules of miR-196a and miR-196b led to down-
regulation of ERG (transcription factor that is one of
the key regulators of embryonic development, cell
proliferation, differentiation, angiogenesis, inflam-
mation, and apoptosis), which indicates the role of
miR-196b in early hematopoiesis [48—50].

In experiments on gene transfection, S. Bhatia
et al. showed that miR-196b induces cell cycle arrest
and apoptosis in transformed B cells. They also
reported an reciprocal relationship between
miR-196b and C-MYC expression in lymphocytes.
Using bioinformatics algorithms, the authors sug-
gested that the BCL-2 gene is a possible target of
miR-196b in lymphomas, which is consistent with
data on solid neoplasms [43].
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MuxpoPHK miR-196b

MukpoPHK cemetictBa miR-196 koaupyroTcs
MEXTEeHHBIMU OOJIACTSIMH TPEX MapaJIOTHIHBIX
JIOKYCOB, PACIOJIOKEHHBIX B KJIacTepax roMeo0OoKC-
renoB (HOX) [40]. l'er miR-196b y uesioBeka pacro-
JIOKEH B DBOJIIONHOHHO BBICOKOKOHCEPBATUBHOU
obsractu mexxay renamu HOXA9 u HOXA10 Ha 7-i
xpomocome (7p15.2) [41].

IIpoduib skcrnpeccur MiR-196b pasinyaercs B
3aBHCHMOCTH OT THIIA 3JI0KAUECTBEHHOTO 3a60JeBa-
HUS, a CBeJIeHUsA 0 posin JanHoi MukpoPHK B oHKO-
reHe3e IIPOTUBOPeUYUBHI. llcciaemoBaHUs MOKAa3bI-
BAIOT, YTO IIPH PsAZie COJUIHBIX OIIyX0Jiel oOHa QYHK-
IIUOHUPYET KaK OHKOTEH, a IPU APYTUX — KaK CYIIpec-
cop orryxoJieBoro pocta (cMm. Tabi. 1) [40, 42—47].

[Tokazano, uto nipu nuddepeniuposke CD34+
CTBOJIOBBIX KPOBETBOPHBIX KJIETOK in Vitro SKCIpec-
cusi miR-196b cHuKaIaCh, a TpAaHCGHEKIIHS MOJIEKYJT-
npeaniectBeHHUI] MiR-196a u miR-196b npuBoamIa
K mayH-peryasanuu ERG (TpaHCKPUIIIIMOHHBIN (ak-
TOp — OJHMH U3 KJIIOUEBBIX PETYJIATOPOB 3MOPHO-
HaJIPHOTO DAa3BUTHUs, KJIETOYHOH Iposndepanuy,
nuddepeHITUPOBKY, AHTUOTE€HE3a, BOCIAJIEHUS U
arornTo3a), YTo yKa3blBaeT Ha posib miR-196b B paH-
HEeM remorioase [48—50].

B bskcrmepuMeHTax 10 TpaHCGhEKIUH TEeHOB
S. Bhatia et al. mokasasu, uro miR-196b unayupyer
OCTaHOBKY KJIETOUHOT'O IKJIA ¥ alIONTO3 TpaHCchOp-
MHWPOBAaHHBIX B-kjeTok. OHM TakKe COOOHHIN 00
ob6paTHON CBsI3M MEXy 3Kcrpeccuell miR-196b u
C-MYC B ium@pornurax. C ucnosb30BaHHEM OHOWH-
(opMaIMOHHBIX AJTOPUTMOB aBTOPHI IPEIIIOJIO-
JKUJIH, UTO TeH BCL-2 siBsieTcsa BO3MOMKHOM MHUIIIe-
HbI0 MiR-196b npu smMdomax, 4To coryiacyercs
JIAaHHBIMU 110 COJTUAHBIM HOBOOOPA30BaAHUAM [43].

Taxkum 06pa3oM, B HACTOSAIIEE BPEMS U3BECTHO
HECKOJIbKO MHIlleHeld miR-196b, 3HAUNMBIX B IIaTO-
reHe3e HOBOOOpa3oBaHUU cHucTeMbl KpoBuU. Tak,
HOX-reunt (HOXA9, HOXB7, HOXA9, MEIS un
HOXC8) u yyacTHUKH cHTHaJIbHOTO TiyTH PI3K/
AKT/mTOR peryaupyooTes HaleJMBaHueM
miR-196b ma 3-HTII ux m-PHK. Kpowme Toro,
MHUIIeHAMU aaHHOUM MUKpOPHK sBisiorcs TpaHc-
kpuniuonHsle ¢akropsl FOS u C-MYC, a Takxke
FAS, BCR-ABL1, BCL-2 u ipyrue oHKOT€HHI [40, 41,
4446, 51, 52].

Jauuble 0 poau miR-196b B maTorenese remo-
0J1aCTO30B TaK:Ke MTPOTUBOPEYUBHI [53]. BbLio moka-
3aHO, yTO MiR-196b BHOCUT CBOM BKJIaJ, B IIATOT€HE3
HEKOTOPBIX TUIIOB JIEHKO30B, a TP OCTPOM MUEJIO-
HUHOM JIEHKO3€e BBICOKas SKcmpeccuss miR-196b
He0JIarONPUATHO BJIUSET HA IPOTHO3 [54].

OnHaKo ApyTHE aBTOPHI YKA3bIBAIOT, UTO YPOBEHD
miR-196b GBI 3HAUNTEIHLHO CHUKEH KaK B KJIETKAaX

Thus, at present, several miR-196b targets are
known that are significant in the pathogenesis of
neoplasms of the blood system. In this manner, HOX
genes (HOXA9, HOXB7, HOXA9, MEIS, and
HOXCS8) and participants in the PI3K/AKT/mTOR
signaling pathway are regulated by targeting miR-
196b to the 3-NTP of their mRNA. In addition, the
targets of this miRNA are the transcription factors
FOS and C-MYC, as well as FAS, BCR-ABL1, BCL-2,
and other oncogenes [40, 41, 44—46, 51, 52].

The data on the role of miR-196b in the pathogen-
esis of hemoblastosis are also contradictory [53]. It
was shown that miR-196b contributes to the patho-
genesis of some types of leukemias, and in acute
myeloid leukemia, high expression of miR-196b
unfavorably affects the prognosis [54].

However, other authors indicate that the level of
miR-196b was significantly reduced both in the cell
line of EB-3 leukemia and in primary samples of
B-cell acute lymphoblastic leukemia (ALL) com-
pared to the control. They showed that restored
expression of miR-196b in EB-3 cell line leads to a
significant decrease in the regulation of C-MYC and
its effector genes [43]. In another study, the authors
demonstrated a significant decrease in the regulation
of miR-196b expression in the MOLT-4 leukemia cell
line and primary samples of T-cell ALL in relation to
the control cells [55].

One 2015 study examined differential miRNA
expression between ALK-positive, ALK-negative
large T-cell lymphoma cells and normal T cells using
next-generation sequencing. Down-regulation of
miR-196b was noted in ALK-positive tumor vari-
ants [56].

It is known that the methylation status of the
MIR-196B gene correlates well with the expression
of miR-196b in primary tumors and various cell
lines, and their treatment with the demethylating
drug, 5-azacytidine leads to reactivation of gene
transcription [44, 57, 58].

Currently, methylation of MIR-196B has been
studied in leukemia and has been shown in 81.3% of
CML samples, 57% of AML samples, and 53.3% of
ALL samples. In this regard, the authors suggested
that a low level of miR-196b expression and, as a
consequence, an increased expression of its targets,
BCR-ABL1 and HOXA9 play an important role in
the development of CML. Restoration of the miRNA
level led to a decrease in the rate of cell proliferation
and a slowdown in the cell cycle of tumor cells [45].
According to another study, the methylation of
MIR-196B was revealed in a quarter (25%) of ALL
cases [59].
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JIMHAY Jieriko3a EB-3, Tak u B mepBUYHBIX 00pasmax
B-keTouHoro octporo JUM@OO6IACTHOTO JIEHKO3a
(OJIJI) mo cpaBHEHUIO ¢ KOHTpOoJieM. OHH OKa3aJIH,
YTO BOCCTaHOBJIEHUE DKCIpeccd miR-196b B kiiet-
kax simHuU EB-3 MPUBOAUT K 3HAUUTEIHHOMY CHU-
s)xkeHuto perynanuu C-MYC u ero 3ddeKTopHBIX
reHoB [43]. B ipyrom ucciiejoBaHUU aBTOPHI IIPOJIe-
MOHCTPUPOBAJIN 3HAUUTEIHHOE CHIKEHUE PEryJisi-
MU 3KCIpeccur MiR-196b B KJIETOYHOUM JTUHUU
nerikoza MOLT-4 wu nepBuuHBIX 0Opasmax
T-knerounoro OJIJI MO OTHOIIEHUIO K COOTBETCTBY-
IOIIMM KOHTPOJIbHBIM KJIeTKaM [55].

B ogHOM 13 nccaetoBaHui 2015 T. U3ydanu Aud-
depennmanpayio skcnpeccuio MUKpoPHK mexmy
kiaerkamu  ALK-mmosutuBHOI, ALK-HeraTMBHOH
T-KpyITHOKJIETOUHOU JUM(OMBI U HOPMaTHHBIMU
T-KJIeTKaMU C TIOMOIIBIO CEKBEHUPOBAHUS CJIETYIO-
IIeTo IOKOoJIeHu . Bplyia oTMeUeHa HETaTUBHAS PEry-
sgsnusa miR-196b npu ALK-IO3UTHBHOM BapHaHTe
omyxouu [56].

V3BecTHO, UYTO CTaTyc METWJINPOBAHHSA TeHA
MIR-196B XOpOIIIO KOPPEJIUPYET C 3DKCIpeccuen
miR-196b B HEPBUYHBIX OIYXOJIAX U Pa3TUYHBIX
KJIETOUHBIX JIMHUSX, 2 00pab0TKa UX JIEMETUIIUPYIO-
UM IIperapaToM 5-a3alfUTUAUHOM IPUBOAUT K
peaxkTuBAINU TPAHCKPUIIIIUY T'eHa [44, 57, 58].

B Hacrosmee Bpemsa MetuianpoBanue MIR-196B
HU3y4eHO IPH JIeHK03aX U IT0Ka3aHo B 81.3 % obpas-
moB XMJI, 57 % — OMJI u 53.3 % — OJLJI. B cBsizu ¢
STUM aBTOPHI PaOOThI ITPEATIONIOKIIIN, YTO OOJIBIIIOE
3HaueHue B pa3puTuu XMJI urpaet HU3KUH ypOBEHD
skcmpeccry miR-196b u, Kak ciie/icTBHe, MMOBBIIIIEH-
Hasi sKcrpeccusi ero mutieHelr BCR-ABL1 u HOXAQ.
Boccranosiienue ke yposHsa MukpoPHK npuBosinio
K CHIDKEHHUIO CKOPOCTH KJIETOUHOU Tposirdepannu
U 3aMe/IJIEHUIO KJIETOYHOTO IIUKJIA OIYXO0JIEBBIX KJIe-
TOK [45]. CorJiacHO JJaHHBIM JIPYTOTO UCCIEIOBAHUS,
MetwinpoBanue MIR-196B ObUIO BBISIBJIEHO B UET-
BeptH (25 %) cayuaes OJLI [59].

MukpoPHK miR-9

Cy1iecTByeT 3 T€HOMHBIX JIOKYCa, KOJUPYIOIIUX
3penyro MUKpoPHK miR-9: 1q22, rae pacnosioxken
reH MIR-9-1, 5q14.3 — red MIR-9-2 1 15q26.1 — T'eH
MIR-9-3. T'enHamu-xo3sieBaMu SIBJISAIOTCS COOTBET-
crBeHHo C10RF61, CR612213 u FLJ30369 [60, 61].

CoryIacHO TOJIy4EHHBIM B XOZle DKCIIEPUMEHTOB
cBeZIeHUAM, MiR-9 HEraTUBHO BINAET HA MUTPAIIHIO
U 1mposdepanuio OIMyX0oJeBBIX KJIETOK [60, 62].
[IpoTuBoOIyx0JeBBIH B(h(PEKT MOJIEKYIbl TaK¥XKe
MOXeT ObITh OOBsICHEH HanenanBanueMmM Ha M-PHK
1L-6, yTO MPUBOAUT K HHT'UOMPOBAHUIO AKTUBHOCTH
nytu IL-6/Jak/STAT3 [63]. OgHako OHKOCympec-
COpHBIE CBO¥McTBA MiR-9 BOCIPOU3BOAATCA HE HPU

miR-9

There are 3 genomic loci encoding mature miR-9:
1q22, where the MIR-9-1 gene is located, 5q14.3 —
the MIR-9-2 gene, and 15q26.1 — the MIR-9-3 gene.
The host genes are CiORF61, CR612213, and
FLJ30369 respectively [60, 61].

According to the data obtained during the experi-
ments, miR-9 negatively affects the migration and
proliferation of tumor cells [60, 62]. The antitumor
effect of the molecule can also be explained by target-
ing IL-6 mRNA, which leads to inhibition of the
activity of the IL-6/Jak/STAT3 pathway [63]. How-
ever, the tumor suppressive properties of miR-9 are
not reproduced in all malignant neoplasms [64—66].
It is known that this miRNA interacts with the
3"-untranslated sequence of E-cadherin, decreasing
its expression, which induces nuclear translocation
of B-catenin and a subsequent increase in the level of
C-MYC and CD44 oncogenes. Also, overexpression
of miR-9 through down-regulation of E-cadherin can
induce an epithelial-mesenchymal transition and
promote tumor metastasis, for example, in squa-
mous cell carcinoma of the esophagus [67]. The
opposite effects of miR-9 on the tumor process in
various types of malignant neoplasms imply that its
function is manifested in a tissue-specific manner
and the effect of its expression depends on the cellu-
lar context (see Table 1) [68].

Other proven targets of this microRNA are mRNA
NF-kB, FOXi, BCL-6, FGFRi, CDK6, CXCR4,
NOTCH1, PRDM1 and other oncogenes and tumor
suppressor genes [60—62, 66, 67, 69].

Despite the presence of host genes, miRNAs of
the described family have their own CpG-associated
promoters [70], and the aberrant expression of
miR-9 in various types of cancer (stomach, breast,
bladder, hepatocellular carcinoma, small cell lung
cancer, squamous cell carcinoma of the oral cavity
and the oropharynx, renal cell carcinoma, etc.) is
associated with DNA methylation [60, 62, 71—73].

Itis important to note that reexpression of miRNA
is observed upon treatment of cells with DNA-
demethylating agents [59]. At the same time, in the
course of studies of solid neoplasms, no significant
differences in methylation frequency between miR-9
loci were found, however, a correlation between
miR-9 methylation and patient survival in gastric
cancer and non-small cell lung cancer was
reported [60].

It has been shown that aberrant methylation of
members of the miR-9 family can occur at the very
early stages of differentiation of hematopoietic cells,
which leads to the development of leukemia [59,
74]. A high frequency of methylation of these genes
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BCEX B3JIOKAUECTBEHHBIX HOBOOOPA3OBaHUAX [64—
66]. N3BecTHO, yTO anHass MUKpOPHK B3anmosieii-
CTByeT ¢ 3-HETpaHCIUPYEMOH IOCTIeI0BATETbHO-
cTei0 E-KajirepyiHa, CHHMKAsi €ro KCIPECCHI0, UTO
WHYIUPYET sSAePHYI0 TPAaHCIOKAIUIO 3-KaTeHuHA U
MOCJIeAyIONee TOBBIIIEHHE YPOBHS OHKOTE€HOB
C-MYC u CD44. Taxxe rumepakcrpeccusi miR-9
Jepes JayH-perysanui E-kaarepruHa MOKeT HHIY-
[UPOBATh BAIUTEINATHHO-ME3€HXUMAIbHBIH Tepe-
XO/T ¥ ClIOCOOCTBOBATH METACTA3UPOBAHUIO OIYXOJIH,
HAIIPUMED, TIPU IJIOCKOKJIETOYHOM paKe IMHIIEBOIA
[67]. IIpoTuBOIIOI0KHBIE BIUAHUA MiR-9 Ha OMmyXxo-
JIEBBIH TIPOIECC TPU PA3JIMYHBIX BHJIAX 3JI0Kaue-
CTBEHHBIX HOBOOOPA30BAaHUU I0J[pa3yMEBAIOT, UTO
ee (YHKIUS TPOSBISAETCA TKaHeCIenupUIHbIM
00paszoM U 3 HEKT ee HKCIPECCUH 3aBUCUT OT KJle-
TOYHOI0 KOoHTeKcTa (cM. TabJ. 1) [68].

JIpyruMu  IOKa3aHHBIMKA MHUIIIEHAMH JTaHHOU
mukpoPHK siisiiorest MPHK NF-kB, FOX1, BCL-6,
FGFR1, CDK6, CXCR4, NOTCH1, PRDM1 u npyrux
OHKOTE€HOB U T'€HOB-OHKOCYIIpeCCOpoB [60—62, 66,
67, 69].

HecmoTpst Ha HasmMunMe reHOB-x0351eB, MUKpOPHK
OIMCHIBAEMOTO CeMeHCTBa HMEIOT COOCTBEHHBIE
CpG-accoruupoBaHHbIE TTPOMOTOPHI [70], a Hapy-
[IeHUe HKCIpeccur MiR-9 mpu pasyIMIHbIX TUIIAX
paka (ckenyaka, MOJIOUHOHM JKejie3bl, MOYEBOTO
Iy3bIpsi, TENATOIEJUTIONIIPHON KapIHOME, MEJIKO-
KJIETOYHOM paKe JIETKUX, IJIOCKOKJIETOYHOM pakKe
MMOJIOCTH PTa M POTOTJIOTKH, MOYEUHO-KIETOUHOM
pake ¥ Jip.) acCOIMMPOBAHO C METHUJIMPOBAHHUEM
JHK [60, 62, 71—73].

Ba’XHO OTMETUTD, UTO BOCCTAHOBJIEHUE DKCITPEC-
cun MukpoPHK HaGsromaeTcst mpu 06paboTke Kie-
tok JIHK-memermnupyoomumu arearamu [59]. Ilpu
STOM B XOJ/I€ UCCAEI0BAHUHI COMUAHBIX HOBOOOPa30-
BaHUU 3HAUMMBIX PA3JIMYNH B 4ACTOTE METHUIPOBA-
HUA MEX/Y JJOKycaMu miR-9 o6Hapy»keHOo He ObLIO,
O/THAKO COO0IIATIOCh O KOPPEJISIINU MEXK/Ty METUIU-
poBaHueM mMiR-9 W BBDKHUBAEMOCTHIO IAIHEHTOB
IIPY paKe JKeJTyIKa U HEMEJIKOKJIETOUHOM paKe JIer-
Kux [60].

[TokazaHo, uTO abeppaHTHOE METUJIMPOBAHHE
YjeHOB ceMelcTBa mMiR-9 MOXKeT BO3HHMKATL Ha
OYeHb paHHUX CTaAUAX AubGepPEeHITHPOBKH FeMOII0-
STUYECKUX KJIETOK, UTO IIPUBOJIUT K PA3BUTHUIO JIEH-
KO030B [59, 74]. Bricokas yacToTa METHJIMPOBAHUSA
JIAaHHBIX T€HOB BbIsIBJIeHA B JIMHUAX KjaeTok OJIJI u
MEpBUYHBIX obOpasnax omyxoau: MIR-9-1 — B 34 %,
MIR-9-2 — B 21 % u MIR-9-3 — B 33 % ciy4daes.
MeTunupoBanre miR-9 GbLJI0O HE3aBUCUMBIM IIPO-
THOCTHYECKUM (AKTOPOM i Oe3peruIuBHON |
00IIedl BBI’KMBAEMOCTH IPHU ocTpoM Jumdobiact-
HOM JIetiKo3e [74].

was found in ALL cell lines and primary tumor sam-
ples: MIR-9-1 — in 34%, MIR-9-2 — in 21%, and
MIR-9-3 — in 33% of cases. Methylation of miR-9
was an independent prognostic factor for disease-
free and overall survival in acute lymphoblastic leu-
kemia [74].

Low expression of miR-9 is associated with a poor
prognosis in AML as well [74]. Using a mouse model
of research as an example, the unique role of miR-9
in myelopoiesis has been illustrated [75]. It was
reported that miR-9 in vitro and in vivo inhibits the
growth of AML cells with the translocation t(8;21)
[76]. It has now been found that in humans, epigen-
etic regulation of miR-9 expression through aberrant
hypermethylation plays a critical role in leukogene-
sis, and reversal of methylation can reactivate its
tumor suppressor function [75].

In a recent study, the authors analyzed the meth-
ylation status of 3 members of the miR-9 family in
58 cases of Hodgkin’s lymphoma (HL) versus 15
reactive lymph nodes, and also assessed the relation-
ship between miR-9 methylation, Epstein-Barr virus
(EBV) infection, and several clinical and pathological
parameters. They found that 84.5% of HL cases had
methylation in at least 1 of 3 loci encoding miR-9,
while none of the non-tumor samples were methyl-
ated. The highest methylation frequency was found
in MIR-9-2 (5q14.3) — in 74.1% of cases, MIR-9-3
(15926.1) was methylated in 56.9% of cases and
MIR9-1 (1q22) — only in 8.6% of cases. These results
indicate that methylation of genes of the miR-9 fam-
ily, especially MIR-9-2, is a frequent event in HL and
may be involved in the pathogenesis of this disease
regardless of EBV infection. With regard to the anal-
ysis of survival, the authors did not find its correla-
tion with MIR-9 methylation [60].

miR-126

The MIR-126 gene is located in the intron of the
epidermal growth factor of the EGFL7 gene (9q34.3),
which is actively expressed in endothelial cells and
tissues with high vascularization and controls an
important stage of vasculogenesis [77]. Expression of
miR-126 parallels the expression of the EGFL7 pro-
tein, since they share a common mRNA and are likely
to be transcribed together. However, studies have
shown that miR-126 expression can be regulated
independently of the EGFL7 protein, which indicates
the existence of a separate promoter that controls
miR-126 expression [78].

The results of numerous studies demonstrate that
miR-126 has both oncogenic and tumor suppressive
capabilities, depending on the tumor type and the
gene networks involved.
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Huskas skcmpeccuss miR-9 acconmumpoBaHa c
HebJ1aronpuATHBIM ITporHo3oM u ipu OMJI [74]. Ha
IpUMepe MBIITUHON MOJEH HCCIIEOBAHUS TIPOUII-
JIIOCTPUPOBAHA YHUKATbHASA POJIb MiR-9 B Muesormno-
53e [75]. Coobiasock, uto miR-9 in vitro u in vivo
noxasisger poct kietok OMJI ¢ TpaHcyiokaiuei
t(8;21) [76]. B Hacrosiee BpeMs: 0OHAPY:KEHO, YTO Y
yeJIoBeKa SIHUTeHeTUYecKas PEryJIAnusa SKCIPECCHU
miR-9 mocpezicTBOM abeppaHTHOTO TUIIEPMETHITHPO-
BaHUS UTPAET KPUTUUIECKYIO POJIb B JIEHKO30TE€HE3E,
U peBepCUPOBaHNE METIJINPOBAHUA MOXKET PEAKTU-
BHUPOBAThH €€ OIyX0JIECYIIPECCOPHYTIO PyHKIMIO [75].

B oxHoi1 13 HeaBHUX PabOT aBTOPHI IPOAHAIIN-
3MPOBAJIU CTATyC METWINPOBAHUA 3 UJIEHOB ceMel-
ctBa miR-9 B 58 cayuasx sumdombl XOMKKAHA
(JIX) o cpaBHEHHIO C 15 peaKTUBHBIMHU JIUMATH-
YeCKUMH y3JIaMU, a TaKKe OIEeHIIN B3aNMOCBA3b
MeXK/Ty MeTWINPOBaHueM miR-9, muuiuposanuemMm
BupycoMm duiureirna — bapp (B3B) u HeckosbkuMu
KJIMHUKO-TIATOJIOTHYECKUMH mapamerpamMu. OHH
0OHAPYKWIH, UTO B 84.5 % ciayuae JIX mmesoch
MEeTWJINPOBAHUE 10 KpaliHel Mepe B 1 U3 3 JIOKYCOB,
KOAUPYIOIUX MiR-9, B TO BpeMs Kak HU OJWH U3
HEOIIyXOJIEBBIX 00pPA3IOoB He ObLI METUJINPOBAH.
Camas OoJspIlasi 94acToTa METIJIMPOBAaHUA ObLia
obHapy»xeHa B MIR-9-2 (5q14.3) — B 74.1 % ciy4aes,
MIR-9-3 (15926.1) OBLT METWJIHPOBAH B 56.9 % CI1y-
yaeB u MIR9-1 (1q22) — ToybKO B 8.6 % ciydaes.
ST pe3yabTaThl YKa3bIBAIOT HA TO, UTO METUJINPO-
BaHUe TeHOB cemelicTBa miR-9, ocoberno MIR-9-2,
SIBJISIETCS YaCThIM coObITHEM TP JIX 1 MOXKET OBITH
BOBJIEUEHO B IATOTeHE3 TAHHOTO 3200JIeBaHNA He3a-
BucuMoO oT BIOB-undekuuu. Uto kacaercda anaiusa
BBDKUBAEMOCTH, TO aBTOPHI HE OOHAPYKIIN ee KOp-
pessinpu ¢ MetrupoBanueMm MIR-9 [60].

MukpoPHK miR-126

T'en MIR-126 pacnosiokeH B UHTPOHE T'eHa SIIH-
nepmasnbsHoro dakropa pocra EGFL7 (9q34.3), KOTo-
pbIil AKTUBHO 3KCIIPECCUPYETCS B SHAOTETUATBHBIX
KJIETKaX W TKAHSIX C BBICOKOW BaCKyJIsIpHU3AIlued H
KOHTPOJIUPYET BaKHBIH BTal BacKyJioreHesa [77].
Ikcrpeccus miR-126 mapautesbHa SKCITpeccHy Oesika
EGFL7, nockonbky oHE uMeroT obmyro M-PHK w,
BEPOATHO, TPAHCKPUOUPYIOTCs BMecTe. OTHAKO HCcITe-
JIOBAHWS TTOKA3JIH, UTO KCIIpeccrst miR-126 mMoxer
peryiupoBaThcs HezaBucumo ot 6enka EGFL7, uyto
VKa3blBae€T Ha CYIIECTBOBAaHUE OT/IEJHHOTO IIPOMO-
TOpa, KOTOPBIH YIIpaBJIseT SKcipeccreid miR-126 [78].

Pe3ynpTaThl MHOTOUYMCIIEHHBIX HCCJIETOBAHUN
JIEMOHCTPUPYIOT, UTO MiR-126 o0sa7aeT Kak OHKO-
TeHHBIMU, TaK U OIyXOJIECYIIPECCUBHBIMU CIOCO0-
HOCTSIMU, B 3aBUCHUMOCTH OT BU/IA OILyXOJIH U BOBJIE-
YeHHBIX TEHHBIX CETeH.

In many solid tumors, low expression of miR-126
is determined [79—81], this miRNA is a tumor sup-
pressor for them and implements its effects through
various targets and signaling systems: SDF-1A /
CXCLi2, VEGF-A, CCR1, SOX2, STAT3, ADAMOo,
LRP6, PIK3R2, CXCR4, SLC7A5, VEGF / PI3K /
Akt / MRP1, MDM2 [78, 79, 81—86].

On the contrary, in many variants of hematolog-
ical neoplasias, high expression of miR-126 is deter-
mined: in primary central nervous system lym-
phoma [87]; nasal NK-cell lymphoma [88]; mul-
tiple myeloma [89], DLBCL [90, 91]; AML [92, 93].
Low expression of miR-126 was revealed in splenic
marginal zone lymphoma [94]; in AML cell lines
[95]; in acute and chronic adult T-cell leukemia,
and these patients had better overall survival [96].
In cutaneous T-cell lymphoma, miR-126 has been
shown to be expressed by endothelial cells in tumor
tissue, but not by tumor lymphocytes [97]. The tar-
gets of miR-126, which were identified in the above
studies in hemoblastosis, are AKT, VEGF-A, CRK,
EGFL7, IRS-1, p85beta, VCAM-1, HOXA, PLK-
kinase.

H.H. Chen et al. found that miR-126 in nasal NK-
cell lymphoma cells inhibits the AKT signaling path-
way. AKT is an oncogene whose activity is modulated
by the TP53 tumor suppressor [88]. Activation of
AKT-p53-p21 and telomere-p53-p21 in low miR-126
expression induced by hyperglycemia has been dem-
onstrated in several studies [98, 99].

The epigenetic regulation of miR-126 expression
has been studied more for solid tumors and, to a
lesser extent, for hematological malignancies. It was
shown that the expression of miR-126 in tumors
closely correlates with the expression of EGFLy. The
promoter of this gene contains a large CpG island,
the demethylation of which leads to the activation of
miR-126 [100]. Hypermethylation of the EGFL7 pro-
moter in breast cancer is characterized by low expres-
sion of miR-126 [83]. Hypermethylation of the
MIR-126 promoter region leads to a low level of
microRNA in mesothelioma [101], colorectal cancer
[102], lung cancer [103], esophageal squamous cell
carcinoma [104, 101], glioma [105].

Z. Li et al. has demonstrated that overexpression
of miR-126 in AML cells is associated with demethyl-
ation of MIR-126 [92]. We have not found methyla-
tion studies in lymphomas (see Table 1).

miR-137

MiR-137 is a 23-nucleotide miRNA located on
chromosome 1p22 in the long non-coding MIR137HG
host gene. Bioinformatic analysis showed that about
1000 genes could be the targets for miR-137, of which
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[Ipr MHOTHIX COJTU/THBIX OITyXOJISIX OTIPEIEISEeTCs
HHUBKasA BJKcnpeccuss miR-126 [79-81], nanHas
MukpoPHK 114 HUX ABgeTCs OMyX0JIEBBIM CyIIpec-
copoM U peanusyeT cBou 3(PdeKThl uepe3 paziny-
Hble MUIIEHH W CHTHAJIbHBIE cucTteMbl: SDF-1A/
CXCLi12, VEGF-A, CCR1, SOX2, STAT3, ADAMOo,
LRP6, PIK3R2, CXCR4, SLC7A5, VEGF/PI3K/Akt/
MRP1, MDM2 [78, 79, 81—86].

[Ipr MHOTHX BapUaHTaX reMaTOJOTHIECKUX HEeo-
IIa31H, HA000POT, OTIPEeZeIsIeTCS BRICOKAS DKCIIPec-
cud miR-126: nmpu nepeuyHoi iumdome [THC [87];
HazanbHOl NK-kierounoi tumdome [88]; MuOKe-
crBenHo# muesome [89], AIBKKJI [90, 91]; OMJI [92,
93]. Huskas skcrpeccuss miR-126 BbIsgBIIeHa Npu
auMboMe MaprUHAJIbHOU 30HBI CEIE3€HKU [94]; B
k1eTouHbIX JuHUSAX OMJI [95]; mpu ocTpoM U Xpo-
HUYECKOM T-KJIETOUYHOM JIEUKO3€ B3POCIIBIX, U TAKHE
MaIyeHThl UMEeJIH JIYUYIIyi0 OOIIYI0 BBIKUBAEMOCTH
[96]. IIpu koxkHOU T-KIeTOuHOW JUMPOME IOKa-
3aHO, 4TO MiR-126 3KcIpeccupyercs HIO0TETHATb-
HBIMU KJIETKAMU B OIyXOJIEBOH TKaHU, HO HE OIyXO0-
JeBbIMH JuMdonuTamu [97]. Murensmu miR-126,
KOTOPBIE OBLIIU BBISIBJIEHBI B BBIIIIEYKA3aHHBIX HCCIIE-
JIOBaHUsAX NpH remobsacTo3ax, sapisiorcsa AKT,
VEGF-A, CRK, EGFLy, IRS-1, p85beta, VCAM-1,
HOXA, PLK-kuHa3za.

H.H. Chen et al. BeissBrIH, uTO MiR-126 B KJIeTKax
HazatbHON NK-knerouHolr juM@OMBI WHrHOUpYeT
AKT curHanbHBIA yTh. AKT — 3TO OHKOTEH, aKTHUB-
HOCTh KOTOPOTO MOJTYJIUPYETCS OITYyXOJIEBBIM CYIIPEC-
copom TP53 [88]. AxrtuBanuss AKT-p53-p21 u
TeJIoMepa-p53-p21 MPpU HU3KOU KcIpeccuy miR-126,
WHAYIIMPOBAHHOH rUTNIepIyInKeMuei, 6bLia IpoIeMOH-
CTPUPOBaHA B HECKOJIbKUX UCCIIETOBaHUAX [98, 99].

JNUTeHeTHYeCKasd  PEryJisAlusl  SKCIPECCHU
miR-126 uzyueHa GobIIE A/ COMUTHBIX OMMyX0JIeH
U B MEHBIIEH CTelleHHu Ipu remobsacrosax. bruio
IMOKa3aHO, YTO BKCIpeccus miR-126 mpu Omyxossax
TeCHO KoppesupyeT ¢ skcapeccueil EGFL7. IIpomo-
TOp JAQHHOTO TeHa COAEPIKUT OOJIBIIIOH OCTPOBOK
CpG, JnemeTuIupoOBaHME KOTOPOTO HPUBOAUT K
akTUBanu miR-126 [100]. T'unepmeTuIpoBaHue
npomoropa EGFL7 npu pake MOJIOUHOH >KeJe3bl
XapakTepu3yeTcsi HH3KOU BJKcrmpeccrned miR-126
[83]. T'umepmeTHMpoBaHre MPOMOTOPHOTO PETU-
oHa MIR-126 TpPUBOAUT K HU3KOMY YPOBHIO
mukpoPHK 1mipu me3orennome [101], KOJIOpeKTaIh-
HOM pake [102], pake jierkux [103], IJI0CKOKJIETOY-
HOU KapIIMHOMeE UIIeBoia [104, 101], riirome [105].

Z. Li et al. mporeMOHCTPUPOBAIHN, YTO TUIIEPIK-
crpeccuss miR-126 B kiaeTkax OMJI cBsA3aHa ¢ neme-
TrtupoBanueM MIR-126 [92]. ViceseqoBaHUN METH-
JIMPOBaHUsA TpH JuM@oMax HaMU He OOHAPYKEeHO
(cMm. Tabu. 1).

about 5% have been confirmed in experimental stud-
ies [106]. The targets of miR-137 affect various sig-
naling pathways in the cell that influence cell differ-
entiation, proliferation, migration, apoptosis, genetic
instability, and methylation (see Table 1).

Low expression and tumor suppressive role of
miR-137 have been shown in pituitary adenoma
[107], prostate cancer [108], pancreatic cancer [109],
renal cell carcinoma [110], endometrial cancer [111],
hepatocellular cancer [112], colorectal cancer [113],
non-small cell lung cancer [114], glioma [115].

Studies of miR-137 in hematological malignan-
cies are few in number and concern acute leukemia
and multiple myeloma. Y. Huang et al. found that the
expression of miR-137 is reduced in JARID1B. They
confirmed that miR-137 directly inhibits JARID1B
and, as a consequence, cell proliferation, and induces
apoptosis [116].

Expression of miR-137 was also significantly
lower in cell lines and tumor tissue of patients with
multiple myeloma compared to normal plasma cells
[117]. Patient with MM with low levels of miR-137
had a significantly shorter overall and event-free sur-
vival as compared to patients with miR-137 overex-
pression [118]. It has been demonstrated that the
reexpression of miR-137 leads to a decrease in the
level of the MCL-1 protein, as well as activation of
genes associated with apoptosis (BAD, BAX, BID,
BIM), and the induction of apoptosis. MCL-1 plays
an important role in the survival of MM cells due to
its ability to resist pro-apoptotic stimuli. It is assumed
that suppression of MCL-1 expression plays an
important role in the response to drug-induced
apoptotic stimuli [117]. It has been proven that
MCL-1is a direct target for miR-137 [117, 118].

Overexpression of miR-137 suppressed the levels
of p-ATM/Chk2 and p-BRCA1, but increased the
expression of p53, p21. These data indicate that
abnormal expression of miR-137 may affect signaling
of the AURKA/p53/ATM/Chk2 pathways and play a
critical role in genetic instability and chemoresis-
tance in patients with multiple myeloma [119].

MiR-137 increases susceptibility to bortezomib in
xenograft mouse models of human multiple
myeloma. Overexpression of miR-137 inhibited
tumor growth in wvivo. Tumors in mice from the
experiment were analyzed by immunoblotting to
assess the expression of the AURKA and p53 pro-
teins. MicroRNA-137 is epigenetically “silent”, which
leads to increased expression of AURKA. Overex-
pression of AURKA suppresses p53, which leads to
an increase in p-ATM and p-Chk2, affects the expres-
sion of pATR and Chki. This signaling network regu-
lates drug resistance and genetic instability in MM.
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MukpoPHK miR-137

MiR-137 npeacrasisieT cob0i 23-HYKJIEOTHTHYIO
MmukpoPHK, pacrionoskeHHy0 Ha XpoMOCOMe 1p22 B
JUIMHHOM HeKojiupyloliieM rene-xo3sune MIR137HG.
BroundopMamoHHBIN aHAIU3 TTOKA3aJl, YTO OKOJIO
1000 T€HOB MOTYT OBITh MUIIIEHAMU 151 MiR-137, U3
HUX B SKCIIEPUMEHTAJIBHBIX HCCIEIOBAHUAX TIOJ-
TBEPKJIEHBI OKOJIO 5 % [106]. Mumenn miR-137
3aTParuBalOT Pa3IMYHbIE CUTHAJIbHBIE ITYyTH B KJIETKE,
BJIMSIONINE HA KJIETOUHYIO AudpepeHInpoBKy, IIpo-
audepariio, MHUTPAIUIO, amoITO03, TEeHETUYECKYIO
HecTaOMIbHOCTb, METHJIMPOBaHueE (cM. TabI. 1).

Huskass skcrpeccuss ¥ OIyXOJIECYTIPECCOPHAs
posb miR-137 mokaszaHbl HIpU ajieHOME THITOPHu3a
[107], pake mpocratel [108], moKeNyIOUHOU
JKese3bl [109], MOYeYHO-KJIETOYHOM pake [110],
SHIOMETPHAJIBHOM Ppake [111], remaToIesLIoIsIp-
HOM pake [112], KoJiopeKTaJIbHOM pake [113], Heme-
KOKJIETOYHOM pakKe JIETKOro [114], ruome [115].

HccnemoBanus miR-137 1mpu  remobsiacrosax
HEMHOTOUVCJIEHHBI U KacaloTCsl OCTPBIX JIEHKO30B U
MHOKecTBeHHOH Muestombl. Y. Huang et al. o6Hapy-
JKWJIH, UTO BKCIpeccus miR-137 CHIKeHa B JTMHUSIX
KJIETOK U OITyXOJIEBOU TKAHU OOJIbHBIX B-KJI€TOUHBIM
OJJT u accorumpyeTtcs ¢ BbIcOKUM ypoBHeM JARID1B.
OHu TOATBEP MM, YTO MiR-137 HemocpecTBEHHO
narn6upyet JARID1B u, kax ciiefcrue, — nposmde-
PAIIIO KJIETOK M UH/IyIIUPYET aronTo3 [116].

Ikcrmpeccrus miR-137 Takske ObLTa 3HAUYUTEHHO
HIDKE B KJIETOUHBIX JIMHUAX U OIYXOJIEBOH TKAaHH
0OJIBHBIX MHOKECTBEHHOW MHEJIOMOU 10 CPABHEHHIO
¢ HOPMAa/TbHBIMU ILJIA3MATHUYECKUMU KJIETKaMH [117].
[TarmenTsl ¢ MM ¢ HU3KUM ypoBHEM miR-137 umesnu
CTATHCTUYECKH 3HAYMMO 0oJiee KOPOTKYIO OOIIYI0 U
0ecCcOOBITHIHYI0 BBIKUBAEMOCTh IO CPaBHEHUIO C
60IPHBIMH ¢ TUIIEPIKCIIpeccrelt miR-137 [118]. ITpo-
JIEMOHCTPUPOBAHO, UTO BOCCTAHOBJIEHHE SKCIIPECCHU
miR-137 TPUBOAUT K CHIDKEHUIO YPOBHs Oeska
MCL-1, a TakyKe K aKTUBAIlUd T'€HOB, CBSI3aHHBIX C
arorrro3om (BAD, BAX, BID, BIM), v WHIYKIUHA
anonro3a. MCL-1 urpaeT BaKHYIO POJIb /IS BBIKUBA-
Hus KieTok MM 61arogapsi CBoel CItocOOHOCTH MPo-
THBOCTOATH MPOATIONTOTHYECKUM CcTUMYyJsaM. IIpes-
moJiaraeTcs, 4To mopAasjieHme skcmpeccunn MCL-1
WUTpaeT Ba’KHYIO POJIb B OTBETE Ha arlONTOTHYECKHE
CTUMYJIbI, UHYITUPOBAaHHbIE JIEKAPCTBEHHBIMU IIpe-
maparamu [117]. Jlokazano, uro MCL-1 sBisieTcs
HEIIOCPE/ICTBEHHOH MUIIIEHbIO /1 miR-137[117, 118].

T'unepskcrnpeccuss miR-137 mojapisiyia ypoBHU
p-ATM/Chk2 u p-BRCA1, HO ycuiuBajia 3KCIpec-
CHIO P53, p21. ATU JIaHHBIE TTOKA3bIBAIOT, UTO aHO-
MaJIbHAs JKcIpeccus MiR-137 MoKeT BIUATH Ha
nepenauy curHanoB nyteii AURKA/p53/ATM/Chka
U UTPaTh KPUTHYECKYIO POJIb B TEHETHUECKO HECTa-

Cell line studies in oral cancer [120], uveal mela-
noma [121], non-small cell lung cancer [122], colorec-
tal cancer [123], stomach cancer, head and neck can-
cer [124], and breast cancer [125] have shown that
that the MIR-137 gene is more regulated by methyla-
tion of a large CpG island in the promoter region of
its gene located on chromosome 1p22.44; MIR-137
expression is inversely correlated with the level of
DNA methylation and is restored by DNA hypometh-
ylating agents.

Methylation of MIR-137 in hemoblastoses is
poorly studied. Y. Yang et al. showed that therapy
of MM cell lines with and without deletion of the
1p12-21 locus with the hypomethylating drug,
decitabine, did not lead to statistically significant
changes in miR-137 expression, which may indicate
that gene hypermethylation does not play an
important role in miR-137 dysregulation in MM.
Low expression may be associated with the deletion
of 1p, where the miR-137 gene is located. Deletions
in the 1p12-21 region are associated with a poor
prognosis for MM [117]. Subsequently, the same
group of researchers discovered uniform methyla-
tion of 10 CpG regions in the MIR-137 promoter
and showed that the total methylation level was
significantly higher in tumor tissue of patients and
MM cell lines as compared to normal tissues; ther-
apy with a hypomethylating agent restored the
expression level of miR-137. MM patients with a
high degree of methylation of the MIR-137 pro-
moter in tumor cells had a shorter event-free sur-
vival rate as compared to patients with a low level
of methylation. In addition, hypermethylation of
the MIR-137 promoter was associated with MM
stages according to the International and the Durie-
Salmon Staging Systems, and a higher frequency of
IgH translocation [119].

CONCLUSION

This review considers the molecular and genetic
characteristics of a number of miRNAs that function
in normal hematopoiesis, whose expression is dys-
regulated in the development of lymphoproliferative
diseases. The last published results of studies on the
diagnostic, prognostic and clinical significance of
genes methylation of the miRNAs in malignant neo-
plasms of the blood system are presented.

The data obtained in the course of the literature
review show that the role of miRNA in the develop-
ment of tumors has been actively studied in recent
decades, since they are involved in almost all cellular
processes that modulate malignant cell transforma-
tion, including control of the cell cycle, response to
DNA damage, differentiation, proliferation, apopto-
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OUJIBHOCTU ¥ XUMHUOPE3UCTEHTHOCTH Y TAITUEHTOB C
MHO>KECTBEHHOM MHEJIOMOH [119].

MiR-137 yBeJIMUHBaEeT YyBCTBUTEIBHOCTH K OOp-
Te30MHOy B MBIIIUHBIX MOJIEJISIX MHOKECTBEHHOH
MHEJIOMBI YeJIOBEKA C KCEHOTPAHCILIAHTATOM.
T'unepskcnpeccusi miR-137 WHrHOWUpoBaia POCT
omyxoJu in vivo. OmyxoJyu y MBIIIEH U3 3KCIEPU-
MeHTa aHAJIM3UPOBAJIA METOIOM UMMYHOOJIOTTHHTA
JUst omeHKu sKcmpeccuu OenmkoB AURKA u ps53.
miR-137 SIUTreHeTUYECKH « MOJTIUT», UTO IIPUBOTUT
k yBenuueHuto skcrpeccurn AURKA. TloBblieHHast
skcnpeccuss AURKA mogasisieT p53, YTO IPUBOJIUT
k yBenuueHuio p-ATM u p-Chk2, Biauser Ha sxc-
npeccuto pATR u Chki. 9ta curnasabHast ceTh pery-
JIUPYET JIEKAPCTBEHHYIO YCTOMUYUBOCTh U T€HETHUYE-
CKyT0 HecTabmwIbHOCTH ipu MM.

UccienoBanusa B KJIETOYHBIX JIMHUAX IIPU paKe
MOJIOCTH pTa [120], yBeanbHOU MeslaHOMe [121],
HEMEJIKOKJIETOYHOM paKe JIETKOTO [122], KoJIopek-
TAJIBHOM pake [123], pake KeJlyJika, pake TOJIOBbI U
men [124], pake MOJIOYHOH 3KeJie3bl [125] mokaszay,
uto reH MIR-137 B OOJIbIIIEN CTEIIEHH PEeryJIMPyeTcs
MeTInpoBaHreM 60J1b110oro CpG-0CTPOBKA B ITPOMO-
TOPHOM 00JIaCTH €ro TeHa, PaCIIOJIOKEHHOTO Ha XPO-
MocoMe 1p22.44, skcrpeccust MIR-137 oOpaTHO Kop-
penupyer ¢ ypoBHeMm JIHK-meTnnrpoBanus u Boccra-
HasimBaetca [JHK-runomeTHimpyomnumMy areHTaMi.

MetwiupoBanue MIR-137 Tipu remMo0bsacTo3ax
Masto u3ydeno. Y. Yang et al. mokasasiu, uTo Teparnus
TUIOMETHIUPYIOIIMM  IIperapaToM JAenUTabHHOM
KJIETOUHBIX JTUHIH MM ¢ fgesterueit jiokyca 1p12-21 u
0e3 Hee He NpPHBEJIA K CTATHUCTUYECKH 3HAYMMBIM
U3MEHEHUSIM SKCIpeccur miR-137, UTo MOKET CBUIe-
TEJILCTBOBATh O TOM, YTO THIIEPMETIJIMPOBAHUE TeHA
HE UTPaeT BaYKHOU POJTH B IUCPETY/LAIUK miR-137 mpu
MM. Huskast sKCIpeccusi MOKeT ObITh CBsI3aHa C JiejTe-
IUen 1p, Te HaxouTes TeH miR-137. Jlenernuu peru-
OHa 1p12-21 AaCCOIMHUPOBAHBI € HEDJIATONPUATHBIM
mporao3oM MM [117]. B mociemyroiem Ta e rpyrmna
HccIteZioBaTesiell OOHAPYKUJIa OHOPOJHOE METHJIH-
poBanne 10 CpG-yuactkoB B npomoTtope MIR-137 u
MOKasaja, 4YTo OOIHi YpOBEHb METUINPOBAHUS ObLIT
CTaTUCTHYECKU 3HAYHUMO BBIIIIE B OITyXOJIEBOU TKAHH
OOJIBHBIX M KJIETOYHBIX JUHUAX MM 110 cpaBHEHUIO €
HOPMAaJIbHBIMHM TKAHSIMU, TEPAMUSI THIIOMETUIUPYIO-
IIIIM areHTOM BOCCTAHABJIMBAJIA YPOBEHD HKCIIPECCHH
miR-137. Boasabie MM ¢ BBICOKOM CTENEHBIO METHJIN-
poBanus npomotopa MIR-137 B OIyXOJIEBBIX KJIETKaX
nMenn 0oJiee KOPOTKYI0 0eCCOOBITHIHYIO BBIKHUBAE-
MOCTbD I10 CPAaBHEHHIO C TIAIUEHTAMU C HU3KUM YPOB-
HEM MeTWIMpoBaHHuA. Kpome TOro, rumepMeTHInpo-
BaHue npomoropa MIR-137 accOIUUPOBAIOCH CO CTa-
musamu MM 1o kinaccudukarnusam ISS u Durie-Salmon
u OoJtpIelt yactoTol Tpancmokanuu IgH [119].

sis, aging, metabolism, epithelial-mesenchymal
transition and metastasis [126, 127].

MiRNAs can be classified as tumor suppressors or
pro-oncogenes [128]. The level of expression of the
former in the process of neoplastic transformation of
the cell can decrease, the level of the latter can increase.
Tumor-suppressive miRNAs of the miR-34 cluster are
well studied. An example of miRNAs with oncogenic
potential are molecules of the miR-17-92 cluster [129].
The data presented in the review show that such a dif-
ferentiation is not suitable for all molecules.

Gene expression profiling studies and bioinfor-
matic analysis have shown that miRNA dysregula-
tion is a common event in neoplasms. The tumor has
its own spectrum of expression of these molecules,
different from normal cells [5]. Evidence has been
obtained that miRNAs not only act as intracellular
messengers, but can also be secreted and circulate in
the blood as part of apoptotic bodies, microvesicles,
and exosomes [5, 126, 127].

It is known that precise regulation of the miRNA
levels in hematopoietic cells is necessary for the cor-
rect course of hematopoiesis. For example, there are
proteins involved in hematopoiesis (such as PUM1,
PTEN, MYB and many others), the genes dosage of
which must be very clearly regulated in the cell by
miRNA, and its alteration results in various patho-
logical conditions, including the development of
malignant neoplasms [5].

MiRNAs have an important regulatory function
in the immune system work, from maintaining the
pool of stem cells to the maturation and functioning
of T and B lymphocytes. They not only influence the
direction of cell development, but can also play a
more subtle role in giving the cell resistance or sensi-
tivity to the most important biological processes —
apoptosis, proliferation, differentiation, etc. [5].
Thus, based on the miRNA expression profiling, the
possibility of dividing DLBCL into subgroups of ger-
minal and nongerminal origin was shown [130, 131].

The involvement of miRNAs in lymphomogenesis
has been confirmed in transgenic mouse models.
Aberrant expression of miRNA not only leads to the
development of lymphoproliferative diseases, but
also contributes to an increase in the rate of their
tumor progression. For the first time, the signifi-
cance of miRNA dysregulation in the biology of
hemoblastoses was assessed when it was shown that
the genes of tumor suppressive miR-15a and
miR-16-1 are located in the 13q14 locus, which is
often deleted in chronic lymphocytic leukemia [132].

A number of miRNAs have unidirectional changes
in the expression in different subtypes of lympho-
mas, such as, for example, an increase in the expres-
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3AK/IIOYEHUE

B npencraBieHHOM 00630pe  paccMOTpeHa
MOJIEKYJIIPHO-TEHETMUECKAsI XapaKTePUCTUKA psiaa
MukpoPHK, GyHKIIMOHUPYIOIUX TPU HOPMATBHOM
KPOBETBOPEHUH, HapYyIIeHUe 5KCIPEeCCUN KOTOPBIX
MOKa3aHO IPU pa3BUTHU JUMonposindepaTuBHBIX
3abosieBaHui. [IpuBe/IeHBI MOCTIEIHUE OITyOIJIHMKO-
BaHHBIE Pe3yJIbTaThl UCCJIEIOBAHUN IO AUArHOCTHU-
YeCKOMY, TPOTHOCTHYECKOMY ¥ KJIMHUYECKOMY 3Ha-
YEeHUI0 METWINPOBAHUSA T€HOB PAaCCMATPHUBAEMBIX
MukpoPHK npu 3/10kauecTBeHHBIX HOBOOOpa3oBa-
HUSIX CHCTEMBI KPOBH.

[TosrygeHHBIE B XOZI€ JINTEPATYPHOTO 0030pa J1aH-
HbIe TT0Ka3bIBaIOT, YTO posb MUKpoPHK B pazsutun
OIIyXOJIeH B IMOCJIEHIE AECATUIETHS AKTHBHO H3yYa-
€TCsI, TOCKOJIBKY OHU YIACTBYIOT IIPAKTHYECKH BO BCEX
KJIETOYHBIX IIPOIIECCaX, KOTOPbIe MOAYIUPYIOT 3JI0Ka-
JeCcTBEHHYIO TpaHC()OPMAIIHIO KJIETOK, BKIII0Yas KOH-
TPOJIb KJIETOYHOTO ITMKJIA, OTBET HA IIOBpEXK/IEHUeE
JHK, nuddepernpoBKy, npoaudepanuio, aromnTos,
crapeHue, 0OMeH BeIECTB, SITUTETHATBHO-Me3eHXU-
MaJTBHBIH ITEPEXO]T U MeTacTa3upoBaHue [126, 127].

MukpoPHK moryT 6bITh OTHECEHBI K KJIACCY OHKO-
CYIIPECCOPOB WJIM TPO-OHKOTEHOB [128]. YpoBeHB
SKCIIPECCUU IEPBBIX B IIPOIECCE HEOIUIACTHYECKOH
TpaHchOpMAITNY KJIETKU MOKET CHUKAThCS, YDOBEHD
BTOPBIX — IIOBBIIIATHCS. XOPOIIO U3YIeHBI OHKOCY-
npeccopuble MUKpoPHK kiacrepa miR-34. IIpume-
poM MukpoPHK ¢ OHKOT€HHBIM IOTEHITUATIOM SBJIA-
IOTCSI MOJIEKYJTBI KyacTtepa miR-17-92 [129]. ITpuse-
JIEHHbIE B 0030p€e JIaHHbIE ITOKA3BIBAIOT, YTO 110]100-
HOe pas/ieJieHue MOJIXOIUT He /IJIS1 BceX MOJIEKYI.

UccneoBanus 1o podrIMpOBAHUIO HKCIIPECCUU
reHOB W OWOMH(pOPMAIMOHHBIA AHAIU3 BBISIBUJIH,
uyto aucperyssanus MukpoPHK saBmserca pacipo-
CTpAaHEHHBIM COOBITHEM IPU HOBOOOPA30BAHUSIX.
Omyxoap MMeeT CBOH, OTJIMYHBIM OT HOPMAJIbHBIX
KJIETOK CIIEKTP SKCIIPECCUU JAHHBIX MOJIEKYJI [5].
[TosryueHs! JTaHHBIE, CBUAETETHCTBYIOIIE O TOM, UTO
MuKpoPHK He TOJIBKO JEHCTBYIOT KaK BHYTDHKJIE-
TOYHBIE MeCCEeH/[KEPHI, HO TaKyKe MOTYT CeKpPeTHpPO-
BaThCs U UPKYJIMPOBATh B KPOBH KaK YaCTh AIIOITO-
THUYECKHX TeJI, MUKPOBE3UKYJI M 9K30COM [5, 126, 127].

V3BecTHO, UTO TOYHAS PETyJIANUA COJlePKAHUA
MukpoPHK B reMomosTnuecknx KJIeTKax HeOOXO-
IUMa ISl TPaBIJIBHOTO IIPOTEKAHUSA IIPOIECCOB
KpoBeTBOpeHUs1. Tak, HampuMmep, CYyIIECTBYIOT
Oesiky, YJacTBYIOIIIME B TreMomos3e (Takue Kak
PUM1, PTEN, MYB u MHOrHe JIpyrue), JO3UPOBKA
TeHOB KOTOPBIX JOJPKHA OYeHb UYeTKO PeryJynpo-
BaThCA B KJIeTKe ¢ moMoIbio MUKpoPHK, a ee Hapy-
[IeHVe MPUBOAUT K PA3JIMYHBIM ITATOJIOTHUYECKUM
COCTOSIHUAM, B TOM UHCJIe PAa3BUTHIO 3JI0KaUeCTBEH-
HBIX HOBOoOOpazoBaHuii [5].

sion of oncogenic miR-155, miR-17-92b, and miR-21,
as well as a decrease in the expression of oncogenic
miR-15a/16, miR-34a, miR-150 and miR-29 mole-
cules [5, 131, 133—-138].
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MukpoPHK nmeT BasKHEHIIIYIO PETYJISATOPHYIO
dyHKIHIO U B pab0Te UMMYHHOH CUCTEMbI, HAUNHAS
OT IIO/I/lepKaHUA IIyJla CTBOJIOBBIX KJIETOK U 3aKaH-
uynBasg co3peBaHUeM U (PYHKIMOHUpOBaHUEM T- u
B-mumdoriuTos. OHU He TOJIBKO BIUAIOT HA HATIPaB-
JleHUe pa3BUTHA KJIETKH, HO TaKyKe MOTYT WUrpaTh
0oJiee TOHKYIO POJIb B IIPUIAHUH KJIETKE YCTOUIHBO-
CTH WU YYBCTBUTEJBHOCTH K BOKHEHITUM OGHOJIO-
rUYecKuM IIpolieccaM — aroITosy, Iposudepanumy,
nuddepeHupoBke u T.7. [5]. Tak, Ha OCHOBe CIIeK-
Tpa skcnpeccuun MUKpoPHK mokazana BO3MOXK-
HocTh pasaeneHus /IBKKJI Ha kinaccudukanmoH-
HBble MOJATPYIIb TepMUHAIBHOTO U HerepMUHAIb-
HOTO IIPOUCXOXKAeHUs [130, 131].

Yuacrue MukpoPHK B snumdomorenese mopa-
TBEPK/IEHO B MOJIeJIIX Ha TPAHCTeHHBIX MBbIIIaX.
AbGeppanTHas skcrpeccuss MUKPOPHK He TOIbKO
MIPUBOAUT K pa3BUTHUIO JuM@onposindepaTuBHBIX
3a00JIeBaHU, HO U CIIOCOOCTBYET YBEJTUUEHUIO TEM-
IIOB UX OITyXOJIEBOM mporpeccuu. Brepsbie 3HaUe-
Hue aucperyiasanuu MukpoPHK B 6uosnornu remo-
61aCTO30B MOJIyYHJIO OIEHKY, Korja ObLIO IOKa-
3aHO, UTO B JIOKyce 1314, KOTOPBIHI YacTo mojBepra-
eTcsl JIeJIENUU IPU XPOHUYECKOM JIMM(OJIEHKo3e,
pacnosio:keHbl TeHbl OHKOCYIIpeccOPHbIX MUKPOPHK
miR-15a u miR-16-1[132].

Panx mukpoPHK wumeroT opHOHaNpasiieHHbIE
U3MeHEeHUs SKCIIPECCUU NP PA3JINIHbBIX MOJITUIIAX
auMdoM, TaKOBBIMH, HAIpUMeEpP,  ABJAIOTCA
TIOBBIIIIEHNE DKCIIPECCHN OHKOTeHHBIX miR-155,
miR-17-92b 1 miR-21, a Takke CHIKEHUE DKCIIPec-
CHM OHKOCYyIpeccopHbIx miR-15a/16, miR-34a,
miR-150 u miR-29 moseky [5, 131, 133—138].

HUcrounuk ¢uHaHcupoBaHus. Pabora BbI-
IIOJTHEHA B paMKax OropkeTHOH TeMbl 1m0 [ocymap-
cTtBeHHOMY 3a71aHmio0 N2 AAAA-A17-117112850280-2.

Kondaukr nHTEpEeCcOB. ABTODHI 3a5BJISIOT 00
OTCYTCTBUM KOH(JINKTA HUHTEPECOB.
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CBEJIEHUA Ob ABTOPAX

Boponaea Ejena HukosaeBHa — A-p Mea. Hayk,
CT. HAYYHBIN COTPY/IHUK JIAOOPATOPUU MOJIEKYJISIPHO-
reHeTHYeCKUX HCCIeZIOBAHUM TepaneBTHYecKUx 3a060-
sesanuil HUY Tepanuu u npoduiakTudeckol Meau-
nuHbl — ¢winana PIBHY «®DenepaibHbIN HCCTIET0-
BaTeJIbCKUH IeHTp MHCTUTYT IIUTOJIOTUN U T€HETUKU
CO PAH» (HoBocubupck).

bepesuna OJusra BajeppeBHa — KaH/. MeJl. Hayk,
Bpau-reMaToJIOr, aCCUCTEHT Kadephl Teparuu, reMa-
tosioruu U TpaHcdysuonoruu ®I'BOY BO «Hosocu-
OUPCKUH TOCY/IAPCTBEHHBIA METUITUHCKUN YHUBEPCH-
TteT» Munszpasa Poccun.

Yypxkuna Mapusa HropeBHa — acnupaHT Kadenpsl
Tepamuu, remMaTtosioruu u TpaHcdysuosnoruun OIBOY
BO «HoBocuOUpPCKUN TOCyAapCTBEHHBIH MeETUITUH-
ckuil yauBepcuteT» Mun3ipasa Poccun.

ITocnesoBa TarbaHa BaHOBHaA — [-p MeJ. Hayk,
npodeccop, 3aBeayomui kadenpol Tepanuu, remMa-
tosioruu u TpaHcdysuosnoruu ®I'bOY BO «Hosocu-
OGUPCKUI TOCYAapCTBEHHBIH METUIIMHCKUH YHUBEPCH-
teT» Mun3snpasa Poccun.

JIpi3;ioBa ApuHa AHApeeBHA — Bpau-remarosor I'BY3
HCO «T'ocynmapcrBenHass HoBocubupckas obiacrHas
KJIMHUYeCKasa OOJIbHULIA».

MaxkcumoB Biaaguvmup HukosaeBuu — [1-p Men.
HayK, IJIaBHBIA HAy4YHBIA COTPY/HUK, 3aBeJyHOIIHI
JlabopaTopuel MOJIeKyIAPHO-TeHeTHYEeCKUX UCCTIeN0-
BaHUI TepaneBTHYeCKUX 3abosieBanuiit HUU Tepanuu
u npodunakTrdeckod Mmegunuasl — ¢puinana PIEHY
«®DeJrepasbHBINA UCCIIEOBATEBCKUN TIEHTP VTHCTUTYT
nurosnoruu u reneruku CO PAH» (HoBocubupck).
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