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Abstract—Here, we suggested that the epigenetic mechanism of benzo(a)pyrene (BP) action might be based on the aryl
hydrocarbon receptor (AhR)-mediated transcription of the target genes, including miRNAs, that have the dioxin response
element (DRE) in their promoters. The effect of BP on the expression of the oncogenic miR-483-3p, its host gene IGF2,
and target gene /GFI in primary hepatocytes and in the liver of Wistar female rats was investigated. The activation of AhR
was confirmed using selective AhR inhibitor CH-223191 and by evaluating expression of the target CYPIAI gene. The lack
of coordination between the expression of miR-483-3p and its host gene /GF2 was revealed, which may be due to the pres-
ence of the binding site for the estrogen receptor alpha (ERa), which is a negative expression regulator. Our results confirm
the existence of the AhR-mediated pathway in the regulation of expression of miR-483-3p, IGFI, and /GF2 under BP expo-
sure, which is of considerable interest for understanding the epigenetic mechanisms of the carcinogenic effect of BP.
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Benzo(a)pyrene (BP) is a well-known and actively
studied environmental carcinogen formed by incomplete
combustion of hydrocarbons. Besides acting as a geno-
toxic carcinogen via formation of adducts with DNA and
subsequent accumulation of mutations, BP activates aryl
hydrocarbon receptor (AhR), a transcription factor from
the helix-loop-helix PER/ARNT/SIM (bHLH-PAS)
protein family [1]. Activated AhR interacts with specific
binding sites on DNA, dioxin response elements (DRESs)
[2], and triggers transcription of target genes encoding
various proteins, such as cytochrome P450 family 1
(CYP1A/1B) involved in xenobiotic metabolism and
PTPNG6 that regulates cell proliferation and differentia-

Abbreviations: AhR, aryl hydrocarbon receptor; BP,
benzo(a)pyrene; DRE, dioxin response element; ERa., estro-
gen receptor alpha.

* To whom correspondence should be addressed.

tion [3, 4]. Ligand-activated AhR also exhibits the anti-
estrogenic activity by suppressing estradiol-mediated sig-
naling through the estrogen receptor alpha (ERa), whose
target genes control diverse cellular processes, including
proliferation, differentiation, etc. [5].

Other AhR and ERa targets are genes containing in
their introns small non-coding RNAs (miRNAs) involved
in the post-transcriptional regulation of gene expression
in humans and animals [6]. Therefore, we have searched
for such genes in silico [7]. The IGF2 gene was of particu-
lar interest among the identified genes, because its pro-
moter contains the binding sites for both receptors in rats
and humans. Upregulated IGF2 expression is associated
with the risk of developing various types of cancer, includ-
ing colorectal, breast, prostate, and lung cancers [8].
Intron 2 of the IGF2 gene encodes miR-483 precursor
that is cut into two copies (miR-483-3p and miR-483-5p)
during processing. Both copies exhibit oncogenic proper-
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ties; however, despite their similarity, these miRNAs are
expressed differently and play different roles in various
types of cancer [9]. For example, miR-483-3p is overex-
pressed in prostate cancer [10] and breast cancer [11],
while miR-483-5p is overexpressed in oral cancer [12]
and esophagus cancer [13].

It remains unclear why the expression level of miR-
483 changes during malignant cell transformation.
miRNA expression can be regulated by different mecha-
nisms [14], including exposure to xenobiotics. The pur-
pose of this work was to test the hypothesis that BP affects
expression of miR-483-3p via AhR activation with subse-
quent upregulation of the expression of the /GF2 host
gene and the /GF]I target gene in the primary culture of
hepatocytes and liver of Wistar female rats exposed to BP.

MATERIALS AND METHODS

Cell culture. The study was performed in hepatocytes
isolated from a Wistar female rat (body weight, 180 g)
obtained from the Animal Facility of the Institute of
Clinical Immunology, Siberian Branch of the Russian
Academy of Medical Sciences (Novosibirsk, Russia).
Hepatocytes were isolated by recirculating enzymatic per-
fusion using 0.03% collagenase solution (ICN Biomed-
icals, USA) [15] and separated from non-parenchymal
cells by differential centrifugation. Cell viability assessed
by the trypan blue (Serva, Germany) exclusion method
was at least 90%. The obtained cells were resuspended in
RPMI-1640 medium (Biolot, Russia), pH 7.4, containing
20 mM HEPES (ICN Biomedicals), 10% fetal bovine
serum (Serva), 2 mM L-glutamine (Vector, Russia),
100 units/ml penicillin, 50 pg/ml gentamicin, 5.6 mM
glucose, and 10 nM insulin (Serva). The cells were incu-
bated in 6-well plates (Orange Scientific, USA) coated
with collagen in a CO, incubator (Cole-Parmer, USA) in
5% CO, at 37°C. The cell density in the primary culture
monolayer was 800 cells/mm?>.

Primary hepatocyte cultures were incubated with
5 uM BP (Sigma-Aldrich, USA) and 10 uM selective
AhR inhibitor CH-223191 (Sigma-Aldrich) for 24 h. BP
and CH-223191 were dissolved in dimethyl sulfoxide
(DMSO) (Sigma-Aldrich) and then added to the culture
medium, so that the final concentration of DMSO was
0.1% (v/v). Cells treated with DMSO only were used as a
control.

Animals. Sixteen Wistar female rats weighing 150-
180 g were obtained from the Animal Facility of the
Institute of Clinical Immunology, Siberian Branch of the
Russian Academy of Medical Sciences (Novosibirsk,
Russia). The animals were divided into four groups (n = 4
in each group). The experimental animals were injected
intraperitoneally with BP (Sigma-Aldrich) dissolved in
sunflower oil at 75 mg/kg body weight (0.5 ml per rat) and
then sacrificed 24, 48, and 72 h after BP injection; rats of
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the control group were injected with 0.5 ml of sunflower
oil. The animals were sacrificed by decapitation; the liver
was removed and used for the isolation of total RNA.

RNA isolation. To isolate total RNA, liver samples
were homogenized in 1 ml of Trizol Reagent (Invitrogen,
USA); 0.2 ml of chloroform was added, and the aqueous
phase was collected. RNA was precipitated with 0.5 ml of
isopropyl alcohol, washed twice with 75% ethanol, and
dissolved in nuclease-free water. RNA concentration and
purity were determined from the absorbance at 260/
280 nm with a NanoPhotometer P 360 spectrophotome-
ter (Implen, Germany). Isolated RNA was analyzed by
electrophoresis in 1.5% (w/v) agarose gel containing
0.5 pg/ml ethidium bromide at 100 V for 30 min; the
images were registered with a V3 Western Workflow sys-
tem (Bio-Rad Laboratories, USA). Isolated RNA was
stored at —70°C prior to the use.

RT-qPCR. cDNA was obtained by reverse transcrip-
tion on the isolated total RNA using RT M-MuLV-RH
kit (Biolabmix, Russia) according to the manufacturer’s
recommendations.

The expression levels of CYPIAI, IGFI, and IGF2
genes were evaluated by qPCR using a BioMaster HS-
gPCR SYBR Blue (2x) kit (Biolabmix) as recommended
by the manufacturer. ACTB, HPRT1, and MRPL46 were
used as the reference genes. The primer sequences are
shown in Table 1; the optimal concentration of all primer
pairs in the reaction mixture was 300 nM. Amplification
was performed with a CFX96™ Touch cycler (Bio-Rad
Laboratories) in the following regime: 95°C for 5 min; 40
cycles of 95°C for 15 s, 60°C for 20 s; 72°C for 30 s. All
reactions were carried out in triplicate.

RT-qPCR for miR-483-3p. Reverse transcription on
total RNA (40 ng) was performed using M-MuLV-RH
reverse transcriptase (Biolabmix) and a special stem-loop
primer (Table 2) specific for mature miR-483-3p; the
primer sequence was obtained from mirbase.org. PCR
was performed in a total volume of 30 ul using the
TagMan technology (R6G fluorophore, BHQI
quencher) and UDG HS-qPCR Biomaster (2x) kit
(Biolabmix) according to the manufacturer’s recommen-
dations. Small nuclear RNAs U6 and U48 were used as
the reference genes. The primer sequences are shown in
Table 2. Amplification was performed in a CFX96™
Touch cycler in the following regime: 94°C for 5 min; 40
cycles of 94°C for 15 s, 61°C for 20 s; 72°C for 30 s. All
reactions were carried out in triplicate.

Bioinformatics analysis of rat genome. To predict the
sites for the binding of AhR and ER transcription factors
in the putative miR-483-3p promoter, a 10,000-
nucleotide (nt) fragment from the start of the sequence
coding for the miRNA precursor (according to miRBase
v.21) was extracted from the rat genome (Rnor_6.0) and
searched for the ER-binding sites (one mutation allowed)
and AhR-binding sites (four mutations allowed) using the
fqgrep program.
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Table 1. Primer sequences for gPCR

1199

Gene Primer sequence
ACTB forward 5'-CCTCGCCTTTGCCGATCC-3'
reverse 5'-GATGCCGTGCTCGATGGGGT-3'
HPRT1I forward 5'-CTTCCTCCTCAGACCGCTT-3'
reverse 5'-AGCAAGTCTTTCAGTCCTGTC-3'
MRPL46 forward 5'-TGGAGCTCGGGAAACAGAAGC-3'
reverse 5'-GCATTCCCTAGGAACTTGGCT-3'
CYPIAI forward 5'-CTTCACACTTATCGCTAATGG-3'
reverse 5'-TTGGGTCTGAGGCTATGG-3'
IGF2 forward 5'-CAAATTCGACACCTGGAGACA-3'
reverse 5'-TTGCTGGACATCTCCGAAGAG-3'
IGF1 forward 5'-CGCTTCAGTTTGTCTGTTCG-3'
reverse 5'-GCAGCACTCTTCCACGATG-3'

Table 2. Primer sequences for RT-qPCR of miRNAs

miRNA Primer sequence
U6 (small RNA) RT primer 5'-GTCGTATCCAGTGCAGGGTCCGAGGT
ATTCGCACTGGATACGACGGCCATGC-3'
forward 5'-GCCGCATACAGAGAAGATTA-3'
probe 5'-(R6G)-TTCGCACTGGATA
CGACGGCCATGC-(BHQ1)-3'
U48 (small RNA) RT primer 5'-GTCGTATCCAGTGCACCCTCCGAGG
TATTCCCACTCCTACGACACGGTCAG-3'
forward 5'-CCCTGAGTGTCTTCGCT-3'
probe 5'-(R6G)-TTCGCACTGGATA
CCAGACGCTCAG-(BHQI1)-3'
miR-483-3p RT primer 5'-GTCGTATCCAGTGCACCCTCCGAGGT
ATTCGCACTGGATACGACACAAGACG-3'
forward 5'-GCCGCCACTCCTCCCCTGC-3'
probe 5'-(R6G)-TTCGCACTGGATA
CGACACAAGACG-(BHQ1)-3'
miRNA targets were predicted using the RESULTS
miRNA.org, targetcan.org, and mirDB.org web

resources.

Statistical analysis. Statistical processing of the
results was carried out with the MS Office software. The
results are presented as mean * standard deviation; the
significance of differences between the samples was
assessed with the Student’s 7-test.
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Effect of BP and CH-223191 on the expression of
CYPIAl, IGFI, and IGF2 genes and miR-483-3p in the
primary culture of rat hepatocytes. To verify whether BP
affects the expression of miR-483-3p and /GFI and IGF2
mRNAs, their relative levels were evaluated by RT-qPCR
in the primary culture of rat hepatocytes treated with BP
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Fig. 1. Relative expression of miR-483-3p and CYPIAI, IGFI, and IGF2 mRNAs in the primary culture of rat hepatocytes incubated with BP
(5 uM) and CH-223191 (10 uM) for 24 h; * significant difference with the control group (p < 0.05).

and selective AhR inhibitor CH-223191. To assess the
activation of AhR, relative expression of the CYPIAI gene
was evaluated (Fig. 1).

We found that BP increased the expression of the
CYPIAI gene 4.5 times, while the AhR inhibitor
decreased the level of the corresponding mRNA 4 times,
compared to the control. The relative level of miR-483-
3p increased 1.6 times under the action of BP, while the
AhR inhibitor decreased it 3 times. The relative expres-
sion of the /GF2 gene under the action of BP significant-
ly decreased (5 times); treatment of the cells with the
AhR inhibitor increased IGF2 expression 1.7 times. The
relative expression level of the miR-483-3p target gene
IGFI decreased 2 times under the action of BP and
increased 2.5 times with the inhibition of AhR.

Effect of BP on the expression of CYP1A1, IGF1, and
IGF2 genes and miR-483-3p in rat liver. To verify that the
observed changes in the gene expression occur in vivo, we
studied the levels of CYPIAI, IGF1, and IGF2 mRNAs
and miR-483-3p in the liver of rats treated with BP (Fig.
2).

The relative expression of the CYPIAI gene
increased 46 and 49 times under the influence of BP 24
and 48 h, respectively, after its administration. Seventy-
two hours after BP injection, the level of the CYPIAI
mRNA was 18 times higher than in the control. The rela-

tive content of miR-483-3p increased 3.7 times 24 h after
BP administration, but decreased to its initial value after
48 and 72 h. The level of the IGF2 mRNA in the BP-
treated rats decreased 2-5 times, while expression of the
IGF1 gene decreased 2-2.4 times compared to the control
(similar to the results of in vitro experiments).

DISCUSSION

The epigenetic mechanism of chemically induced
carcinogenesis is one of the topic problems of modern
science. In view of this, miRNAs regulating gene expres-
sion at the post-transcriptional level have attracted a con-
siderable interest. Recent studies have shown that many
carcinogens cause changes in the expression of miRNAs,
which are accompanied by changes in the expression of
their target genes [16]. One of such carcinogens is BP,
whose mechanism of genotoxic action has been studied
quite well. BP is oxidized by cytochromes P450 CYP1Al
and CYP1A2 (mainly in the liver); some of its metabo-
lites, especially electrophilic epoxides, bind to DNA and
form adducts with its nitrogenous bases [1]. BP also
induces mutational hot spots in DNA [1]. It was found
that BP causes alterations in the expression of miRNAs
[17], i.e., exhibits the properties of a non-genotoxic car-
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Fig. 2. Relative expression of miR-483-3p and CYPIAI, IGF1, and IGF2 mRNAs in the liver of Wistar rats 24, 48, and 72 h after BP administra-
tion (75 mg/kg body weight); *, significant differences with the control group, p < 0.05; **, significant differences with the control group, p < 0.01.

cinogen. However, the exact mechanism of its action in
this case has not been established yet. We suggested that
BP either changes miRNA expression through the activa-
tion of AhR, followed by transcriptional activation of
genes containing miRNAs in their sequences, or activates
transcription of intergenic miRNAs directly by binding to
DREs in their promoters. Bioinformatics analysis of the
rat genome revealed 119 miRNAs that can be expressed as
aresult of AhR activation [7]. To verify our hypothesis, we
chose miR-483-3p, which has orthologs in human and rat
genomes and is expressed at a sufficiently high level in the
liver. The oncogenic properties of this miRNA in hepato-
carcinogenesis have been demonstrated in [18, 19].

We found that BP caused a significant increase in the
expression of classic AhR target genes both in the primary
hepatocyte culture and in the liver of BP-treated rats. The
inducing effect of BP was significantly lower in the hepa-
tocyte culture (Figs. 1 and 2), which may be associated
with the metabolic features of cell cultures, whose
response to monooxygenase inducers depends on multi-
ple factors [20].

Administration of the AhR inhibitor led to a signifi-
cant decrease in the expression of the CYPIAI gene com-
pared to the control, which confirmed activation of the
AhR and participation of this protein in the regulation of
CYPIAI expression.
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Contrary to our expectations, expression of another
AhR target gene — IGF2 — was not upregulated by BP
administration, but instead decreased almost 5 times in
the primary hepatocyte culture (Fig. 1) and 2-5 times in
the rat liver (Fig. 2). In contrast, expression of miR-483-
3p increased 1.7 times in the hepatocyte culture (Fig. 1)
and 3.7 times in the liver (Fig. 2), which was accompa-
nied by a 2-fold decrease in the expression of its target
gene IGF1 both in the cell culture and the liver of animals
exposed to BP (Figs. 1 and 2).

According to the earlier obtained data, the miR-483-
3p host gene IGF2 has the motifs for binding ERa and
ERB in its promoter, along with the AhR-binding site [7].
It is known that ligand-activated AhR negatively regulates
the activity of ERa. [5]. Moreover, if a promoter of the
same gene simultaneously contains an ERE (estrogen
response element) and a DRE, the latter can exhibit the
properties of the inhibitory domain (iDRE). By binding
to the iDRE, the AhR/ARNT (AhR nuclear translocator)
complex sterically hinders ERa binding to the ERE [21].
Salisbury et al. have shown that activation of AhR by
tetrachlorodibenzo-p-dioxin leads to the downregulation
of the IGF2 expression [22], which is in agreement with
the data obtained in our work. It can be assumed that this
decrease is due to the fact that the DRE in the IGF2 pro-
moter exhibits the properties of iDRE, and that AhR acti-
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vation results in a reduction of the ERa activity.
Ultimately, these two events lead to the downregulation of
the IGF2 expression by BP and, conversely, to its upregu-
lation by the AhR inhibitor CH-223191.

However, the expression level of miR-483-3p encod-
ed in the IGF2 intron increased in the liver of female rats
24 h after BP administration and in rat hepatocytes treat-
ed with BP for 24 h. At the same time, the AhR inhibitor
decreased the expression of this miRNA in hepatocytes.
To reveal the reasons for such discrepancy, we searched
for the AhR- and ER-binding sites in the proposed pro-
moter of this miRNA and identified the DRE site.
Therefore, it can be assumed that the AhR activation by
BP led to the miR-483-3p upregulation independently of
IGF2. However, 48 and 72 h after BP administration, the
levels of miR-483-3p did not differ in the liver of control
and treated rats, which might be due to the continuous
decrease in the expression of the host gene or to the BP-
induced decrease in the ER level, since it was shown that
ER performs the function of AhR co-regulator and that
ERa activation is necessary to maintain the expression of
both AhR itself and its target genes [23, 24].

To assess the impact of changes in the miR-483-3p
content on the expression of its target genes, we assessed
the levels of the IGFI mRNA. IGFI encodes a protein
from the family of insulin-like growth factors synthesized
mainly in the liver cells. Low serum levels of IGF1 are
associated with various liver disorders, including non-
alcoholic fatty liver disease [25]. In our experiment, the
content of /GFI mRNA in rat hepatocytes was downreg-
ulated by BP and upregulated by the AhR inhibitor, which
correlated with the changes in the miR-483-3p expres-
sion. Although BP initially decreased the level of IGF1
expression in the rat liver; the content of the /GFI mRNA
in the liver of control and BP-treated rats did not differ
72 h after BP administration, which may be related to the
fact that no changes in the levels of miR-483-3p expres-
sion were observed at this time point.

Therefore, we have shown that BP administration
downregulates expression of the IGF2 gene, whose pro-
moter contains the binding sites for AhR and ERs. At the
same time, expression of the oncogenic miR-483-3p
encoded in the intron of /GF2 turned out to be independ-
ent of this gene; apparently, its transcription can be acti-
vated from its own promoter containing the DRE site. We
conclude that impairments in the expression of IGF2,
miR-483-3p, and its target genes, in particular /IGFI,
might be one of the mechanisms of the toxic action of BP.
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