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Abstract—Methylation of CpG-islands in pranoter regions as all as interaction of miRNAs with messenger RNAs of tar
get genes are related to multiler mechanisms regulating gene expression. The goal of this studyte assess a possibility
for miRNA gene methylation to influence indirectly actiation of their target genes in lung tumors. By using a unified-col
lection of samples of non-small cell lung canget was demonstrated that eleted leels of mMRNA forRHOAand NKIRAS1
genes wre significantly (Spearman rank correlatior? < 10™*) associated both with loss of methylation in their CpG-
islands and methylation in a number of miRNA genes, which, according to the mi&Wdatabase, ere predicted to pos
sess regulatory functions. Nel potential regulatory miRNAs forRHOA (miR-9-1/-3, -34b/c, -129-2, -125b-1, -375,
-1258) andNKIRAS1 (miR-34bl/c, -129-2, -125b-1, -193a, -124a-1/-2/-3, -212, -132) genes in lung cancerase identified.
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Among malignant tumors, lung cancer holds the first the most canmon types of lung cancer (>90%). These
place in morbidity and mortality rates. Annuallydue to data demonstrate releance for inestigating gene regula
this disease, about 1.3 million people bewve ill and 1.2 tion in pathogenesis of NSCLC, which is important to
million people die worldwide. In Russia, more than identify novel molecular markers and targets for therapy
40,000 people die eary year due to lung cancer [1]. Fe+  of this socially significant disease.
year survial for patients with lung cancerstage I-Il, Regulation of gene expression occurs at different-lev
comprises 57-67%, stage I+ 5-25%, stage IV— <1%. els, with \arious mechanisms being imived [2, 3].
Notably, non-small cell lung cancer (NSCIC) belongs to Epigenetic mechanisms aobined with genetic mecha

nisms (gene mutations and chmosamal aberrations) are

Abbreviations AIA, allelic imbalance analysis; mMiRNA, restEonS|b!e for” reic\]/lulztakt]lolnt.of gefne aCt,:VItyCagd. sllgnjlllng
microRNA; MSP, methylation-specific PCR; MSRA, methy pathveys in cells. Methylation of pranoter Lpts-isiands

lation-sensitive restriction enzyme analysis; NSQL, non- N Protein-coding genes and effects fio miRNAs bind-
small cell lung cancer; RT-PCR, resrse-transcription poly ~ iNg to 3tuntranslated region within messenger RNA of
merase chain reaction. target gene are epigenetic mechanisms. At the geim
* To whom correspondence should be addressed. level, methylation of pranoter CpG-islands can result in
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gene inactiation, whereas interaction of regulatory the ras gene, which interacts with NFkB transcription
miRNAs with mRNA occurs at posttranscriptional led  factor, were found in breast and lung cancer for the first
and results in degradation of MRNA and impaired trans time [18, 19]. This also suggests oncogenic function for
lation. Such inactiwation pathway for protein-coding NKIRAS1[20, 21].
genes depends on the presence of particular miRNA, and Here, we examined a role for methylation in regulat
its synthesis can be suppressed by a number of mechiang expression oRHOA(3p21.31) andNKIRAS1(3p24.2)
nisms including methylation of praoter region within proto-oncogenes in NSCIC, in particular, a role for
the CpG-island of a particular miRNA gene. During the methylation of CpG-islands within intrinsic pranoter
last decade, interest in identifying targets of methylation, regions and CpG-islands in a number of miRNA genes
methylome, and miRNA targets in tumors frm different  with regulatory functions predicted by the miR¥k data
locations has sharply increased [4-7]. base [8].

Broad target specificity is considered as an important
property of miRNAs. Each miRNA can participate in

regulation of hundreds of protein-coding genes, and con MATERIALS AND METH ODS
versely a structural gene usually represents a target for
numerous mMiRNAs (e.g. see miR¥k database [8]). Selection of miRNA geneswverlapping with CpG-

According to bioinformatics data, miRNAs can be islands and related to tumor delopment that are pre
involved in regulation of more than half of protein-coding dicted to regulate theRHOA (3p21.31) andNKIRAS1
genes. In tumors, miRNA can exhibit oncogenic fuac (3p24.2) genes as performed by using the miRalk
tions (MiR-21) by inhibiting tumor growth suppressor database [8].
genes as &l as bear suppressor functionsiR-34) by Samples of tumors and habgically intact lung tissue
inhibiting oncogenes and tumor progression genes [7].from 35 patients admitted for examination and treatment
Anticancer suppressor miRNAs can be inactited by were collected and clinically esduated at the Blokhin
methylation in many types of cancemwhich contributes Russian Cancer Research Centdratients with NSCLC
to activation of oncogenes as targets for them. The cur who did not receie radiation or chemotherapy prior to
rent study vas aimed at extending the range of suppressosurgery vere recruited to the studyfumors were ewaluat-
miRNAs and their target genes.\io genes located on the ed according to the UICC TNM Classification, and wre
short arm of human chrmmosame 3 (3p), RHOA histologically examined according to the &vd Health
(3p21.31) andNKIRAS1 (3p24.2), were examined as tar Organization International Histological Classification of
gets for miRNAs in NSCLC. Tumors [22, 23]. For selection of samples with high num
It is known that among other genmic regions, the bers of tumor cells, tissue microsections (3tbn thick)
3p is an area with ery frequent deletions as shown in were additionally analyzed after staining with hema
epithelial tumors of the lung, kidneys, and other tissues.toxylin and eosin. Samples containing at least 70% tumor
We were able to identify critical regions of the 3p contain cells were used for examination. Samplesere kept at
ing numerous tumor growth suppressor genBASSF1A -70°C.
RARB2, SEMA3B, CTDSPL, etc. are among the most High molecular wight DNAwas isolatedrom tumor
studied tumor suppressor genes located on the 3p [9, 10kamples and intact lung tissue according to a standard
Howeer, in tumors the 3p vas shown to contain not protocol by treating cells with proteinase K aB87°C
only deletions, but amplifications as @, and, conse overnight followed by phenol-chloroform extraction and
quently genes exhibiting eleated expression and oneo ethanol precipitation. The DNA was kept at —20°C. After
genic activity For instance, MECA3 (Major Epithelial that, the DNA was quantitatiely and qualitatiely
CAncer region 3, 3p21.31) as found to hae often loss of checked by running 0.8% agarose gel electrophoresis and
one allele in canbination with amplification of the see using phagel DNA (Fermentas—Thermo Fisher
ond allele [11-13]. Indeed, in this region seval genes Scientific, USA) as a reference standard.
hawe been identified that exhibit oncogenic functions, e.g. Total RNA was isolatedrom tumor samples and his
the MST1R/RON and RHOAprotooncogenes. In particu  tologically intact lung tissues using a guanidinium thio
lar, of two alternative transcriptsMST1R/RON (function-  cyanate—phenol-chloroform extraction protocol [24].
al and oncogenic)jn tumor cells the oncogenic transcript Before use, RNA samples ave treated with RNase-free
becames actiated [14]. DNase. Aqueous RNA solution was kept at —40°C.
Oncogenic potential and eleated RHOA expression cDNA was sythesizedusing total messenger RNA,
were noted in epithelial tumors of different locations both Moloney Murine Leukemia Virus Reerse Tanscriptase
at protein and mRNA leels [15-17]. Mutations in the (M-MuL V Rewerse Tanscriptase; Ermentas—Thermo
RHOAGgene in epithelial tumors wre not found, so there Fisher Scientific), and randon heptamers as primers
should be sme other factors that upregulate its expres according to the manufacturer’s protocol.
sion during oncogenesis. Data on ekted transcription Amounts oRHOAandNKIRAS1 mRNAswere meas
al activity of theNKIRAS1 (3p24.2) gene hmologous to ured by semiquantitatig RT-PCR in paired samples frm
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the 35 patients with NSCIC. Primer sequences, anneal
ing temperature T.mea): and size of PCR products are
shown in the table. PCR was performed in 20 pl of reac
tion mixture containing 67 mM Tris-HCI, pH 8.8,
16.7 mM (NH ,),SO,, 0.01% Twveen-20, supplemented
with 0.2mM of each dNTR 0.2uM of each primer 2 pl of
cDNA, and 1 U of recanbinant thermostableTaq DNA
polymerase (Ermentas—Thermo Fisher Scientific). The
amplification reaction was performed as follos 95°C for
5 min; 35 cyles (94°C for 15sec, T, (S€€ table) for
25sec, 72°C for 45ec), and finally 72°C for 2in using a
DNA Engine Dyad Cycler (Bio-Rad, USA). Products of
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genes are gen in the table. Fragments of examined
miRNA genes vere amplified as follow: 94°C for 3min;
35 cycles (94°C for 1®ec, T,.neq (table) for 20sec, 72°C
for 30 sec); and finally 72°C for &in using the DNA
Engine Dyad Cycler. Lack of PCR product for uncor
verted DNA was checked for each pair of primers. PCR
products fran test and control gene fragmentsene sepa
rated simultaneously by running 10%AGE.

Allelic imbalance angsis (AlA) for D3S2409 and
D3S3598 paoymorphic markers in tumor DNAPrimer
sequence, PCR conditions, and PCR productseve
taken fram the GenBank Amplicon Database (table). The

the PCR were analyzed by running 2% agarose gel supplereaction buffer contained 60mM Tris-HCI, pH 8.5,

mented with 0.5ug/ml ethidium bromide. Then, gel snap
shots vere taken in transmitted UV-light using the Gel
Imager-2 gel recording system (Helicon, Russia) follewd
by ewluation with Gel-Analysis softare. Fiwe-fold or
more alterations of mMRNA leel in tumor samples in can-
parison with intact lung tissue are scored.

Methylation of promoter regions withinRHOA and
NKIRAS1 geneswas analyzed by using methylation-sen
sitive Hpall (CCGG) and Hhal (GCGC) restriction
enzymes (fermentas—Thermo Fisher Scientific) accord
ing to the manufacturer’s protocol folloed by PCR as

10mM 2-mercaptoethanol, 25mM K CI, and 0.1% Titon
X-100. PCR was performed as reported earlier [11, 16] by
using the DNA Engine Dyad Cycler. PCR products vere
separated by running 10% AGE followed by taking a
shapshot in transmitted UV-light using the Gel Imager-2
gel recording system and further analyzed with the Gel-
Analysis software.

Statistical anaysis of data sets as performed by
applying Fisher’'s exact test. Significance Ewas set at
0.05. Concordance data for methylation and expression
of RHOA and NKIRAS1 genes as &l as correspondence

published earlier [21]. Primer sequences, annealing tem of methylation data for sets of miRNA genes to expres
perature [ ,nea), @nd size of PCR products are presentedsion of RHOA and NKIRAS1 target genes as assessed

in table. Reaction buffer contained 60nM Tris-HCI,
pH 8.5, 10 mM 2-mercaptoethanol, 25mM KCI, and
0.1% Triton X-100. Recanbinant thermostableTag DNA
polymerase (Ermentas—Thermo Fisher Scientific) s
used together withdATP, dCTP, dGTP, and dTTP
(SibEnzyme, Russia) during the amplification reaction.

using the nonparametric Spearman rank correlation test
and Student’st-test:

t= Rs/qQ(1 - RS)/(N - 2)),

with the number of degrees of freedon = N — 2, where

Completeness of DNA hylrolysis vas assessed using aN is sample size. Significance leMwas set at 10.

PCR fragment fran the b-3A-adaptin gene (K1, 445 bp;

ID GenBank AF247736.2; table) that contains regions
for recognition by restriction enzymes used here with

unmethylated CpG-dinucleotides (for normal and tumor
tissues). DNA integrity before and after layolysis vas

RESULTS

The location as wll as structural and functional

evaluated using theRARB2 gene fragment that does not organization ofRHOAand NKIRAS1genes on the 3p are
contain sites for these restriction enzymes (K2, 229 bp;depicted in Fig. 1 showing that both genes ha\CpG-

table). Fragments of examined lociave amplified as fol
lows: 95°C for 2min; 35 cycles (92°C for 10sec, Tanneal
(see table) for 25ec, 72°C for 25ec), and finally 72°C
for 3 min using the DNA Engine Dyad Cycler. PCR
products fran test and control samples ave separated
simultaneously by running 10% AGE.

islands close to transcription start site an@ntranslat-
ed regions able to bind a number of miRNAs according to
the miRWalk database [8].

Elevated tumor expession ofRHOA and NKIRAS1
genes in patients with NS is associated with demethy
lation insde their ppmoter egions and amplificatiorBy

Bisulfite conersion of DNA and methylation-specific analyzing 35 paired NSCC samples, it vas found that the

PCR (MSP) were applied to analyze methylation within
13 miRNA genes in paired samples fro patients with

expression lesl for mRNA of RHOA and NKIRAS1 was
significantly elevated (by” 5-fold). In particular, " 5-fold

NSCLC as published before [20]. After treatment with increase in expression of thdKIRAS1gene vas found in

bisulfite, DNA was purified using a Centrifugal Filter
Microcon Unit, Ultracel Discs YM-30 (Millipore, U SA).

Methylation for each miRNA gene was analyzed using
two pairs of primers specific to methylated and unmethy

21 out of 35 tumor samples aapared to histologically
intact lung tissue, whereas its decreasasvobser@d only in
2 of 35 casefFisher’s exact testP = 1.6-10°%). Moreover,

this difference vas een more significant for theRHOA

lated allele (table). Primer sequences, annealing temper gene (24/35 8. 2/35; Fisher's exact tesf = 4.56-10°%).

ature (T,hnea), @and size of PCR products for 13 miRNA
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Primer sequence, annealing temperature {]..), and size of PCR products

Method Marker Primer sequence Ounneas °C PCR product, bp
1 2 3 4 5
AlA D3S2409 F: GGTGACAGAGACTCTTGTCTCA 58 115-127
R: CATTCTGGTT GGGG AACATA
D3S3598 F: TCCACCCAGTAGTGAGCAT 58 173-179
R: CGAACTCCTGAACTTGTGA
RT-PCR RHOA F. CTGGTGATTGTTGGT GATGG 58 183
R: GCGATCATAATCTTCCTGCC
NKIRAS1 F: ATTTGCTGATGGCTTCGTTCTTGT 54 201
R: ACTTTCTCACTTTTT GCCCACTGC
B2M F. TGACTTTGTCACAGCCCAAGATAG 64 80
R: CAAATGCGGCATCTTCAAACCTC
MSRA K1 F: TGCCCTCTGGACTGGAACCT 64 445
R: CCTGAGCCCAGCCCAAGTC
K2 F: AGAGTTTGATGGAGTTGGGT 62 229
R: CATTCGGTTT GGGT CAATCC
RHOA F: GAGCCCGT CCACGCCCTAAAAGCAAAAC 64.9 416
R: CGCCTCCCACTCCCGCAAGAACTCG
NKIRAS1 F. CGCCCGCAATCCACCCACTCC 67.0 523
R: CGCCGCGGCCGCT ATTGTCC
MSP miR-34b/c MF: TTTAGTTACGCGTGTTGTGC 57 189
MR: ACTACAACTCCCGAACGATC
UF: TGGTTTAGTTATGTGTGTTGTGT 57 190
UR: CAACTACAACTCCCAAACAATCC
miR-212 MF: GAAGGTGTTGGCGTTTT AGGAGAC 52 168
MR: AACGCCCGACGCCATACGAA
UF: TTAGGAAAGTGAGGT GAAGG 51 141
UR: AAAAACAAAAATAAACATCCAT
miR-124a-1 MF: AGAGTTTTT GGAAGACGTCG 56.2 155
MR: AAAAAAATAAAAAACGACGC
UF: AATAAAGAGTTTTT GGAAGATGTT 56.2 166
UR: CAAAAAAAAAAAA TAAAAAACAACAC
miR-124a-3 MF: GATAGTATAGTCGGTT GAGCGTAGC 52 152
MR: CCTCAAAACTAAAACGAACGACG
UF: TAGTTGGTT GAGTGTAGTGTTTTT G 52 142
UR: CAAAACTAAAACAAACAACAAACATC
miR-124a-2 MF: GGTTTATGTATGTTTTT AGGCG 49.1 93
MR: TCCGTAAAAATATAAACGATAG
UF: TAGGTTT ATGTATGTTTTT AGGTG 49.1 99
UR: CTATTCCATAAAAATATAAACAATACA
miR-132 MF: GCGTCGGCGT CGTTCG 58 168
MR: CGCCCCCGCCT CCTTCTA
UF: GTGTGTGT GTTGTTTG 58 141
UR: ACCCCCACCTCCTTCTAC

BIOCHEMIS TRY (Moscow) \l. 80 No. 4 2015
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Table (Contd.)

1 2 3 4 5

miR-129-2 | MF:GATTTTAGTTCGTATTAATGAGTTGGCGGTTT C 54 210
MR: AACCCCGACTACAAAATCGCG

UF.TGATTTTAGTTTGTATTAATGAGTTGGTGGTTTT G 54 210
UR: ACCAACCCCAACTACAAAATCACA

MSP miR-9-1 MF: TTTTATTTTCGTTGACGGGC 52 120
MR: CCCGCCT CCTAACTACTATCG

UF: TTTTTTTATTTTT GTTGATGGGT 55 120
UR: CCCACCTCCTAACTACTATCACC

miR-9-3 MF: GGTGTTAGGACGTACGGAAC 54 180
MR: TACCCGAATCCTAAAACGC

UF: GGTGTTAGGATGTATGGAAT 54 170
UR: TACCCAAATCCTAAAACAC

miR-193a | MF: GAGGTATTTGGTCGGAGCGTAC 56 86
MR: GACCCCCGAAACCAACG

UF: ATTGATTTATATTTTT GAGAGTGTTG 50 153
UR: TCCCAAACTAACATACACTCCA

mir-125b-1 | MF: TGGTGTATCGTTTTTT GTTTTC 53 190
MR: ACCCATTCGAAACGAAAC

UF: ATTTGGTGTATTGTTTTTT GTTTTT 53 190
UR: CTCACCCATTCAAAACAAAAC

miR-375 MF: TCGTTATCGTTATTTTAATCGTACG 53 200
MR: AAAAATTTCTATTCTAAACCACGAC

UF.TGTTATTGTTATTTTAATTGTATGG 53 199
UR: AAAAATTTCTATTCTAAACCACAAC

miR-1258 MF: AGGTCGTGGAAGTTATAGGC 57 126
MR: CGAACCTACACCTAAACGC

UF: ATTAGGTT GTGGAAGTTATAGGT 56 126
UR: AACAAACCTACACCTAAACACA

Note: AIA for D3S2409and D3S3598 markers &s carried out by using primer sequence and PCR conditions found in the GenBank Amplicon
database. Primer sequence used in RT-PCR ®HOAand in MSP formiR-9-1, -9-3, -34b/c, -193a, -124a-1/-2/-3 , -129-2, -125b-1 were
published elsewhere [25-29]. Primer sequence used in RT-PCRB@M and NKIRAS1, in MSRA for NKIRAS1and RHOA and in MSP for
miR-212 -375, and -1258 were earlier designed by using Primer Select saiitev fran Lasergene? suite sofawe [20, 21, 30-32]. Primer
sequence used in MSP faniR-132was designed during the current stud®ligonucleotide primers \ere synthesized and purchased rfino
Eurogene (Russia).

tumors of patients with NSCIC suggests oncogenic func is evident in histologically intact lung tissue, but not in
tions for RHOAand NKIRAS1in this type of cancer tumor samples.

To ewaluate the impact of genetic and epigenetic fac Data on altered mRNA leel in tumors fran 35
tors on altering expression of the ab®mentioned genes patients with NSCLC, on DNA methylation in tumors
in NSCLC, the methylation status in prmoter CpG- and paired histologically intact lung tissue asllvas on
islands within RHOA and NKIRAS1 as vell as allelic allelic changes in adjacent polymorphic loci are summa
imbalancesin D3S2409 (intron 2 of RHOA gene)and rized in Fig. 2b. It is obvious that eleated expression in
D3S3598 (located 92 kb amy from the NKIRAS1 gene) tumors is usually associated with demethylation within
were examined. ypical methylation patterns for these the gene prooter region. In particular for the RHOA
genes regaled in three paired samples are depicted orgene in 24 NSCIC samples with eleated mRNA leel
electrophoregrams (Fig. 2a), where intense methylation(” 5-fold) methylation was only found in 12 samples

BIOCHEMIS TRY (Moscow) Vl. 80 No. 4 2015
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Fig. 1. Genomic organization of the 3pRHOA and NKIRAS1 genes. Exon-intron structure, direction of transcription, position of CpG-
islands, and &untranslated regions (BUTR) inv olved in binding of regulatory miRNAs are depicted (NCBI, Release 106).

(50%) of histologically intact lung tissue, while it as
absent in paired tumor samples. As for tHéKIRAS1

regulate genes with oncogenic function might be related
to the impact fran suppressor miRNAs. Hoener, syn

gene, demethylation ws detected in 15 of 21 samplesthesis of miRNA genes in tumors can be inhibited via the
with elevated expression (71%). In tw cases (samples same mechanism, i.e. methylation of pmeotor CpG-

No. 33 and 34) decline ilfNKIRAS1expression is assGci

ated with gene methylation in tumor DNA.

Amplification or deletion of loci (according to the

data for D3S2409 and D3S3598 markers) thaveolap

RHOAor NKIRAS1can additionally contribute to altering

expression of these genesorFinstance, amplification of

the second allele can facilitate elated expression of

RHOAIn sample No. 18 andNKIRAS1in sample No. 31

island, thus depriving a particular miRNA frm partici-
pating in suppression of its target gene.

We examined methylation of prmoter regions with
in 13 miRNA genes predicted to regulate thRHOA
and/or NKIRAS1genes (according to the miR®k data
base [8]). As an example, a pattern of MSP products for
three miRNAs (miR-34, -129, -125b) able to bind to &
untranslated region of mRNA for both theRHOA and

(Fig. 2b). There are examples when both methylation andNKIRAS1 genes is presented (Fig. 3As for the miR-

amplification are associated with upregulated &hof the

34b/c and miR-129-2 genes, PCR products with primers

RHOA gene (samples Nos. 28, 35, and 6). Using the ron to methylated allele wre obsergd in all three examined

parametric Spearman rank correlation test, itas found
that altered mRNA lewel significantly correlated with

tumor samples in contrast to relataly normal lung tis
sues For the miR-125b gene, a clear-cut difference

genetic and epigenetic changes in the genes. In particulabetween tumor and relatiely normal lung tissues a&s evi

for RHOA Rs= 0.8629,t = 9.8079, p = 2.63-10%; for
NKIRASI Rs= 0.9103,t = 12.6322,p = 3.45-10%,

dent in sample No.13; howewer, PCR products with
primers to methylated allele ere detected in samples

Howe\er, there are many cases when changes at th&los. 16 and 26 in both tumor and histologically intact tis

genanmic level cannot account for their upregulation dur

ing NSCLC (Fig. 2b). In particular, it was shown that 20-,

50-, and 1000-fold upregulation of mMRNA forRHOA
gene (sample Nos. 1, 30, 11, 8, 25, and Zlilar to 50-
and 200-fold increase in mRNA les for NKIRAS1 (sam
ple Nos. 28, 8, and 12are not linked either to demethy
lation or their amplification.

Methylation in a set of miRNA genes is aived in

activating expession ofRHQA and NKIRAS1 genes in

tumors of patients with NSOC. Another pathway used to

sues. Howeer, in sample No. 16 luminous intensity of
product specific to methylated allele as found to be sev
eral times brighter in tumor than in adjacent histological
ly intact tissue.

The results fran our study regarding changes in kv
of mMRNAs for theRHOAand NKIRAS1genes wre can-
pared with the results of analyzed methylation in a group
of miRNA genes with predicted regulatory functions
(Figs. 4 and 5) [8]. A significant correlation beteen
altered leel of RHOA mRNA and methylation of seen
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a 13 16 26
T N Sssl HO

T N T N
reoA | ve IS ) I R
b NEIRAST | Met | ] T = T I

RHOA NKIRAS1
T | N |D3S2409| EXP T | N |[D3S3598| EXP
21 n.i. 1000 35 n.i. 5000
25 (o] 1000 16 n.i. 500
13 (0] 500 12 (0] 200
26 (0] 500 24 n.i. 100
7 (0] 200 29 (0] 83
17 (0] 200 31 del/A 70
4 (0] 100 8 (0] 50
8 (o] 100 13 (0] 50
12 (0] 100 20 (0] 50
28 del/A 100 25 (0] 50
31 n.i. 100 28 n.i 50
35 del/A 100 4 n.i. 20
11 (0] 50 17 del/A 20
16 (0] 50 23 (0] 20
24 n.i. 50 26 n.i. 20
29 (o] 50 6 n.i. 10
30 n.i. 50 9 (0] 10
1 n.i. 20 11 del/A 10
6 del/A 10 15 n.i. 10
9 del/A 10 21 (0] 10
del/A 10 27 (0] 10
del 5 2 (0] 2
del 5 1 n.i. 1
(0] 5 2 (0] 1
del/A 2 5 (0] 1
(0] 1 7 (o] 1
(0] 1 10 n.i. 1
del 1 14 del 1
n.i. 1 18 (0] 1
(0] 1 19 (0] 1
del 0.5 22 (0] 1
del/A 0.5 30 (0] 1
n.i. 0.5 32 n.i. 0.33
(o] 0.2 33 (0] 0.01
n.i. 0.01 34 (0] 0

Fig. 2.a) Representatig examples of MSRA (methylation-sensitivrestriction enzyme analysis) amplified products for tReHOA and NKIRAS
genes in three paired samples of NSCL(13, 16, 26) are shown;, Tumor; N, relatively normal tissue; HO, PCR in the absence of DNASs$,
DNA sample from human fibroblast cell line L-68 treated by methyltransferaSes (SibEnzyme, Russia). MSRA products &re separated by
running 3% agarose gel electrophoresis. PCR conditions and size of amplified fragments are presented in the tableyg@riSon of altered
expression foRHOA and NKIRAS1 genes in tumors frm patients with NSCLC having structural changes (methylation/demethylation and
amplifications/deletions) in genes. The data are presented according to descending mRN& &hgene (EXPright) in tumor (T) vs. histolog
ically intact lung tissue (N). Left: results on eluating gene methylation status by MSRA in samples of NSCT/N) are shown. Center: AIA
data for D3S2409 and D3S3598 markers are presented (se€lfriglack rectangle, methylation (MSP product) found; open rectangle, methy
lation not found; A, amplification; del, deletion; del/A, deletion of one allele and amplification of the second allele; circle, presdriet
erozygosity; n.i., non-informative case. Intensity of bands for RT-PCR products BHOA and NKIRAS1 genes wre normalized relatie to
intensity of the band for RT-PCR product of th&2M gene. PCR conditions and size of amplified fragments are presented in the table.
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Fig. 3. Representatie examples of MSP product amplification for
the miR-34b/c miR-129-2, and miR-125b-1genes in three paired
samples of NSCIC (13, 16, 26) are showrll, tumor; N, relative-

ly normal tissue. MSP products with primers to methylated (Met)
and unmethylated (UnMet) alleles are showrl-68/K =, DNA
sample fron intact human fibroblast cell line L-68;L-68/K *,
DNA sample fron human fibroblast cell line L-68 treated by
methyltransferaseSs$ (SibEnzyme, Russia). MSP products ere
separated by running 3% agarose gel electrophoresis. PCR condi
tions and size of amplified fragments are presented in the table.

genes ws found formiR-9-1/-3, -34b/c, -129-2, -125b-
1, -375b, -1258 (Spearman rank correlation testP =
1013-107%%; Fig. 4). Changes in the leal of NKIRAS1

regarding eleated expression, demethylation, and ampli
fication of the RHOA and NKIRAS1 genes in tumors of
patients with NSCLC suggest their oncogenic functions
in NSCLC. This is in agreement with numerous findings
confirming oncogenic function for RHOA [15-17] and
data about hanology of NKIRAS1with RAS1loncogene as
well as interaction of NKIRAS1with NF- kB transcrip-
tion factor [18, 19].

During the last decade, it has beote evident that
expression of protein-coding genes can be regulated by
activity of miRNA that binds to 3tuntranslated region of
mMRNA and usually inhibits gene expression at posttran
scriptional lewel. Moreover, miRNAs might be inwlved in
regulation of more than half of protein-coding genes [8].
Howewer, miRNA genes, especially suppressor miRNA
genes (i.e. those that inhibit oncogenes), are also suscep
tible to epigenetic inactiation in tumors, een at higher
rate than protein-coding genes [33]. Inactation of sup
pressor miRNA genes associated with methylation makes
them unable to inhibit target genes. By analyzing the
main core of publications aailable in PubMed
(http://www .ncbi.nim.nih.gov/pubmed/) we found that
as many as 90 miRNAs haween experimentally shown
to be influenced by DNA methylation or demethylation
on their expression in any gén tumor type. A link

MRNA were related to methylation of nine genes such ashetween gene methylation and its expressiomsvestab

miR-132 -212, -193a, -124a-1/-2/-3, -34b/c, -129-2,
-125b-1(Spearman rank correlation tes® = 107*-1077;
Fig. 5).

lished for the majority of 13 miRNA genes examined
here. For example, a role for methylation being imed
in inactivation of miR-9-3, -124-1/-2/-3 , -125b, -34b/c,

These results suggest that methylation of such129-2, -193ag, etc. genes in tumors of different locations

mMiRNA genes inhibits their own expression and depei/

was reealed [26-28, 34, 35]. Previouslyve also found a

them from capacity to suppress predicted target genesink between methylation and amount of pri-miRNA

such asRHOA and/or NKIRAS1. Thus, in tumors of
patients with NSCLC alterations in expression of oneo
genic RHOA and NKIRAS1 genes wre found that
might result in both methylation of prenoter regions
within the genes as &l as methylation of regulatory
mMiRNAs. Analysis of allelic alterations in nearby poly
morphic markers reealed cases of amplified)RHOA
and/or NKIRAS1 genes that also might result in elzted
amount of mMRNA gene.

DISCU SSION

Here we examined tw lewls of regulation for
expression of theRHOA and NKIRAS1 genes in lung

mMiR-9-1 in NSCLC [20] and identified noel miRNA
genes being methylated in tumors of patients with
NSCLC, such asmiR-125b-1, miR-137, miR-375 and
miR-1258 which play an important role in cellular sig
naling pathways and pathogenesis of NSQI.[32].

In our study we demonstrated that in NSCC
upregulated mRNA leel for RHOAand NKIRAS1is asse
ciated with methylation of seen and nine miRNA genes,
respectiely (miR-9-1/-3, -34b/c, -129-2, -125b-1, -375,
-1258 as vell asmiR-132 -212, -193a, -124a-1/-2/-3,
-34b/c, -129-2, -125b-1, respectiely; Spearman rank
correlation test,P < 10711). Thereby we determined noel
potential regulatory miRNAs for RHOA (miR-9-1/-3,
-34b/c, -129-2, -125b-1, -375, -1258) and NKIRAS1
(miR-34b/c, -129-2, -125b-1, -193a, -124a-1/-2/-3,

tumors. It was demonstrated that expression of these-212, -132) proto-oncogenes in lung cance©n the other

genes in tumors of patients with NSGL might be altered
at the genmnic lewel via methylation/demethylation with
in promoter regions of these genes aslas due to ampli
fication of loci that overlap them. V& found that altered
MRNA level significantly correlated with genetic and epi
genetic changes in genes, particularlyn terms of
demethylation and amplification impact on upregulated
expression of th&RHOAand NKIRAS1 genes The results

hand, we show for the first time thaRHOAand NKIRAS1
may be noel potential target genes for a number of
mMiRNAs susceptible to methylation in NSCIC.

It is not surprising that among targets for examined
suppressor miRNAs, mRNAs of typical oncogenic pro
teins were frequent. Br example, miR-34b/c targets
mRNA of MYC, CDK4, CDK6, E2F3, CREB, and
MET [26, 36] whereas miR-193a targets well-known
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No.

Fig. 4. Comparison of data showing alterations (top-down) in mRNA lel’of RHOAIn tumors from patients with NSCLC vs. data on altered
miRNA gene methylation miR-9-1, miR-9-3, miR-34b/c, miR-129-2, miR-125b-1, miR-375 miR-1258 in samples fron tumors (T) and his
tologically intact lung tissue (N). Black rectangle, methylation (MSP product) found; open rectangle, methylation not found. By calculating
Spearman’s rank correlation coefficient, a coincidenceaw considered for: (i) miRNA gene methylation in DNA frm tumor found upon ele
vated expression l&l of potential target gene; (ii) mMiRNA gene demethylation in DNA fra tumor found upon decreased expression é¢of
potential target gene; (iii) lack of altered methylation and expression.
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No.

Fig. 5. Comparison of the data showing alterations (top-down) in mRNA lelof NKIRAS1in tumors from patients with NSCLC vs. data on
altered miRNA gene methylation tfiR-132 miR-212, miR-1933 miR-124a-1 miR-124a-2 miR-124a-3 miR-34b/c, miR-129-2, miR-125b-
1) in samples fran tumors (T) and histologically intact lung tissue (N).d comments, see legend to Figt.
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oncogenes such as K-ras, C-kit, and ERBB4 [28, 34, 37]. 8.
Later, it was demonstrated that methylation-associated
inactivation of the miR-129-2 gene enhances expression
of SOX4 oncogene linked to metastases [38]. Ti&ox5
oncogene and actiator of epithelial-mesenchymal tran
sition ZEB2 as vell asCCNEZ1(cyclin E1) are considered
as targets fomiR-132[39-41]. Notably, miR-375 that was
supposed to carry a specific function in regulating insulin
expression turned out to be a regulator of eeal impor-
tant oncogenic targetsAEG-1, YAP], IGF1R and PDK1)

in many types of cancer [42].

According to our results as ell as data published
elsewhere,RHOA and NKIRASL1 can also be referred to
oncogenes and genes of tumor progression. According to
the miRWalk database [8]RHOAand NKIRAS1 canthe-

oretically function as target genes for 13 miRNAs exam 11

ined here; hovewer, experimental data confirming this
hawe not yet been obtained. In addition, data regarding
regulatory miRNAs for poorly studiedNKIRASL1 pro-
tooncogeneare not awailable at all in peer-revieed jour
nals, and they areery limited for the RHOA oncogene.
So far it is known thatRHOA mRNA is a target for miR-
122, so this interacting pair pis an important role in
invasion of hepatocellular carcinma and epithelial—
mesenchymal transition [43].

Thus, here v determined neel potential target
genes and neel potential regulatory miRNAs inelved in

pathogenesis of NSCC. We demonstrated the possibility 13.

of methylation of regulatory miRNA genes to influence
indirectly activation of target genes in lung tumors. A sys
temic role of methylation in regulation of genes aslivas
their interactions vas found.
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