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Smoking is a risk factor for non-small cell lung cancer (NSCLC). The most common subtypes of NSCLC
are lung adenocarcinoma (LAC) and squamous cell carcinoma (SCC). The cigarette smoke contains aryl hydrocarbon
receptor (AhR) ligands, such as benzo(a)pyrene (BaP). By activating the AhR, BaP can change the expression
of many genes, including miRNA-encoding genes. In this study, we have evaluated the expression of few miRNAs
potentially regulated by AhR (miR-21, -342, -93, -181a, -146a), as well as CYPIAI, a known AhR target gene,
in lung tumor samples from smoking (n=40) and non-smoking (n=30) patients with LAC and from smoking
patients with SCC (n=40). We have also collected macroscopically normal lung tissue >5 cm from the tumor margin.
We compared the obtained data on the miRNA expression in tumors with data from The Cancer Genome Atlas (TCGA).
We found that in 76.7% of non-smoking LAC patients, CYP/Al mRNA was not detected in tumor and normal
lung tissues, while in smoking patients, CYPIAI expression was detected in tumors in almost half of the cases
(47.5% for SCC and 42.5% for LAC). The expression profile of AhR-regulated miRNAs differed between LAC and SCC
and depended on the smoking status. In LAC patients, the expression of oncogenic miRNA-21 and miRNA-93
in tumors was higher than in normal lung tissue from the same patients. However, in SCC patients from our sample,
the levels of these miRNAs in tumor and non-transformed lung tissue did not differ significantly. The results
of our studies and TCGA data indicate that the expression levels of miRNA-181la and miRNA-146a in LAC
are associated with smoking: expression of these miRNAs was significantly lower in tumors of smokers. It is possible
that their expression is regulated by AhR and AhRR (AhR repressor), and inhibition of AhR by AhRR leads
to a decrease in miRNA expression in tumors of smoking patients. Overall, these results confirm that smoking
has an effect on the miRNA expression profile. This should be taken into account when searching for new diagnostic
and therapeutic targets for NSCLC.
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INTRODUCTION

Arylhydrocarbon receptor (AhR) is a ligand-activated
transcription factor belonging to the bHLH/PAS family
of proteins involved in regulation of many
physiological processes [1]. AhR was originally
identified as a receptor binding the environmental
toxicant 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
and structurally related toxic halogenated aromatic
industrial compounds [2]. The results of numerous
studies have shown that this receptor binds structurally
diverse ligands of both foreign and endogenous
nature [3]. Moreover, the biological effect of such
interactions depends on the specific receptor-binding
ligands [4]. Signaling pathways regulated by AhR
are activated in various tumors; they influence
the main stages of oncogenesis — initiation,
promotion, progression, and metastasis [5, 6]. The role
of AhR signaling pathways in lung carcinogenesis
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attracts much attention due to the significant human
exposure to cigarette smoke and other environmental
pollutants, which are potential AhR ligands [7]. Smoking
is the most important risk factor for the development
of non-small cell lung cancer (NSCLC), especially
squamous cell carcinoma (SCC): about 90-95% of cases
are associated with tobacco smoking. There are
510 polycyclic aromatic hydrocarbons (PAHs) reported
in cigarette smoke, including 16 PAHs that have been
classified by the International Agency for Research
on Cancer as carcinogenic to humans [8]. One such
carcinogenic compound is benzo(a)pyrene (BaP), which
can activate AhR. According to a study conducted
on Canadian cigarette brands in 1992, the BaP content
in the smoke from a single cigarette could vary
from 3.36 ng to 28.39 ng [9]. Therefore, it can be
expected that smoking and concomitant exposure to BaP
in humans leads to changes in the expression of many
AhR target genes in lung tissues.
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Using genome-wide analysis, numerous AhR binding
sites have been identified in human DNA. Recently
performed comparison of genome-wide binding profiles
of AhR and AhRR (AhR repressor) in human breast
cancer MCF-7 cells treated with TCDD [10] resulted
in identification of 3915 binding sites for AhR and
2811 binding sites for AhRR; 974 binding sites (35%)
were common for both factors. However,
functionality of the identified sites remains an issue
for further research.

Besides protein coding genes AhR can regulate
expression of microRNAs (miRs, miRNAs) —
small RNAs 18-22 nucleotides in length; dysregulation
of their expression can contribute to carcinogenesis [11].
Previously, using in silico methods, we searched
for AHRE elements (AhR binding sites) in the genomes
of rats, mice, and humans and found at least
154  putative miRNA promoters containing
AHRE sequences in the human genome [12].
However, the role of miRNAs regulated by AhR
in NSCLC and the relationships between the expression
profile of such miRNAs and the smoking status
have not been fully studied. Thus, the aim
of this study was to determine the expression
of AhR-regulated miRNAs in tumor samples from
smoking and non-smoking patients with NSCLC,
to confirm the association of their expression
profile with smoking and to identify new potential
therapeutic targets in lung cancer. We have also
performed an in silico study based on TCGA data
on the expression of these miRNAs in malignant
lung tumors.

MATERIALS AND METHODS

Tissue Samples

A biocollection of 110 pairs of samples
of tumors and non-transformed human lung tissues
was collected at the Novosibirsk Regional Oncology
Center in the 3rd Oncology (thoracic) Department.
Lung tissue samples were obtained during
thoracoscopic lung resection from male patients
who did not undergo neoadjuvant chemotherapy.
Macroscopically unchanged (conditionally normal)
lung tissue was taken at a distance of at least 5 cm
from the tumor margin. This method of selecting

control tissue is widely used in scientific work and
makes it possible to identify genes with altered
expression profile, which are associated with
carcinogenesis [13—15]. A total of 40 pairs of samples
were collected from smoking patients with SCC and
lung adenocarcinoma (LAC) and 30 pairs of samples
from never-smoking patients with LAC. Samples
of macroscopically normal and tumor lung tissue
were placed in RNA stabilization solution and
stored at -20°C.

Isolation of miRNAs

miRNAs were extracted from samples
by thermo-induced lysis with guanidine isothiocyanate
according to a previously published protocol [16].

Real-Time RT-PCR

Relative miRNA expression levels were
measured using real-time reverse transcription-PCR.
The reverse transcription reaction was carried out
using stem-loop primers [17] and a commercial kit
RT-M-MuLV-RH (BiolabMix, Russia). Real-time PCR
was performed using the BioMaster UDG HS-qPCR (2x)
reaction mixture (BiolabMix). The CFX96™ detection
system (Bio-Rad Laboratories, USA) was used to detect
PCR products. Small nuclear RNAs U44 and U48 were
used to normalize the data. Primers for reverse
transcription are given in Table 1. The oligonucleotides
given in Table 2 were used for PCR.

Each sample was analyzed in triplicate. The fold
change of each miRNA was calculated using
the threshold cycle method (24<").

RNA Isolation, cDNA Synthesis, and Real-Time PCR

RNA was isolated using the TRIzol™ reagent
(Invitrogen, USA) according to the manufacturer's
recommendations. RNA integrity was monitored
by agarose gel electrophoresis. Concentration and purity
were determined spectrophotometrically at 260 nm and
280 nm using an Agilent-8453 spectrophotometer
(Agilent Technologies, USA). Reverse transcription
was performed using the OT-M-MuLV-RH kit
(BiolabMix) according to the manufacturer's
recommendations. 1 pg of RNA was taken per reaction.
The resultant cDNA was used to determine the levels

Table 1. Primer sequences for reverse transcription of miRNA

miRNA Primer sequences

U48 5'-GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAACGGTCAG-3'
U44 5'-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAGTCAGTT-3'
miR-21 5'-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCAACATC-3'
miR-342 5'-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACGGGTG-3'
miR-181a 5'-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACTCACCG-3’
miR-146a 5'-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACAGCCTA-3'
miR-93 5'-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTACCTGC-3’
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Table 2. Primer sequences for real-time PCR for evaluation of miRNA expression

miRNA Primer sequences

Forward 5'-GCCGCTCTTAATTAGCTCT-3’

U44 Reverse 5'-AGTGCAGGGTCCGAGGTA-3’
Probe 5'-(R6G)-TTCGCACTGGATACGACAGTCAGTT-(BHQ1)-3’
Forward 5'-GAGTGATGATGACCCCAGGTAA-3’

U48 Reverse 5'-GTGCAGGGTCCGAGGT-3’
Probe 5'-(R6G)-TTCGCACCAGAGCCAACGGTCAG-(BHQ1)-3’
Forward 5'-GCCGCTAGCTTATCAGACT-3’

miR-21 Reverse 5'-AGTGCAGGGTCCGAGGTA-3’
Probe 5'-(R6G)-TTCGCACTGGATACGACTCAACATC-(BHQ1)-3'
Forward 5'-GCCGCTCTCACACAGAAATCG-3'

miR-342 Reverse 5'-AGTGCAGGGTCCGAGGTA-3’
Probe 5'-(R6G)-TTCGCACTGGATACGACACGGGTGC-(BHQ1)-3'
Forward 5'-GCCGCAACATTCAACGCTGT-3'

miR-181a Reverse 5'-AGTGCAGGGTCCGAGGTA-3’
Probe 5'-(R6G)-TTCGCACTGGATACGACACTCACCG-(BHQ1)-3'
Forward 5'-GCCGTGAGAACTGAATTCCA-3'

miR-146a Reverse 5'-AGTGCAGGGTCCGAGGTA-3’
Probe 5'-(R6G)-TTCGCACTGGATACGACACAGCCTA-(BHQ1)-3’
Forward 5'-GCCGCCAAAGTGCTGTTCGT-3'

miR-93 Reverse 5'-AGTGCAGGGTCCGAGGTA-3’
Probe 5'-(R6G)-TTCGCACTGGATACGACCTACCTGC-(BHQ1)-3’

of AHR and CYPIAI mRNAs by real-time PCR
using the BioMaster HS-qPCR SYBR Blue (2x)
reaction mixture (BiolabMix) on a CFX96™ detection
system (Bio-Rad Laboratories). /8S and POLR2A
were used as normalization genes. The following
specific primers were used:

AHR 5'-GTCGTCTAAGGTGTCTGCTGGA-3',
5'-CGCAAACAAAGCCAACTGAGGTG-3";

CYPIAI 5'-GGTCAAGGAGCACTACAAACC-3/,
5'-TGGACATTGGCGTTCTCAT-3';

POLR24  5'-GCATGGCAGAGGAGTTTCGGCT-3',
5'-ATTTCCCCGGGATGCGCAATGG-3';

18§ 5'-CGGCTACCACATCCAAGGAA-3',

5'-GCTGGAATTACCGCGGCT-3'.

The optimal concentration of each primer

was 300 nM.

Each PCR reaction was performed using
0.3 pl of cDNA in a final volume of 20 pl
under the following conditions: initial denaturation
at 95°C for 5 min, then 40 cycles: denaturation
at 95°C for 15 s, annealing at 60°C for 20 s,
elongation at 72°C for 30 s with fluorescence reading.
PCR specificity was monitored by melting curves.
Samples were analyzed in three technical replicates.
Relative gene expression levels were assessed using
threshold cycle (Ct) values taking into account
reaction efficiency (E) for the gene of interest and
the normalization gene.
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Bioinformatics Analysis

miRNA-21, miRNA-342, and miRNA-93 were
selected according to data from a previously
performed bioinformatics analysis [12]. In addition,
using the Harmonizome database [18], which
contains information on the results of ChIP analyses,
miRNA-181a and miRNA-146a have been also
included in this study.

The information contained in the TCGA database
on the expression of the genes CYPIAI, AHRR, and
AHR-regulated miRNAs has been analyzed using
the UALCAN resource [19].

Statistical Analysis

Statistical data analysis was performed using
the STATISTICA v.12 program. Data are presented
as median values. Statistical analysis was performed using
the nonparametric Mann-Whitney U test. Differences
were considered statistically significant at p<0.05.

RESULTS

Expression of CYP1AI and AhR in Tumor Tissues
of Patients with NSCLC

First of all, we performed a comparative analysis
of the expression of the AhR target gene, CYPIAI,
in tumor and conditionally normal tissues of smoking
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and non-smoking patients with LAC and smoking
patients with SCC. In almost half of the cases
(47.5% for SCC and 42.5% for LAC), CYPI1AI mRNA
was detected in the tumor tissue of smoking
patients (Table 3). However, in all tumor tissue samples
from non-smoking patients with LAC no expression
of CYPIAI was detected. In 23.3% of non-smoking
patients with LAC, the cytochrome gene expression
was recorded, but only in conditionally normal
tissues. It should be noted that in 30% of smoking
patients with LAC, CYPIA1I expression was also found
only in normal tissue.

Next we have analyzed whether the Ilevel
of AhR expression is associated with the presence
of CYPIAI expression in the tumor tissue
of patients. Significant results were obtained for SCC:
AhR expression was higher in tumor tissues in which
CYPIAI expression was detected (Figure 1).
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Figure 1. The dependence of AhR mRNA levels in tumors
of patients with SCC on the expression status of CYPIAI.
The upper and lower limits of the boxes represent
the 75th and 25th percentiles. The horizontal line
is the median of changes in the AhR mRNA level in tumor
samples relative to paired conditionally normal (adjacent)
tissue from the same patients. The whiskers represent
a range of values. CYP1A1l- — there is no expression
of CYPIAI in the tumor; CYPlAl+ — expression
of CYPIAI in the tumor is registered.

Expression of AhR-Regulated miRNAs
in Tumors of NSCLC Patients

In the collected lung cancer samples and
conditionally normal lung tissues, we also determined
the expression profile of several miRNAs potentially
regulated by AhR (miRNA-21, -342, -93, -18la,
and -146a). In patients with SCC, the expression
levels of miRNA-342 and miRNA-181a were
significantly differed in tumor tissue as compared
to conditionally normal tissue: in tumor tissue
the levels of these miRNAs were about 3 times lower
(when comparing median values).

As in the cases of SCC, in smoking patients
with LAC, the levels of miRNA-342 and miRNA-181a
in tumor tissue were lower as compared to the level
of these miRNAs in conditionally normal lung tissue.
In addition, the expression of miRNA-21 and miRNA-93
was higher in the tumor tissues of such patients
(Table 4). The expression of miRNA-21 and miRNA-93
was also higher in tumor tissues of non-smoking
patients with LAC, but the levels of miRNA-342 and
miRNA-181a in tumor tissues of non-smoking patients
did not differ from their levels in conditionally normal
lung tissues of these patients (Table 5).

We also analyzed TCGA data on the levels
of these miRNAs in NSCLC tissues. As well as our
set of samples, set of samples from TCGA showed
a increase in the levels of miRNA-21 and miRNA-93
(5.6- and 2.8-fold respectively) in LAC (n=447)
as compared to normal lung tissue (n=44),
respectively (Table 6). According to TCGA, the levels
of these miRNAs were also increased in SCC
by 2.4 and 2.1 times, respectively (n=336).
In our set of samples, we observed only a trend towards
increased levels of these miRNAs in SCC.

Using TCGA, it is possible to evaluate separately
the levels of miRNA-181a-1 and miRNA-181a-2.
The sequences of these miRNAs are identical,
so we have measured the total amount of miRNA-181a
using PCR, but only miRNA-181a-1 is predicted
to be AhR-regulated. According to our data
and the TCGA data, miRNA-181la expression
decreased in SCC. However, all other our data
on miRNAs levels compared with their levels in normal
tissues were not consistent with the TCGA data,
which could be due to the different source of normal
tissues in our study and in TCGA.

Table 3. CYP1AI mRNA abundance in tissues of patients with SCC and LAC

CYPI1AI expression

Tissue samples from patients Expression*
Lack of expression in normal and tumor tissues -
In normal tissue In tumor
sSCC (% of patients) 52.5 12.5 47.5
nsLAC (% patients) 76.7 233 0.0
SLAC (% of patients) 27.5 62.5 42.5

CsSCC — smoking patients with SCC; sLAC — smoking patients with LAC; nsLAC — non-smoking patients with LAC.
* The expression was considered as positive at Ct from 22 to 37.
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Table 4. Relative levels of the studied miRNAs in the tumor samples of smoking patients with LAC (n=40)

Relative levels of miRNA* and p-value

miR-21 p miR-342 p miR-93 p miR-181a p miR-146a p
2.04 0.46 1.60 0.68 1.14
(0.17-14.00) 0.042 (0.05-4.68) <0.001 (0.23-7.81) 0.041 (0.09-5.32) 0.024 (0.09-33.17) 0.581

Here and in Table 5: * data represent medians and the range
paired conditionally normal (adjacent) tissue.

of changes in the level of miRNA in tumor samples versus

Table 5. Relative levels of the studied miRNAs in the tumor samples of non-smoking patients with LAC (n=30)

Relative levels of miRNA* and p-value

miR-21 P miR-342 )4 miR-93 P miR-181a P miR-146a P
4.06 0.93 2.84 0.86 1.22
(1.95-8.38) <0.001 (0.12-4.47) 1.000 (0.33-4.31) 0.049 (0.40-2.20) 0.650 (0.28-6.56) 0.290

Table 6. Data on altered miRNA levels in the studied clinical samples of NSCLC and in samples from TCGA

(relative to normal tissues)

Changes in the miRNA levels in NSCLC samples as compared to the normal lung tissue
miRNA Disease LAC SCC
Smoking status Smokers Non-smokers Smokers Non-smokers
Our data i i No data
miRNA-21
TCGA data 1 1 1 1
Our data i} — l No data
miRNA-342
TCGA data - - i -
Our data 1 - l No data
miRNA-181a-1
TCGA data - - ! !
Our data 1 - l No data
miRNA-181a-2
TCGA data - 1 l l
) Our data 1 1 No data
miRNA-93
TCGA data 1 i i 1
Our data - No data
miRNA-146a
TCGA data i i i
1 — significant increase in the level of miRNA in tumor tissue as compared to its level in normal tissue;
| — significant decrease in the level of miRNA in tumor tissue; — — no changes in miRNA expression.

Analysis of the Association between the Levels
of AhR-Regulated miRNAs in NSCLC Tumors
and Smoking Status

Smoking can lead to changes in the miRNA
expression profile not only in tumor tissue, but also
in normal lung tissue. Therefore, to confirm the presence
of an association between the expression profile
of AhR target miRNAs and smoking, we have
compared miRNA levels normalized to the RNA levels
of the reference genes in tumor tissues of smoking and
non-smoking patients from our set of samples, and
also analyzed similar data from TCGA.

The comparison of the levels of the studied
miRNAs in LAC of smoking and never-smoking
patients has shown that in the tumor tissues of smoking
patients the amount of miRNA-181a and miRNA-146a
was 2.4 times lower than in the tumor tissues
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of non-smoking patients (Table 7). According to TCGA,
a significant association with smoking in patients
with LAC was observed for miRNA-18la-1 and
miRNA-181a-2, miRNA-146a (the amount of these
miRNAs was lower in the tumor tissues of smokers),
miRNA-93 (the amount of miRNAs was higher
in the tumor tissues of smokers). For SCC, TCGA also
revealed a trend to an increase in the level of miRNA-93
and a decrease in the level of miRNA-146a in tumor
tissues of smokers (as compared to never-smokers),
but this relationship was not significant.

DISCUSSION

Results of numerous experimental and
epidemiological studies have shown that exposure
to environmental toxins such as PAHs has a significant
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Table 7. The dependence of tumor miRNA levels in LAC patients on the smoking status

miRNA level in LAC of smoking patients miRNA level in SCC of smoking patients
miRNA Data source (relative to miRNA level (relative to miRNA level
in LAC of non-smoking patients) in SCC of non-smoking patients)

Our data 0.75 —
miRNA-21

TCGA data 0.98 1.25

Our data 1.01 —
miRNA-342

TCGA data 1.04 0.87

Our data 0.42%* —
miRNA-181a-1

TCGA data 0.87* 1.09

Our data 0.42% —
miRNA-181a-2

TCGA data 0.63* 0.90

Our data 1.12 —
miRNA-93

TCGA data 1.22% 1.36

Our data 0.41%* —
miRNA-146a

TCGA data 0.67* 0.79

Data represent a median ratio of the miRNA levels in tumor samples from smoking and non-smoking patients.
miRNA levels in tumors were normalized to the RNA levels of reference U44 and U48 and were not normalized

to miRNA levels in normal tissues. * — p<0.05.

impact on the occurrence and progression of lung cancer.
One of the main sources of PAHs is smoking [20, 21].
According to IARC data, BaP, a component of cigarette
smoke, belongs to group 1 human carcinogens [21].
The toxic effect of BaP is realized via two main
mechanisms: genotoxic (formation of DNA adducts)
and non-genotoxic or epigenetic [22, 23]. The epigenetic
mechanisms include, for example, miRNA-mediated
regulation of gene expression at the post-transcriptional
level. Although many studies of miRNA expression
in malignant tumors, including lung cancer, have
shown significant changes in the expression levels
of both oncogenic and tumor-suppressive miRNAs,
the reasons for such changes are often unknown.
It can be speculated that compounds such as BaP
may lead to changes in the miRNA expression
profile through AhR activation. We have previously
found miRNAs containing AHRE sequences
(the AhR binding sites) in their promoter regions [12].
In the present study, we have investigated expression
of some of these miRNAs (miRNA-21, miRNA-342,
and miRNA-93) in lung tumor samples obtained
from  smoking and non-smoking  patients
with SCC and LAC. In addition, we have assessed
expression of miRNA-181a and miRNA-146a, which
are considered as AhR targets in the Harmonizome
resource. It should be noted that we were unable to form
a group of non-smoking patients with SCC due to their
limited number, which complicated statistical analysis.

First of all, to confirm activation of AhR
in the lung tissues of smoking patients, we have
determined the expression level of the AhR “classical”
target gene CYPIAI. As a rule, the constitutive
expression of this gene in the lungs is low, and this
is consistent with our results: in 76.7% of non-smoking
LAC patients, CYPIAI expression was not detected

in both normal and tumor lung tissues. However, among
smoking patients, particularly patients with LAC,
the proportion of cases, in which CYPIAI expression
in tissues was absent, decreased. Interestingly,
among SCC patients no cases were found when
CYPI1A1 expression was detected only in normal lung
tissue, while in 30% of smoking patients with LAC
CYPI1A1 expression was registered in normal tissue and
not detected in tumor tissue. In addition, only in SCC
high AhR expression corresponded to positive
expression of CYPIAI in tumor tissues. These results
support different mechanisms of AhR-dependent
pathogenesis of LAC and SCC.

Among numerous AhR target genes, miRNAs
encoding genes are of particular interest. In our study,
we have confirmed that the expression profile
of AhR-regulated miRNA-21, -342, -93, -18la,
and -146a differs in dependence on tumor type
(LAC or SCC) and the smoking status. For example,
in smoking patients with SCC and LAC, the expression
of miRNA-342 and miRNA-18la was lower
in tumor tissues than in normal lung tissues from
the same patients. These results do not coincide with
the TCGA data; however, the statistically significant
decrease in the expression of miRNA-342 and
miRNA-181a in tumor tissue samples is consistent
with the recent results of other researchers who also
showed a decrease in the levels of these miRNAs
in NSCLC [24, 25]. Overall, the differences between
our data and the TCGA data may be due to different
sources of normal tissue. For example, in TCGA,
tissues from healthy individuals with unknown
smoking status have been use as the normal tissue.
In our study, miRNA levels in tumors were
normalized to miRNA levels in normal lung tissues
from the same patients.
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For LAC patients, both smokers and non-smokers,
we have found a significant increase in the expression
of oncogenic miRNA-21 and miRNA-93 in tumor
tissues as compared to conditionally normal tissues;
this is also consistent with previously obtained
data [26, 27] and the TCGA data. We did not find
a significant increase in the expression of these
miRNAs in SCC, but observed a trend towards
an increase in their levels. In the TCGA sample set,
miRNA-21 and miRNA-93 levels were significantly
increased in SCC, which could be a consequence
of the larger number of samples (336 tumor samples
and 44 normal tissue samples) and a different source
of normal tissue.

However, expression of the miRNAs we studied
may differ in normal lung tissues of smoking and
non-smoking patients. Therefore, we also analyzed
the difference in the levels of the studied miRNAs
in tumor tissues of smoking and non-smoking patients
with LAC, without normalization to conditionally
normal patient tissue. We observed a decrease
in the amount of miRNA-181la and miRNA-146a
in tumors of smoking patients as compared to their
amount in tumors of non-smokers. The decrease
in the expression of these miRNAs in samples from
smoking patients that we observed could be associated
with an increase in the amount of AhRR,
the AhR repressor. For example, according
to the TCGA data, AHRR expression is significantly
higher in tumor tissues of smoking patients
with SCC or LAC (compared to non-smoking patients).
In addition, it is known that smoking leads
to demethylation of cg05575921 in the AHRR gene
enhancer, which increases its expression [28].

In the set of samples from TCGA, a significant
decrease in miRNA-181a and miRNA-146a expression
was also found in tumor tissues of smoking patients
with LAC, while miRNA-93 levels were significantly
higher (as compared to never-smoking patients).
In SCC patients, no significant dependence
of the expression of all studied miRNAs on the smoking
status was found in TCGA; however, a trend
towards an increase in the expression of miRNA-93
and a decrease in the expression of miRNA-146a
was detected in smoking patients as compared to never
smokers. It is possible that the lack of a significant
association with smoking in SCC patients
from the TCGA set is due to the insufficient
number of SCC samples from non-smoking
patients. For example, the number of smoking
and never-smoking patients with LAC in TCGA
is 104 and 66, respectively, while the number
of smoking and never-smoking patients with SCC
is 105 and 11.

Our results confirm that smoking affects
the miRNA expression profile even in macroscopically
normal lung tissue. For example, in smoking
patients, miRNA-342 expression was lower
in tumors than in normal lung tissues. However,
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comparison of the level of this miRNA in tumors
of smoking and non-smoking patients revealed
no significant difference, thus suggesting an increase
in the expression of AhR-regulated miRNA-342
in conditionally normal lung tissue of smoking patients.
There was also no difference in the amount
of miRNA-146a in tumor and normal lung tissues
of patients. However, it has been shown that
the expression of miRNA-146a is significantly lower
in the tumor tissue of smoking patients than in lung
tumor tissue of never-smokers.

In general, we can clearly conclude that
expression of at least two AhR-regulated miRNAs,
miRNA-181a and miRNA-146a, in LAC depends
on smoking.

CONCLUSIONS
According to the results of our studies,
the expression profile of miRNAs potentially

regulated by AhR is different in LAC and SCC
and depends on the smoking status. The results
of our studies and the TCGA data indicate a dependence
of the expression of miRNA-181a and miRNA-146a
on smoking: expression of these miRNAs is lower
in the tumor tissues of smoking patients with LAC thus
suggesting their regulation by a pair of transcription
factors AhR and AhRR. The expression of oncogenic
miRNA-21 and miRNA-93 in tumor tissues was higher
than in normal lung tissue in all patients with LAC
(in our set of samples and in the set of samples
from TCGA). Further study of the regulation of these
miRNAs, their role and the role of the genes
they regulate in the pathogenesis of NSCLC
in smoking and non-smoking patients may contribute
to the development of new therapeutic approaches
for the treatment of NSCLC.

ACKNOWLEDGMENTS

The work was carried out using the equipment
of the Center for Collective Use “Proteomic Analysis”,
supported by funding from the Ministry of Education and
Science of Russia (agreement No. 075-15-2021-691).

FUNDING

The study was supported by the Russian Science
Foundation, project No. 22-15-00065.

COMPLIANCE WITH ETHICAL STANDARDS

All  experimental procedures were approved
by the Bioethical Committee of the Institute
of Molecular Biology and Biophysics and comply
with the ethical standards of the National Research
Ethics Committee and the 1964 Helsinki Declaration



Kalinina et al.

and its subsequent amendments or comparable
ethical standards (Protocol No. 3 of March 14, 2017).
Informed voluntary consent was obtained from each
participant included in the study.

CONFLICT OF INTEREST

The authors declare no conflicts of interest.

REFERENCES

1.

2.

10.

11.

12.

13.

Pohjanvirta R. (ed.) (2012) The AH Receptor in Biology and
Toxicology. John Wiley & Sons Ltd, New Jersey, 533 p.
Poland A., Glover E., Kende A.S. (1976) Stereospecific,
high affinity binding of 2,3,7,8-tetrachlorodibenzo-p-dioxin
by hepatic cytosol. Evidence that the binding species

is receptor for induction of aryl hydrocarbon hydroxylase.

J. Biol. Chem., 251(16), 4936-4946.

Safe S., Jin U.H., Park H., Chapkin R.S., Jayaraman A.
(2020) Aryl hydrocarbon receptor (AHR) ligands as selective
AHR modulators (SAhRMs). Int. J. Mol. Sci., 21(18), 6654.
DOI: 10.3390/ijms21186654

Safe S., Han H., Goldsby J., Mohankumar K., Chapkin R.S.
(2018) Aryl hydrocarbon receptor (AhR) ligands as selective
AhR modulators: Genomic studies. Curr. Opin. Toxicol.,
11-12, 10-20. DOI: 10.1016/j.cotox.2018.11.005

Murray 1L.A., Patterson A.D., Perdew G.H. (2014)

Aryl hydrocarbon receptor ligands in cancer: Friend and foe.
Nat. Rev. Cancer, 14(12), 801-814. DOI: 10.1038/nrc3846
Kolluri S.K., Jin U.H., Safe S. (2017) Role of the aryl
hydrocarbon receptor in carcinogenesis and potential

as an anti-cancer drug target. Arch. Toxicol., 91(7),
2497-2513. DOI: 10.1007/s00204-017-1981-2

Tsay J.J., Tchou-Wong K.M., Greenberg A.K., Pass H.,

Rom W.N. (2013) Aryl hydrocarbon receptor and lung cancer.
Anticancer Res., 33(4), 1247-1256.

Li Y, Hecht S.S. (2022) Carcinogenic components of tobacco
and tobacco smoke: A 2022 update. Food Chem. Toxicol.,
165, 113179. DOI: 10.1016/j.fct.2022.113179

Kaiserman M.J., Rickert W.S. (1992) Carcinogens in tobacco
smoke: Benzo[a]pyrene from Canadian cigarettes and
cigarette tobacco. Am. J. Public Health, 82(7), 1023-1026.
DOI: 10.2105/ajph.82.7.1023

Yang S.Y., Ahmed S., Satheesh S.V., Matthews J. (2018)
Genome-wide mapping and analysis of aryl hydrocarbon
receptor (AHR)- and aryl hydrocarbon receptor repressor
(AHRR)-binding sites in human breast cancer cells.

Arch. Toxicol., 92(1), 225-240.

DOI: 10.1007/s00204-017-2022-x

O'Brien J., Hayder H., Zayed Y., Peng C. (2018) Overview
of microRNA biogenesis, mechanisms of actions,

and circulation. Front. Endocrinol., 9, 402.

DOI: 10.3389/fendo.2018.00402

Ovchinnikov V.Y, Antonets D.V., Gulyaeva L.F. (2018)

The search of CAR, AhR, ESRs binding sites in promoters
of intronic and intergenic microRNAs.

J. Bioinform. Comput. Biol., 16(1), 1750029.

DOI: 10.1142/S0219720017500299

Han R., Guan Y., Tang M., Li M., Zhang B., Fei G., Zhou S.,
Wang R. (2023) High expression of PSRC1 predicts poor
prognosis in lung adenocarcinoma. J. Cancer, 14(17),
3321-3334. DOLI: 10.7150/jca.88635

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Shi L., Middleton J., Jeon Y.J., Magee P, Veneziano D.,
Lagana A., Leong H.S., Sahoo S., Fassan M.,

Booton R., Shah R., Crosbie PA.J., Garofalo M. (2018)
KRAS induces lung tumorigenesis through microRNAs
modulation. Cell Death Disease, 9(2), 219.

DOI: 10.1038/s41419-017-0243-9

Sluzhev M L, Zaraisky M.L, Semiglazov V.V, Semiglazova T Yu.,
Tkachenko E.V., Kondratev S.V., Brish N.A., Alekseeva Yu.V,,
Petrik 1.V, Sidorova A.N. (2022) Comparative analysis

of tumor control gene and microRNA expression profiles

in tumor and adjacent tissues in patients with colorectal
cancer. Siberian Journal of Oncology, 21(2), 55-64.

DOI: 10.21294/1814-4861-2022-21-2-55-64

Kalinina TS, Kononchuk V'V, Yakovieva AK., Alekseenok E.Y,
Sidorov S.V., Gulyaeva L.F. (2020) Association between
lymph node status and expression levels of androgen
receptor, miR-185, miR-205, and miR-21 in breast cancer
subtypes. Int. J. Breast Cancer, 2020, 3259393.

DOI: 10.1155/2020/3259393

Chen C., Ridzon D.A., Broomer A.J., Zhou Z., Lee D.H.,
Nguyen J.T., Barbisin M., Xu N.L., Mahuvakar V.R.,
Andersen M.R., Lao K.Q., Livak K.J., Guegler K.J. (2005)
Real-time quantification of microRNAs by stem-loop RT-PCR.
Nucleic Acids Res., 33(20), e179. DOI: 10.1093/nar/gnil78
Rouillard A.D., Gundersen G.W., Fernandez N.F.,, Wang Z.,
Monteiro C.D., McDermott M.G., Ma'ayan A. (2016)

The Harmonizome: A collection of processed datasets
gathered to serve and mine knowledge about genes

and proteins. Database (Oxford), 2016, baw100.

DOI: 10.1093/database/baw 100

Chandrashekar D.S., Karthikeyan S.K., Korla PK., Patel H.,
Shovon A.R., Athar M., Netto G.J., Qin Z.S., Kumar S.,
Manne U., Creighton C.J., Varambally S. (2022) UALCAN:
An update to the integrated cancer data analysis platform.
Neoplasia, 25, 18-27. DOI: 10.1016/j.ne0.2022.01.001

van Rooij J.G., Veeger M.M., Bodelier-Bade M. M.,
Scheepers P.T., Jongeneelen F.J. (1994) Smoking and
dietary intake of polycyclic aromatic hydrocarbons

as sources of interindividual variability in the baseline
excretion of 1-hydroxypyrene in urine.

Int. Arch. Occup. Environ., 66(1), 55-65.

DOI: 10.1007/BF00386580

Vu A.T, Taylor K.M., Holman M.R., Ding Y.S., Hearn B.,
Watson C.H. (2015) Polycyclic aromatic hydrocarbons

in the mainstream smoke of popular U.S. cigarettes.

Chem. Res. Toxicol., 28(8), 1616-1626.

DOI: 10.1021/acs.chemrestox.5b00190

Stading R., Gastelum G., Chu C., Jiang W., Moorthy B.
(2021) Molecular mechanisms of pulmonary carcinogenesis
by polycyclic aromatic hydrocarbons (PAHs): Implications
for human lung cancer. Semin. Cancer Biol., 76, 3-16.

DOI: 10.1016/j.semcancer.2021.07.001.0

Das D.N., Ravi N. (2022) Influences of polycyclic aromatic
hydrocarbon on the epigenome toxicity and its applicability
in human health risk assessment. Environ. Res., 213, 113677.
DOI: 10.1016/j.envres.2022.113677

Chen Z., Ying J., Shang W., Ding D., Guo M., Wang H.
(2021) miR-342-3p regulates the proliferation and

apoptosis of NSCLC cells by targeting BCL-2.

Technol. Cancer Res. Treat., 20, 15330338211041193.

DOI: 10.1177/15330338211041193

Simiene J., Dabkeviciene D., Stanciute D., Prokarenkaite R.,
Jablonskiene V., Askinis R., Normantaite K., Cicenas S.,
Suziedelis K. (2023) Potential of miR-181a-5p and miR-630
as clinical biomarkers in NSCLC. BMC Cancer, 23(1), 857.
DOI: 10.1186/s12885-023-11365-5

59



EXPRESSION OF AhR-REGULATED miRNAs IN LUNG CANCER
26. Bica-Pop C., Cojocneanu-Petric R., Magdo L., Raduly L., 28. Grieshober L., Graw S., Barnett M.J., Thornquist M.D.,

Gulei D., Berindan-Neagoe 1. (2018) Overview upon miR-21 Goodman G.E., Chen C., Koestler D.C., Marsit C.J.,
in lung cancer: Focus on NSCLC. Cell. Mol. Life Sci., Doherty J.A. (2020) AHRR methylation in heavy smokers:
75(19), 3539-3551. DOI: 10.1007/s00018-018-2877-x Associations with smoking, lung cancer risk, and lung
27. Yang W., Bai J., Liu D., Wang S., Zhao N., Che R., Zhang H. cancer mortality. BMC Cancer, 20(1), 905.
(2018) MiR-93-5p up-regulation is involved in non-small DOI: 10.1186/s12885-020-07407-x

cell lung cancer c'ells proliferation and migration Received: 07. 12. 2023,
and poor prognosis. Gene, 647, 13-20. Revised: 1202 2024
DOI: 10. 1016/j.gene.2018.01 .024 Acceptéd: 16: 02: 2024:

3KCHPECCHS mukpoPHK, IOTEHIIUAJIBHO PEI'YJIMPYEMBbIX AhR, B TKAHAX
HEMEJIKOKJIETOYHOT'O PAKA JIET'KOI'O Y KYPSIIINX U HEKYPSAIIIUX MAIIUEHTOB

T.C. Kanununa'*, B.B. Kononuyx’, H.C. Banembaxoé', B.O. Ilycmuinvnax', B.B. Koznoé’, /1. @. I'ynaesa’

"MHCTUTYT MOJICKYIIIPHOI OMONOTHH U OMO(PU3UKN — CTPYKTYpPHOE MOApa3ICICHUC
(hemepabHOTO MCCIEI0BATEILCKOTO EHTPa (hYHIAMEHTAIEHOW U TPAHCIIAIIMOHHOW MEIUIUHEI,
630060, HoBocubupck, yin. Tumakoa, 2/12; *a1. moura: tskalinina@frcftm.ru
*HanmoHampHBIH METUIIMHCKAN UCCIeNOBAaTeNLCKUI IeHTp uM. akan. E.H. Memankuna,
630055, HoBocubupck, yi. Peaxynosckas, 15
*HoBocuOnpckuii HAITMOHABHBIN UCCIIENOBATENECKII TOCYIapCTBEHHBI YHUBEPCHUTET,
630090, HoBocubupck, yiu. [Iuporosa, 1
‘HoBocubupckuii 061aCTHON KIMHUYECKUI OHKOJIOTHYECKUN JUCTIaHCEeD,

630108 HoBocubupck, ya. [lnaxotaoro, 2

Kypenue sBnsiercss QakrtopoM pucka pasBUTHS HeMenkokieroyHoro paxa sérkoro (HMKPJI), nambonee
pacnpocTpaHEéHHbIE IIOATHITBI KOTOPOTo — ajgeHokapunHoma jérkoro (AKJI) u murockoknerounsiii pak siérkoro (ITKPJI).
CHrapeTHBI JBIM CONEPKUT JUTaHABl apuiaTuapokapboHoBoro perentopa (AhR), Hanpumep, 6erszo(a)mupen (BaP),
KOTOpBIN depe3 akTmBaruio AhR MoXeT M3MEHSTH SKCIPECCHI0 MHOTHX (B ToM uymcie MukpoPHK-kommpyrommx)
reHOB. B HacrosdmieMm wncCleqOoBaHMM MBI OLEHWIN 3KCIpeccHio HeKoTopbix u3 MuKpoPHK, mnorenmumanbHO
perymupyembix AhR (miRNA-21, -342, -93, -181a, -146a), a taxxke CYPIAl — wu3BecTHOro rena-muiican AhR.
HccnenoBanue BBHIITOJIHEHO B 00paslax ommyXousieil JIErkux Kypsliux M Hekypsmux mnanueHToB ¢ AKJI m kypsmmx
nanuenToB ¢ [TIKPJI. V 3Tux ke manueHToB Ha pacCTOSTHMM HE MEHEEe 5 CM OT I'PaHHUIIbI OITyXOJIM OBLTH TaKk)Ke 0TOOpaHsbI
MaKpOCKOITMYECKH HOpPMalbHBIE TKaHM JErkoro. IlomydeHHsle Hamu pes3yabTarsl amst MUKpoPHK ™Mbl cpaBHmMm
¢ maaHeiMH U3 TCGA (The Cancer Genome Atlas). ¥V 76,7% nekypsamux nanuentoB ¢ AKJI B omyxoneBbIx wuim
HOpMabHBIX TKaHAX NErkux MPHK CYPIAI ne Oblna oOHapyXeHa, TOTJa KaK CPedu KypsIIUX IMMaldeHTOB IMOYTH
B mosioBuHe ciydaeB (47,5% npns TIKPJI u 42,5% mist AKJI) B omyXoneBbIX TKaHSX ObLIa 3aperucTpUpOBaHa
akcripeccust CYPIAI. Mel nmoarBepawiu, 4to npodumias sxcrpeccun AhR-perymupyembix mMukpoPHK paznnuen
B AKJI u IIKPJI u 3aBucur or craryca kypenus: y Bcex nanueHtoB ¢ AKJI skcnpeccust onkoreHHbIXx miRNA-21 u
miRNA-93 B omyxoneBbIX TKaHSAX ObIIa BBIIIC, YeM B YCIOBHO-HOPMAJIBHON TKaHW JIETKUX OT ITHX K€ MAIlMCHTOB,
ogHaxo y manueHToB ¢ [IKPJI u3 BeiGopku ypoBHHU 3TX MUKpOPHK B oITyX0meBoil W yciI0BHO-HOPMAJIBHOH TKAHSIX
JETKUX JOCTOBEPHO HE pa3Nuyainch. Pe3ynbrars! Hammx nccnenosanuii u naaasle TCGA yKa3bIBarOT Ha 3aBHCHMOCTD
skcrpeccin MiRNA-181a u miRNA-146a y naumentoB ¢ AKJI or kypenus — oskcnpeccust 3tux MukpoPHK
3HAQUUTENBHO HUXKE B OIYXOJEBBIX TKAHAX KypALIUX MNAlUEHTOB, YTO MOXET OBITh CBA3aHO C peryismnuei
nx skcnpeccun AhR u AhRR (penpeccop AhR). IomyuenHble pe3ynsTraThl MOATBEPKIAIOT, YTO KypEHHE OKa3bIBaeT
BIMsSHUE Ha mpodmib 3kcnpeccnd MUKpoPHK, 4to cnenmyer yduThIBaTh NMpH MOMCKE HOBBIX JWArHOCTHYECKHX H
TepaneBruyeckux muiuenei npu HMKPJL.

THonuwiti mexcm cmamovu Ha PyccKOM A3bIKe 0OCmyneH Ha caume xcypuana (http://pbmc.ibmc.msk.ru).
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