
Among malignant tumors, lung cancer holds the first

place in morbidity and mortality rates. Annually, due to

this disease, about 1.3 million people become ill and 1.2

million people die worldwide. In Russia, more than

40,000 people die every year due to lung cancer [1]. Five-

year survival for patients with lung cancer, stage I-II,

comprises 57-67%, stage III – 5-25%, stage IV – <1%.

Notably, non-small cell lung cancer (NSCLC) belongs to

the most common types of lung cancer (>90%). These

data demonstrate relevance for investigating gene regula-

tion in pathogenesis of NSCLC, which is important to

identify novel molecular markers and targets for therapy

of this socially significant disease.

Regulation of gene expression occurs at different lev-

els, with various mechanisms being involved [2, 3].

Epigenetic mechanisms combined with genetic mecha-

nisms (gene mutations and chromosomal aberrations) are

responsible for regulation of gene activity and signaling

pathways in cells. Methylation of promoter CpG-islands

in protein-coding genes and effects from miRNAs bind-

ing to 3′-untranslated region within messenger RNA of

target gene are epigenetic mechanisms. At the genomic

level, methylation of promoter CpG-islands can result in
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Abstract—Methylation of CpG-islands in promoter regions as well as interaction of miRNAs with messenger RNAs of tar-

get genes are related to multilayer mechanisms regulating gene expression. The goal of this study was to assess a possibility

for miRNA gene methylation to influence indirectly activation of their target genes in lung tumors. By using a unified col-

lection of samples of non-small cell lung cancer, it was demonstrated that elevated levels of mRNA for RHOA and NKIRAS1

genes were significantly (Spearman rank correlation, P < 10–11) associated both with loss of methylation in their CpG-

islands and methylation in a number of miRNA genes, which, according to the miRWalk database, were predicted to pos-

sess regulatory functions. Novel 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, -212, -132) genes in lung cancer were identified.
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gene inactivation, whereas interaction of regulatory

miRNAs with mRNA occurs at posttranscriptional level

and results in degradation of mRNA and impaired trans-

lation. Such inactivation pathway for protein-coding

genes depends on the presence of particular miRNA, and

its synthesis can be suppressed by a number of mecha-

nisms including methylation of promoter region within

the CpG-island of a particular miRNA gene. During the

last decade, interest in identifying targets of methylation,

methylome, and miRNA targets in tumors from different

locations has sharply increased [4-7].

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-

versely, a structural gene usually represents a target for

numerous miRNAs (e.g. see miRWalk database [8]).

According to bioinformatics data, miRNAs can be

involved in regulation of more than half of protein-coding

genes. In tumors, miRNA can exhibit oncogenic func-

tions (miR-21) by inhibiting tumor growth suppressor

genes as well as bear suppressor functions (miR-34) by

inhibiting oncogenes and tumor progression genes [7].

Anticancer suppressor miRNAs can be inactivated by

methylation in many types of cancer, which contributes

to activation of oncogenes as targets for them. The cur-

rent study was aimed at extending the range of suppressor

miRNAs and their target genes. Two genes located on the

short arm of human chromosome 3 (3p), RHOA

(3p21.31) and NKIRAS1 (3p24.2), were examined as tar-

gets for miRNAs in NSCLC.

It is known that among other genomic regions, the

3p is an area with very frequent deletions as shown in

epithelial tumors of the lung, kidneys, and other tissues.

We were able to identify critical regions of the 3p contain-

ing numerous tumor growth suppressor genes; RASSF1A,

RARB2, SEMA3B, CTDSPL, etc. are among the most

studied tumor suppressor genes located on the 3p [9, 10].

However, in tumors the 3p was shown to contain not

only deletions, but amplifications as well, and, conse-

quently, genes exhibiting elevated expression and onco-

genic activity. For instance, MECA3 (Major Epithelial

CAncer region 3, 3p21.31) was found to have often loss of

one allele in combination with amplification of the sec-

ond allele [11-13]. Indeed, in this region several genes

have been identified that exhibit oncogenic functions, e.g.

the MST1R/RON and RHOA protooncogenes. In particu-

lar, of two alternative transcripts MST1R/RON (function-

al and oncogenic), in tumor cells the oncogenic transcript

becomes activated [14].

Oncogenic potential and elevated RHOA expression

were noted in epithelial tumors of different locations both

at protein and mRNA levels [15-17]. Mutations in the

RHOA gene in epithelial tumors were not found, so there

should be some other factors that upregulate its expres-

sion during oncogenesis. Data on elevated transcription-

al activity of the NKIRAS1 (3p24.2) gene homologous to

the ras gene, which interacts with NF-κB transcription

factor, were found in breast and lung cancer for the first

time [18, 19]. This also suggests oncogenic function for

NKIRAS1 [20, 21].

Here, we examined a role for methylation in regulat-

ing expression of RHOA (3p21.31) and NKIRAS1 (3p24.2)

proto-oncogenes in NSCLC, in particular, a role for

methylation of CpG-islands within intrinsic promoter

regions and CpG-islands in a number of miRNA genes

with regulatory functions predicted by the miRWalk data-

base [8].

MATERIALS AND METHODS

Selection of miRNA genes overlapping with CpG-

islands and related to tumor development that are pre-

dicted to regulate the RHOA (3p21.31) and NKIRAS1

(3p24.2) genes was performed by using the miRWalk

database [8].

Samples of tumors and histologically intact lung tissue

from 35 patients admitted for examination and treatment

were collected and clinically evaluated at the Blokhin

Russian Cancer Research Center. Patients with NSCLC

who did not receive radiation or chemotherapy prior to

surgery were recruited to the study. Tumors were evaluat-

ed according to the UICC TNM Classification, and were

histologically examined according to the World Health

Organization International Histological Classification of

Tumors [22, 23]. For selection of samples with high num-

bers of tumor cells, tissue microsections (3-5 µm thick)

were additionally analyzed after staining with hema-

toxylin and eosin. Samples containing at least 70% tumor

cells were used for examination. Samples were kept at

–70°C.

High molecular weight DNA was isolated from tumor

samples and intact lung tissue according to a standard

protocol by treating cells with proteinase K at 37°C

overnight followed by phenol–chloroform extraction and

ethanol precipitation. The DNA was kept at –20°C. After

that, the DNA was quantitatively and qualitatively

checked by running 0.8% agarose gel electrophoresis and

using phage λ DNA (Fermentas–Thermo Fisher

Scientific, USA) as a reference standard.

Total RNA was isolated from tumor samples and his-

tologically intact lung tissues using a guanidinium thio-

cyanate–phenol–chloroform extraction protocol [24].

Before use, RNA samples were treated with RNase-free

DNase. Aqueous RNA solution was kept at –40°C.

cDNA was synthesized using total messenger RNA,

Moloney Murine Leukemia Virus Reverse Transcriptase

(M-MuLV Reverse Transcriptase; Fermentas–Thermo

Fisher Scientific), and random heptamers as primers

according to the manufacturer’s protocol.

Amounts of RHOA and NKIRAS1 mRNAs were meas-

ured by semiquantitative RT-PCR in paired samples from
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the 35 patients with NSCLC. Primer sequences, anneal-

ing temperature (Tanneal), and size of PCR products are

shown in the table. PCR was performed in 20 µl of reac-

tion mixture containing 67 mM Tris-HCl, pH 8.8,

16.7 mM (NH4)2SO4, 0.01% Tween-20, supplemented

with 0.2 mM of each dNTP, 0.2 µM of each primer, 2 µl of

cDNA, and 1 U of recombinant thermostable Taq DNA

polymerase (Fermentas–Thermo Fisher Scientific). The

amplification reaction was performed as follows: 95°C for

5 min; 35 cycles (94°C for 15 sec, Tanneal (see table) for

25 sec, 72°C for 45 sec), and finally 72°C for 2 min using a

DNA Engine Dyad Cycler (Bio-Rad, USA). Products of

the PCR were analyzed by running 2% agarose gel supple-

mented with 0.5 µg/ml ethidium bromide. Then, gel snap-

shots were taken in transmitted UV-light using the Gel

Imager-2 gel recording system (Helicon, Russia) followed

by evaluation with Gel-Analysis software. Five-fold or

more alterations of mRNA level in tumor samples in com-

parison with intact lung tissue were scored.

Methylation of promoter regions within RHOA and

NKIRAS1 genes was analyzed by using methylation-sen-

sitive HpaII (CCGG) and HhaI (GCGC) restriction

enzymes (Fermentas–Thermo Fisher Scientific) accord-

ing to the manufacturer’s protocol followed by PCR as

published earlier [21]. Primer sequences, annealing tem-

perature (Tanneal), and size of PCR products are presented

in table. Reaction buffer contained 60 mM Tris-HCl,

pH 8.5, 10 mM 2-mercaptoethanol, 25 mM KCl, and

0.1% Triton X-100. Recombinant thermostable Taq DNA

polymerase (Fermentas–Thermo Fisher Scientific) was

used together with dATP, dCTP, dGTP, and dTTP

(SibEnzyme, Russia) during the amplification reaction.

Completeness of DNA hydrolysis was assessed using a

PCR fragment from the β-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 hydrolysis was

evaluated using the RARB2 gene fragment that does not

contain sites for these restriction enzymes (K2, 229 bp;

table). Fragments of examined loci were amplified as fol-

lows: 95°C for 2 min; 35 cycles (92°C for 10 sec, Tanneal

(see table) for 25 sec, 72°C for 25 sec), and finally 72°C

for 3 min using the DNA Engine Dyad Cycler. PCR

products from test and control samples were separated

simultaneously by running 10% PAGE.

Bisulfite conversion of DNA and methylation-specific

PCR (MSP) were applied to analyze methylation within

13 miRNA genes in paired samples from patients with

NSCLC as published before [20]. After treatment with

bisulfite, DNA was purified using a Centrifugal Filter

Microcon Unit, Ultracel Discs YM-30 (Millipore, USA).

Methylation for each miRNA gene was analyzed using

two pairs of primers specific to methylated and unmethy-

lated allele (table). Primer sequences, annealing temper-

ature (Tanneal), and size of PCR products for 13 miRNA

genes are given in the table. Fragments of examined

miRNA genes were amplified as follows: 94°C for 3 min;

35 cycles (94°C for 10 sec, Tanneal (table) for 20 sec, 72°C

for 30 sec); and finally 72°C for 3 min using the DNA

Engine Dyad Cycler. Lack of PCR product for uncon-

verted DNA was checked for each pair of primers. PCR

products from test and control gene fragments were sepa-

rated simultaneously by running 10% PAGE.

Allelic imbalance analysis (AIA) for D3S2409 and

D3S3598 polymorphic markers in tumor DNA. Primer

sequence, PCR conditions, and PCR products were

taken from the GenBank Amplicon Database (table). The

reaction buffer contained 60 mM Tris-HCl, pH 8.5,

10 mM 2-mercaptoethanol, 25 mM KCl, and 0.1% Triton

X-100. PCR was performed as reported earlier [11, 16] by

using the DNA Engine Dyad Cycler. PCR products were

separated by running 10% PAGE followed by taking a

snapshot in transmitted UV-light using the Gel Imager-2

gel recording system and further analyzed with the Gel-

Analysis software.

Statistical analysis of data sets was performed by

applying Fisher’s exact test. Significance level was set at

0.05. Concordance data for methylation and expression

of RHOA and NKIRAS1 genes as well as correspondence

of methylation data for sets of miRNA genes to expres-

sion of RHOA and NKIRAS1 target genes was assessed

using the nonparametric Spearman rank correlation test

and Student’s t-test:

t = Rs/√((1 – Rs2)/(N – 2)),

with the number of degrees of freedom ν = N – 2, where

N is sample size. Significance level was set at 10–6.

RESULTS

The location as well as structural and functional

organization of RHOA and NKIRAS1 genes on the 3p are

depicted in Fig. 1 showing that both genes have CpG-

islands close to transcription start site and 3′-untranslat-

ed regions able to bind a number of miRNAs according to

the miRWalk database [8].

Elevated tumor expression of RHOA and NKIRAS1

genes in patients with NSCLC is associated with demethy-

lation inside their promoter regions and amplification. By

analyzing 35 paired NSCLC samples, it was found that the

expression level for mRNA of RHOA and NKIRAS1 was

significantly elevated (by �5-fold). In particular, �5-fold

increase in expression of the NKIRAS1 gene was found in

21 out of 35 tumor samples compared to histologically

intact lung tissue, whereas its decrease was observed only in

2 of 35 cases (Fisher’s exact test, P = 1.6·10–6). Moreover,

this difference was even more significant for the RHOA

gene (24/35 vs. 2/35; Fisher’s exact test, P = 4.56·10–8).

Dominance of elevated expression for such genes in

___________________________
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Method

1

AIA

RT-PCR

MSRA

MSP

PCR product, bp

5

115-127

173-179

183

201

80

445

229

416

523

189

190

168

141

155

166

152

142

93

99

168

141

Primer sequence, annealing temperature (Tanneal), and size of PCR products

Тanneal, °C

4

58

58

58

54

64

64

62

64.9

67.0

57

57

52

51

56.2

56.2

52

52

49.1

49.1

58

58

Primer sequence

3

F: GGTGACAGAGACTCTTGTCTCA
R: CATTCTGGTTGGGGAACATA

F: TCCACCCAGTAGTGAGCAT
R: CGAACTCCTGAACTTGTGA

F: CTGGTGATTGTTGGTGATGG
R: GCGATCATAATCTTCCTGCC

F: ATTTGCTGATGGCTTCGTTCTTGT
R: ACTTTCTCACTTTTTGCCCACTGC

F: TGACTTTGTCACAGCCCAAGATAG
R: CAAATGCGGCATCTTCAAACCTC

F: TGCCCTCTGGACTGGAACCT
R: CCTGAGCCCAGCCCAAGTC

F: AGAGTTTGATGGAGTTGGGT
R: CATTCGGTTTGGGTCAATCC

F: GAGCCCGTCCACGCCCTAAAAGCAAAAC
R: CGCCTCCCACTCCCGCAAGAACTCG

F: CGCCCGCAATCCACCCACTCC
R: CGCCGCGGCCGCTATTGTCC

MF: TTTAGTTACGCGTGTTGTGC
MR: ACTACAACTCCCGAACGATC

UF: TGGTTTAGTTATGTGTGTTGTGT
UR: CAACTACAACTCCCAAACAATCC

MF: GAAGGTGTTGGCGTTTTAGGAGAC
MR: AACGCCCGACGCCATACGAA

UF: TTAGGAAAGTGAGGTGAAGG
UR: AAAAACAAAAATAAACATCCAT

MF: AGAGTTTTTGGAAGACGTCG
MR: AAAAAAATAAAAAACGACGC

UF: AATAAAGAGTTTTTGGAAGATGTT
UR: CAAAAAAAAAAAATAAAAAACAACAC

MF: GATAGTATAGTCGGTTGAGCGTAGC
MR: CCTCAAAACTAAAACGAACGACG

UF: TAGTTGGTTGAGTGTAGTGTTTTTG
UR: CAAAACTAAAACAAACAACAAACATC

MF: GGTTTATGTATGTTTTTAGGCG
MR: TCCGTAAAAATATAAACGATAG

UF: TAGGTTTATGTATGTTTTTAGGTG
UR: CTATTCCATAAAAATATAAACAATACA

MF: GCGTCGGCGTCGTTCG
MR: CGCCCCCGCCTCCTTCTA

UF: GTGTGTGTGTTGTTTG
UR: ACCCCCACCTCCTTCTAC

Marker

2

D3S2409

D3S3598

RHOA

NKIRAS1

B2M

K1

K2

RHOA

NKIRAS1

miR-34b/c

miR-212

miR-124a-1

miR-124a-3

miR-124a-2

miR-132
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tumors of patients with NSCLC suggests oncogenic func-

tions for RHOA and NKIRAS1 in this type of cancer.

To evaluate the impact of genetic and epigenetic fac-

tors on altering expression of the above mentioned genes

in NSCLC, the methylation status in promoter CpG-

islands within RHOA and NKIRAS1 as well as allelic

imbalances in D3S2409 (intron 2 of RHOA gene) and

D3S3598 (located 92 kb away from the NKIRAS1 gene)

were examined. Typical methylation patterns for these

genes revealed in three paired samples are depicted on

electrophoregrams (Fig. 2a), where intense methylation

is evident in histologically intact lung tissue, but not in

tumor samples.

Data on altered mRNA level in tumors from 35

patients with NSCLC, on DNA methylation in tumors

and paired histologically intact lung tissue as well as on

allelic changes in adjacent polymorphic loci are summa-

rized in Fig. 2b. It is obvious that elevated expression in

tumors is usually associated with demethylation within

the gene promoter region. In particular, for the RHOA

gene in 24 NSCLC samples with elevated mRNA level

(�5-fold) methylation was only found in 12 samples

1

MSP

5

210

210

120

120

180

170

86

153

190

190

200

199

126

126

Table (Contd.)

4

54

54

52

55

54

54

56

50

53

53

53

53

57

56

3

MF:GATTTTAGTTCGTATTAATGAGTTGGCGGTTTC
MR: AACCCCGACTACAAAATCGCG

UF:TGATTTTAGTTTGTATTAATGAGTTGGTGGTTTTG
UR: ACCAACCCCAACTACAAAATCACA

MF: TTTTATTTTCGTTGACGGGC
MR: CCCGCCTCCTAACTACTATCG

UF: TTTTTTTATTTTTGTTGATGGGT
UR: CCCACCTCCTAACTACTATCACC

MF: GGTGTTAGGACGTACGGAAC
MR: TACCCGAATCCTAAAACGC

UF: GGTGTTAGGATGTATGGAAT
UR: TACCCAAATCCTAAAACAC

MF: GAGGTATTTGGTCGGAGCGTAC
MR: GACCCCCGAAACCAACG

UF: ATTGATTTATATTTTTGAGAGTGTTG
UR: TCCCAAACTAACATACACTCCA

MF: TGGTGTATCGTTTTTTGTTTTC
MR: ACCCATTCGAAACGAAAC

UF: ATTTGGTGTATTGTTTTTTGTTTTT
UR: CTCACCCATTCAAAACAAAAC

MF: TCGTTATCGTTATTTTAATCGTACG
MR: AAAAATTTCTATTCTAAACCACGAC

UF:TGTTATTGTTATTTTAATTGTATGG
UR: AAAAATTTCTATTCTAAACCACAAC

MF: AGGTCGTGGAAGTTATAGGC
MR: CGAACCTACACCTAAACGC

UF: ATTAGGTTGTGGAAGTTATAGGT
UR: AACAAACCTACACCTAAACACA

2

miR-129-2

miR-9-1

miR-9-3

miR-193a

mir-125b-1

miR-375

miR-1258

Note: AIA for D3S2409 and D3S3598 markers was carried out by using primer sequence and PCR conditions found in the GenBank Amplicon

database. Primer sequence used in RT-PCR for RHOA and in MSP for miR-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-PCR for B2M and NKIRAS1, in MSRA for NKIRAS1 and RHOA, and in MSP for

miR-212, -375, and -1258 were earlier designed by using Primer Select software from Lasergene7 suite software [20, 21, 30-32]. Primer

sequence used in MSP for miR-132 was designed during the current study. Oligonucleotide primers were synthesized and purchased from

Eurogene (Russia).
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(50%) of histologically intact lung tissue, while it was

absent in paired tumor samples. As for the NKIRAS1

gene, demethylation was detected in 15 of 21 samples

with elevated expression (71%). In two cases (samples

No. 33 and 34) decline in NKIRAS1 expression is associ-

ated with gene methylation in tumor DNA.

Amplification or deletion of loci (according to the

data for D3S2409 and D3S3598 markers) that overlap

RHOA or NKIRAS1 can additionally contribute to altering

expression of these genes. For instance, amplification of

the second allele can facilitate elevated expression of

RHOA in sample No. 18 and NKIRAS1 in sample No. 31

(Fig. 2b). There are examples when both methylation and

amplification are associated with upregulated level of the

RHOA gene (samples Nos. 28, 35, and 6). Using the non-

parametric Spearman rank correlation test, it was found

that altered mRNA level significantly correlated with

genetic and epigenetic changes in the genes. In particular,

for RHOA: Rs = 0.8629, t = 9.8079, p = 2.63·10–11; for

NKIRAS1: Rs = 0.9103, t = 12.6322, p = 3.45·10–14.

However, there are many cases when changes at the

genomic level cannot account for their upregulation dur-

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

50-, and 1000-fold upregulation of mRNA for RHOA

gene (sample Nos. 1, 30, 11, 8, 25, and 21) similar to 50-

and 200-fold increase in mRNA level for NKIRAS1 (sam-

ple Nos. 28, 8, and 12) are not linked either to demethy-

lation or their amplification.

Methylation in a set of miRNA genes is involved in

activating expression of RHOA and NKIRAS1 genes in

tumors of patients with NSCLC. Another pathway used to

regulate genes with oncogenic function might be related

to the impact from suppressor miRNAs. However, syn-

thesis of miRNA genes in tumors can be inhibited via the

same mechanism, i.e. methylation of promotor CpG-

island, thus depriving a particular miRNA from partici-

pating in suppression of its target gene.

We examined methylation of promoter regions with-

in 13 miRNA genes predicted to regulate the RHOA

and/or NKIRAS1 genes (according to the miRWalk data-

base [8]). As an example, a pattern of MSP products for

three miRNAs (miR-34, -129, -125b) able to bind to 3′-
untranslated region of mRNA for both the RHOA and

NKIRAS1 genes is presented (Fig. 3). As for the miR-

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

to methylated allele were observed in all three examined

tumor samples in contrast to relatively normal lung tis-

sues. For the miR-125b gene, a clear-cut difference

between tumor and relatively normal lung tissues was evi-

dent in sample No. 13; however, PCR products with

primers to methylated allele were detected in samples

Nos. 16 and 26 in both tumor and histologically intact tis-

sues. However, in sample No. 16 luminous intensity of

product specific to methylated allele was found to be sev-

eral times brighter in tumor than in adjacent histological-

ly intact tissue.

The results from our study regarding changes in level

of mRNAs for the RHOA and NKIRAS1 genes were com-

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 between

altered level of RHOA mRNA and methylation of seven

Fig. 1. Genomic organization of the 3p RHOA and NKIRAS1 genes. Exon-intron structure, direction of transcription, position of CpG-

islands, and 3′-untranslated regions (3′-UTR) involved in binding of regulatory miRNAs are depicted (NCBI, Release 106).

centromere

centromere
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a

b

Fig. 2. a) Representative examples of MSRA (methylation-sensitive restriction enzyme analysis) amplified products for the RHOA and NKIRAS

genes in three paired samples of NSCLC (13, 16, 26) are shown; T, tumor; N, relatively normal tissue; H2O, PCR in the absence of DNA; SssI,

DNA sample from human fibroblast cell line L-68 treated by methyltransferase SssI (SibEnzyme, Russia). MSRA products were separated by

running 3% agarose gel electrophoresis. PCR conditions and size of amplified fragments are presented in the table. b) Comparison of altered

expression for RHOA and NKIRAS1 genes in tumors from patients with NSCLC having structural changes (methylation/demethylation and

amplifications/deletions) in genes. The data are presented according to descending mRNA level of gene (EXP, right) in tumor (T) vs. histolog-

ically intact lung tissue (N). Left: results on evaluating gene methylation status by MSRA in samples of NSCLC (T/N) are shown. Center: AIA

data for D3S2409 and D3S3598 markers are presented (see Fig. 1). Black 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, preserved het-

erozygosity; n.i., non-informative case. Intensity of bands for RT-PCR products of RHOA and NKIRAS1 genes were normalized relative to

intensity of the band for RT-PCR product of the B2M gene. PCR conditions and size of amplified fragments are presented in the table.
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genes was found for miR-9-1/-3, -34b/c, -129-2, -125b-

1, -375b, -1258 (Spearman rank correlation test, P =

10–13-10–18; Fig. 4). Changes in the level of NKIRAS1

mRNA were related to methylation of nine genes such as

miR-132, -212, -193a, -124a-1/-2/-3, -34b/c, -129-2,

-125b-1 (Spearman rank correlation test, P = 10–11-10–17;

Fig. 5).

These results suggest that methylation of such

miRNA genes inhibits their own expression and deprives

them from capacity to suppress predicted target genes

such as RHOA and/or NKIRAS1. Thus, in tumors of

patients with NSCLC alterations in expression of onco-

genic RHOA and NKIRAS1 genes were found that

might result in both methylation of promoter regions

within the genes as well as methylation of regulatory

miRNAs. Analysis of allelic alterations in nearby poly-

morphic markers revealed cases of amplified RHOA

and/or NKIRAS1 genes that also might result in elevated

amount of mRNA gene.

DISCUSSION

Here we examined two levels of regulation for

expression of the RHOA and NKIRAS1 genes in lung

tumors. It was demonstrated that expression of these

genes in tumors of patients with NSCLC might be altered

at the genomic level via methylation/demethylation with-

in promoter regions of these genes as well as due to ampli-

fication of loci that overlap them. We found that altered

mRNA level significantly correlated with genetic and epi-

genetic changes in genes, particularly, in terms of

demethylation and amplification impact on upregulated

expression of the RHOA and NKIRAS1 genes. The results

regarding elevated 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 homology of NKIRAS1 with RAS1 oncogene as

well as interaction of NKIRAS1 with NF-κB transcrip-

tion factor [18, 19].

During the last decade, it has become evident that

expression of protein-coding genes can be regulated by

activity of miRNA that binds to 3′-untranslated region of

mRNA and usually inhibits gene expression at posttran-

scriptional level. Moreover, miRNAs might be involved in

regulation of more than half of protein-coding genes [8].

However, miRNA genes, especially suppressor miRNA

genes (i.e. those that inhibit oncogenes), are also suscep-

tible to epigenetic inactivation in tumors, even at higher

rate than protein-coding genes [33]. Inactivation of sup-

pressor miRNA genes associated with methylation makes

them unable to inhibit target genes. By analyzing the

main core of publications available in PubMed

(http://www.ncbi.nlm.nih.gov/pubmed/) we found that

as many as 90 miRNAs have been experimentally shown

to be influenced by DNA methylation or demethylation

on their expression in any given tumor type. A link

between gene methylation and its expression was estab-

lished for the majority of 13 miRNA genes examined

here. For example, a role for methylation being involved

in inactivation of miR-9-3, -124-1/-2/-3, -125b, -34b/c,

-129-2, -193a, etc. genes in tumors of different locations

was revealed [26-28, 34, 35]. Previously, we also found a

link between methylation and amount of pri-miRNA

miR-9-1 in NSCLC [20] and identified novel miRNA

genes being methylated in tumors of patients with

NSCLC, such as miR-125b-1, miR-137, miR-375, and

miR-1258, which play an important role in cellular sig-

naling pathways and pathogenesis of NSCLC [32].

In our study, we demonstrated that in NSCLC

upregulated mRNA level for RHOA and NKIRAS1 is asso-

ciated with methylation of seven and nine miRNA genes,

respectively (miR-9-1/-3, -34b/c, -129-2, -125b-1, -375,

-1258 as well as miR-132, -212, -193a, -124a-1/-2/-3,

-34b/c, -129-2, -125b-1, respectively; Spearman rank

correlation test, P < 10–11). Thereby, we determined novel

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,

-212, -132) proto-oncogenes in lung cancer. On the other

hand, we show for the first time that RHOA and NKIRAS1

may be novel potential target genes for a number of

miRNAs susceptible to methylation in NSCLC.

It is not surprising that among targets for examined

suppressor miRNAs, mRNAs of typical oncogenic pro-

teins were frequent. For example, miR-34b/c targets

mRNA of MYC, CDK4, CDK6, E2F3, CREB, and

MET [26, 36] whereas miR-193a targets well-known

Fig. 3. Representative examples of MSP product amplification for

the miR-34b/c, miR-129-2, and miR-125b-1 genes in three paired

samples of NSCLC (13, 16, 26) are shown. T, tumor; N, relative-

ly normal tissue. MSP products with primers to methylated (Met)

and unmethylated (UnMet) alleles are shown. L-68/K–, DNA

sample from intact human fibroblast cell line L-68; L-68/K+,

DNA sample from human fibroblast cell line L-68 treated by

methyltransferase SssI (SibEnzyme, Russia). MSP products were

separated by running 3% agarose gel electrophoresis. PCR condi-

tions and size of amplified fragments are presented in the table.
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Fig. 4. Comparison of data showing alterations (top-down) in mRNA level of RHOA in 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 from 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 coincidence was considered for: (i) miRNA gene methylation in DNA from tumor found upon ele-

vated expression level of potential target gene; (ii) miRNA gene demethylation in DNA from tumor found upon decreased expression level of

potential target gene; (iii) lack of altered methylation and expression.

No.
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Fig. 5. Comparison of the data showing alterations (top-down) in mRNA level of NKIRAS1 in tumors from patients with NSCLC vs. data on

altered miRNA gene methylation (miR-132, miR-212, miR-193a, miR-124a-1, miR-124a-2, miR-124a-3, miR-34b/c, miR-129-2, miR-125b-

1) in samples from tumors (T) and histologically intact lung tissue (N). For comments, see legend to Fig. 4.

No.
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oncogenes such as K-ras, C-kit, and ERBB4 [28, 34, 37].

Later, it was demonstrated that methylation-associated

inactivation of the miR-129-2 gene enhances expression

of SOX4 oncogene linked to metastases [38]. The Sox5

oncogene and activator of epithelial–mesenchymal tran-

sition ZEB2 as well as CCNE1 (cyclin E1) are considered

as targets for miR-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 several impor-

tant oncogenic targets (AEG-1, YAP1, IGF1R, and PDK1)

in many types of cancer [42].

According to our results as well as data published

elsewhere, RHOA and NKIRAS1 can also be referred to

oncogenes and genes of tumor progression. According to

the miRWalk database [8], RHOA and NKIRAS1 can the-

oretically function as target genes for 13 miRNAs exam-

ined here; however, experimental data confirming this

have not yet been obtained. In addition, data regarding

regulatory miRNAs for poorly studied NKIRAS1 pro-

tooncogene are not available at all in peer-reviewed jour-

nals, and they are very limited for the RHOA oncogene.

So far, it is known that RHOA mRNA is a target for miR-

122, so this interacting pair plays an important role in

invasion of hepatocellular carcinoma and epithelial–

mesenchymal transition [43].

Thus, here we determined novel potential target

genes and novel potential regulatory miRNAs involved in

pathogenesis of NSCLC. We demonstrated the possibility

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 as well as

their interactions was found.

This study was supported by the Russian Foundation

for Basic Research (grant No. 13-04-00828).
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