
In many cell types, estrogen receptors (ER) and

progesterone receptors (PGR) mediate responses to

steroid hormones. High ER level is found in the uterus,

mammary gland, Fallopian tubes, and, to a lesser extent,

in prostate, ovaries, hypophysis, and liver [1]. For PGR,

like ER, it is known that it has a similar pattern of expres-

sion, most abundantly being found in the uterus, ovaries,

Fallopian tubes, and mammary gland (The Human

Protein Atlas, http://www.proteinatlas.org). Such recep-

tors mediate hormone-induced production of mRNAs

encoding proteins, many of which regulate cell prolifera-

tion and differentiation in the target organs. Altering

expression or activity of ER and PGR genes may result in

tumor transformation, mainly in organs where they are

expressed at high level [2-4]. Usually, such alterations are

related either to changes in hormone concentration or

effects induced by xenobiotics. The latter may exhibit

estrogen-like effects via various mechanisms: (i) by

directly activating ER after binding or indirectly acting via

other transcription factors; and (ii) resulting in changed

level of activated ER inside the cells, by affecting its

expression or enzymes involved in estrogen production [1,

5]. Many chemical compounds such as phytoestrogens

and bisphenol A used in production of certain plastics can

activate ER [6]. In addition, ER activity may be changed

due to organochlorine pesticides, metabolites of poly-

chlorinated biphenyls generally characterized by high sta-

bility and accumulation in food chains [1, 7]. Currently,

production of organochlorine pesticides is significantly

limited, but due to their high stability and wide use in the

past in agriculture and in combating diseases such as

malaria and pediculosis, people are still exposed to their

activity [8, 9]. Among these pesticides, dichlorodiphenyl-
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Abstract—The insecticide dichlorodiphenyltrichloroethane (DDT) is a nonmutagenic xenobiotic compound able to exert

estrogen-like effects resulting in activation of estrogen receptor-α (ERα) followed by changed expression of its downstream

target genes. In addition, studies performed over recent years suggest that DDT may also influence expression of

microRNAs. However, an impact of DDT on expression of ER, microRNAs, and related target genes has not been fully elu-

cidated. Here, using real-time PCR, we assessed changes in expression of key genes involved in hormonal carcinogenesis as

well as potentially related regulatory oncogenic/tumor suppressor microRNAs and their target genes in the uterus and

ovaries of female Wistar rats during single and chronic multiple-dose DDT exposure. We found that applying DDT results

in altered expression of microRNAs-221, -222, -205, -126a, and -429, their target genes (Pten, Dicer1), as well as genes

involved in hormonal carcinogenesis (Esr1, Pgr, Ccnd1, Cyp19a1). Notably, Cyp19a1 expression seems to be also regulated

by microRNAs-221, -222, and -205. The data suggest that epigenetic effects induced by DDT as a potential carcinogen may

be based on at least two mechanisms: (i) activation of ERα followed by altered expression of the target genes encoding

receptor Pgr and Ccnd1 as well as impaired expression of Cyp19a1, affecting, thereby, cell hormone balance; and (ii) changed

expression of microRNAs resulting in impaired expression of related target genes including reduced level of Cyp19a1

mRNA.
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trichloroethane (DDT) holds a lead position in terms of

its volume of output and scale of application [10]. DDT

has been proved a carcinogen in rodents [11], and in pri-

mates its long-term administration also resulted in struc-

tural and functional changes in the liver [9]. Data regard-

ing carcinogenicity of DDT in humans require further

confirmation [10]. The effects triggered by DDT are due

to activated nuclear receptors CAR, PXR, and ERα [1,

12, 13] with subsequently altered expression of related tar-

get genes regulating cell cycle, inducing cell proliferation

and thus resulting in elevated risk of developing tumors

[14]. For instance, the Ccnd1 gene encoding an important

regulator of the G1/S-transition in cell cycle is a common

target for both ER and CAR. Upregulated expression of

the Ccnd1 gene contributes to cancer development [15],

and by inducing its transcription by DDT via both recep-

tors, it thus becomes one of the major targets for this

xenobiotic agent pointing at carcinogenic properties of

DDT both in liver and tissues that are characterized by

high ERα expression level. It is noteworthy that, apart

from directly acting on ERα, DDT metabolites were

found to exert activating effects on aromatase (CYP19A1)

involved in estrogen production, which might result in

upregulated generation of estradiol and, subsequently,

uncontrolled ERα activation [16, 17], thus facilitating

hormonal carcinogenesis. Moreover, recent studies sug-

gest that DDT may affect the profile of microRNA (miR)

expression [18, 19]. In turn, impaired microRNA expres-

sion acts in parallel with development of many diseases

including malignant transformation, where microRNAs

may regulate translation of oncogenes or tumor growth

suppressor genes [20, 21]. Importantly, by acting via

microRNA expression, DDT may also influence the pro-

teins encoded by target genes controlled by ER or PGR,

because for a set of microRNAs an inhibitory effect on

expression of these receptors was observed. For instance,

miR-221 and -222, usually displaying oncogenic func-

tions in cancer [22, 23], target the gene ESR1 encoding

ERα [24], whereas Pgr was shown to be targeted by miR-

126a in mice [25]. However, an impact of DDT on expres-

sion of the ER, microRNAs, and related target genes has

not been fully elucidated. Therefore, we investigated the

impact of single and chronic multiple-dose DDT expo-

sure on expression of the key genes involved in hormonal

carcinogenesis, such as Esr1, Pgr, Cyp19a1, and Ccnd1, as

well as certain oncogenic/tumor suppressor microRNAs

that were predicted or experimentally shown to target

Esr1, Pgr, and Cyp19a1 in the uterus and ovaries of female

Wistar rats. To assess the role of microRNA affected by

DDT in disturbing expression of the predicted target hor-

monal carcinogenesis genes in humans, we examined

microRNAs whose expression changes during malignant

transformation occurring in organs with high ER and

PGR expression (mammary gland, uterus, ovaries) [26-

28]. Thus, we evaluated the effect of DDT on miR-21

level, whose targets were predicted to be human Esr1 and

Cyp19a1, miR-221, -222, and -126a as regulators of ER

and PGR expression as well as miR-205 and miR-429

predicted to target Cyp19a1 and Pgr. In addition, the

Cyp19a1 gene is a predicted target for miR-221 and -222.

A role for such microRNAs in carcinogenesis has been

extensively examined, and their expression was shown to

be impaired in many tumor types [29-32]; therefore,

investigating the action of chemical compounds on

expression of these microRNAs and related target genes

including those involved in hormonal carcinogenesis is of

importance for understanding mechanisms of xenobiotic-

associated carcinogenic activity. The level of mRNA for

the Cdkn1b, Pten, Itga6, Slc7a5, Dicer1, and Bcl2 genes

targeted by the examined microRNAs was investigated to

demonstrate DDT-elicited effects.

MATERIALS AND METHODS

Chemicals and animals. p,p′-DDT (2,2-dichloro-

diphenyl-1,1,1-trichloroethane) was purchased from

Sigma-Aldrich (USA). Analytical grade chemicals and

solvents were obtained from commercial sources. Sexually

mature female Wistar rats, 150-200 g, were obtained from

the Federal Research Center Institute of Cytology and

Genetics, Siberian Branch of the Russian Academy of

Sciences. The rats were housed under standard setting of

humidity, temperature (22 ± 2°C), and light-dark cycle

(12 h : 12 h), in specific pathogen-free conditions, with

food and water ad libitum. All experimental procedures

were approved by the Bioethics Committee of the

Institute of Molecular Biology and Biophysics.

Experimental groups. The rats were divided into five

groups with five female rats in each group: group 1)

DDT-in-oil, administered once a week via intraperi-

toneal route for 12 weeks, 50 mg/kg; group 2) DDT-in-

oil, administered once a week via intraperitoneal route for

12 weeks, 10 mg/kg; group 3) vehicle oil administered

once a week via intraperitoneal route for 12 weeks (con-

trol); group 4) DDT-in-oil, administered via intraperi-

toneal route, single dose 75 mg/kg; group 5) vehicle oil

administered via intraperitoneal route, single dose (con-

trol). The rats were sacrificed 72 h after the last injection.

RNA isolation and cDNA synthesis. Total RNA was iso-

lated using the RNeasy® Lipid Tissue Mini Kit (Qiagen,

USA) according to the manufacturer’s protocol. RNA

integrity was checked by running agarose gel electrophoresis.

RNA concentration and purity were assessed using an

Agilent-8453 spectrophotometer (Agilent Technologies,

USA) at wavelengths of 260 and 280 nm. Reverse transcrip-

tion was performed by using the OT-M-MuLV-RH kit

(BiolabMix, Russia) according to the manufacturer’s proto-

col. One microgram of RNA was used for RT-PCR reaction.

Real-time PCR. cDNA was used in real-time PCR to

measure level of mRNA for the Esr1, Pgr, Ccnd1, Cyp19a1,

Cdkn1b, Pten, Dicer1, Slc7a5, Itga6, and Bcl2 genes by
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adding a BioMaster HS-qPCR SYBR Blue(2×)

(BiolabMix) reaction mix, followed by applying the

CFX96™ Detection System (Bio-Rad Laboratories, USA).

Gapdh, Polr2a, and 18S rRNA were used as reference genes.

Specific primers used in the study are shown in Table 1.

The optimal concentration for each primer was

300 nM.

Each PCR reaction was performed by using 0.3 µl

cDNA, at final volume 25 µl, under the following condi-

tions: initial denaturation for 5 min at 95°C, followed by

40 cycles: denaturation for 15 s at 95°C, annealing for 20 s

at 60°C, elongation and fluorescence data processing for

30 s at 72°C. Melting profiles were used to assess PCR

specificity. In each experiment, analyzed cDNA added

with primers specific to the target and reference genes

were placed in the same 96-well plate (in triplicate for

each sample). Relative gene expression level was assessed

based on threshold cycle (Ct) values considering PCR

efficacy (E) for both the analyzed and reference genes.

RNA isolation for measuring microRNA expression.

To isolate RNA, 50 mg tissue sample was combined with

500 µl of guanidine lysis buffer (4 M guanidine isothio-

cyanate, 25 mM sodium citrate, 0.3% sarcosyl, 0.1%

2-mercaptoethanol, 25 mM CH3COONa). Then, the

solution was mixed and incubated for 10 min at 65°C.

Samples were centrifuged for 2 min at 10,000g. Finally,

supernatant was combined with an equal volume of iso-

propanol, mixed, incubated for 5 min at room tempera-

ture, and centrifuged for 10 min at 10,000g. After that, the

supernatant was decanted, and the pellet was washed out

with 500 µl of 70% EtOH and 300 µl of acetone, dried,

and dissolved in 200 µl of mQ-H2O.

Measurement of microRNA expression level. Rela-

tive expression level for microRNAs-21, -221, -222,

-429, -205, and -126a was measured using real-time

reverse transcription-PCR (RT-PCR). A reverse tran-

scription reaction was performed using stem-loop-

primers and an OT-M-MuLV-RH kit (BiolabMix)

Gene

18S

Gapdh

Polr2a

Esr1

Cyp19a1

Pgr

Ccnd1

Dicer1

Pten

Itga6

Bcl2

Slc7a5

Cdkn1b

Table 1. Primer sequence for mRNA real-time RT-PCR

Sequence of primers

5'-CGGCTACCACATCCAAGGAA-3'
5'-GCTGGAATTACCGCGGCT-3'

5'-TAAAGGGCATCCTGGGCTACACT-3'
5'-TTACTCCTTGGAGGCCATGTAGG-3'

5'-TGTATCCGTACTCACAGC-3'
5'-GTAGAAGAGGCGGGTAAC-3'

5'-TGCGCAAGTGTTACGAAGTGG-3'
5'-TTCGGCCTTCCAAGTCATCTC-3'

5'-GCTTCTCATCGCAGAGTATCCGG-3'
5'-CAAGGGTAAATTCATTGGGCTTGG-3'

5'-CTACTCGCTGTGCCTTACCA-3'
5'-GGACCACCCCTTTCTGTCTT-3'

5'-GCCCTCCGTTTCTTACTTC-3'
5'-AGACCTCCTCTTCGCACTTC-3'

5'-GAGTCTCTTGCTGGTGCCAT-3'
5'-CACGGTGACTCTGACCTTCC-3'

5'-ATACCAGGACCAGAGGAAACC-3'
5'-TTGTCATTATCCGCACGCTC-3'

5'-GAAGTGAGGACCCTTGCTGATG-3'
5'-CGAACCTGTGCCTTAGTGACAA-3'

5'-GGGATGCCTTTGTGGAACTA-3', 
5'-ATTTGTTTGGGGCAGGTCT-3'

5'-ATGAAACCCCAACCTGACCC-3'
5'-TTCAGAGTGGTCAGACCGGA-3'

5'-TGTAGTGTCCTTTCGGTGAGAACTG-3'
5'-GAATCTTCGGAACTCCCAAATGAG-3'

forward
reverse

forward
reverse

forward
reverse

forward
reverse

forward
reverse

forward
reverse

forward
reverse

forward
reverse

forward
reverse

forward
reverse

forward
reverse

forward
reverse

forward
reverse
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according to the manufacturer’s protocol. Real-time

PCR was performed using TaqMan-probes and PCR kits

together with BioMaster UDG HS-qPCR (2×) fluores-

cence probes (BiolabMix) according to the manufactur-

er’s protocol. To detect PCR products, a CFX96™

Detection System (Bio-Rad Laboratories) was applied.

Small nuclear RNA U6 and U48 were used to normalize

the data.

Primers used for reverse transcription reaction for

microRNAs are shown in Table 2.

In each experiment, analyzed cDNA together with

primers specific to the target and reference snRNA were

placed in the same 96-well plate (in triplicate for each

sample). Relative expression level was assessed based on

threshold cycle (Ct) values considering PCR efficacy (E)

for both the analyzed and reference genes. Specific

primers for real-time PCR are shown in Table 2. Similar

type of reverse primer targeting the stem-loop region in

the synthesized cDNAs was as follows: 5′-AGT GCA

GGG TCC GAG GTA-3′.

Bioinformatics analysis. Algorithms TargetScan,

miRanda, miRDB, and microRNA Data Integration

Portal (mirDIP) database were applied to predict

microRNA target genes.

Statistical analysis. The data are displayed as mean

and standard deviation (M ± SD). Two groups were com-

pared using the unpaired two-tailed Student’s t-test.

Significance level was set at p < 0.05.

RESULTS

Effect of DDT on expression of target genes related to

hormonal carcinogenesis. To examine the mechanism of

DDT action, the relative mRNA level for genes Esr1 and

Cyp19a1 as well as ERα target genes Pgr and Ccnd1 playing

an important role in regulating cell proliferation and differ-

entiation was measured in uterus and ovaries isolated from

female rats after applying a single dose DDT (75 mg/kg) or

chronic 12-week treatment (at dose of 10 and 50 mg/kg).

After a single DDT exposure, we found Cyp19a1

expression in the ovaries was decreased 2-fold (Fig. 1).

When the rats were chronically treated with DDT, the

level of Cyp19a1 mRNA in ovaries tended to decline, but

no significant differences were documented. The relative

level of Esr1 expression in the ovaries of the rats chroni-

cally treated with high-dose DDT was downregulated 2-

fold (Fig. 2). Despite a reduced ERα expression, the level

MicroRNAs

U6 
(small RNA)

U48 
(small RNA)

miR-21

miR-221

miR-222

miR-205

miR-429

miR-126а

Table 2. Primer sequence for microRNA real-time RT-PCR

Sequence of primers

5'-GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACG GCC ATG C-3'
5'-GCCGCATACAGAGAAGATTA-3'
5'-(R6G)-TTCGCACTGGATACGACGGCCATGC-(BHQ1)-3'

5'- GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG AGA CGG TСA G-3'
5'-CCATGAGTGTСTТCGCTGAСG-3'
5'-(R6G)-TTCGCACTGGATACGAGACGGTСAG-(BHQ1)-3'

5'-GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACT CAA CAT C-3'
5'-GCCGCTAGCTTATCAGACT-3'
5'-(R6G)-TTCGCACTGGATACGACTCAACATC-(BHQ1)-3'

5'-GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACG AAA CCC A-3'
5'-GCCGCAGCTACATTGTCTGC-3'
5'-(R6G)-TTCGCACTGGATACGACGAAACCCA-(BHQ1)-3'

5'-GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACA CCC AGT A-3'
5'-GCCGCAGCTACATCTGGC-3'
5'-(R6G)-TTCGCACTGGATACGACACCCAGTA-(BHQ1)-3'

5'-GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACC AGA CTC C-3'
5'-GCCGCTCCTTCATTCCACC-3'
5'-(R6G)-TTCGCACTGGATACGACCAGACTCC-(BHQ1)-3'

5'-GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACA CGG CAT T-3'
5'-ACTGCCACTAATACTGTCTGGT-3'
5'-(R6G)-TTCGCACTGGATACGACACGGCATT-(BHQ1)-3'

5'-GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACC GCA TTA T-3'
5'-GCCGCTCGTACCGTGAGTA-3'
5'-(R6G)-TTCGCACTGGATACGACCGCATTAT-(BHQ1)-3'

RT-primer
forward
probe

RT-primer
forward
probe

RT-primer
forward
probe

RT-primer
forward
probe

RT-primer
forward
probe

RT-primer
forward
probe

RT-primer
forward
probe

RT-primer
forward
probe
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of Pgr and Ccnd1 mRNA did not change, perhaps due to

a DDT-activating effect on this receptor.

The level of Cyp19a1 expression in the uterus was

decreased 2-fold both after a single dose and after high-

dose chronic DDT exposure (Figs. 1 and 3). No changes

for mRNA Esr1 level were detected in the uterus.

Expression of the ERα target genes Pgr and Ccnd1 was

upregulated 2-fold after chronic high-dose DDT treat-

ment, suggesting that ERα was activated. After a single

dose exposure to DDT, no change in mRNA Pgr expres-

sion was found in the uterus, but, in contrast, Ccnd1

expression was upregulated by 2.6-fold.

Changes in expression of oncogenic and tumor sup-

pressor microRNAs after DDT exposure. To assess an

Fig. 1. Relative mRNA level of genes involved in hormonal carcinogenesis in uterus and ovaries of single-dose-DDT-treated female rats.

Y-axis: Treatment/Control mRNA ratio is depicted. The data are displayed as mean ± SD (n = 5) (shown for all figures). * Statistical signifi-

cance in treatment vs. control group (p < 0.05) (shown for all figures).

Fig. 2. Relative mRNA level of genes involved in hormonal car-

cinogenesis in ovaries from chronically DDT-treated female rats.

Y-axis: Treatment/Control mRNA ratio is depicted.

Fig. 3. Relative mRNA level of genes involved in hormonal car-

cinogenesis in the uterus from chronically DDT-treated female

rats. Y-axis: Treatment/Control mRNA ratio is depicted.
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effect of DDT on microRNA expression, real-time RT-

PCR was conducted to measure relative expression of a

set of oncogenic and tumor suppressor microRNAs. We

found that a single-dose DDT exposure upregulated

expression of miR-429 and miR-205 in ovaries by 2- and

3-fold, respectively (Fig. 4). However, no significant

increase was detected in the level of these microRNAs

after chronic DDT exposure vs. untreated rats, but after a

chronic high-dose DDT treatment the level of ovarian

miR-222 as well as miR-126a and miR-205 was downreg-

ulated by 2- and 3-fold, respectively (Fig. 5).

In the uterus, a single DDT exposure upregulated

expression of miR-205 by 5-fold and reduced relative

expression of miR-126a by 1.7-fold (Fig. 4). On the other

hand, chronic exposure to a high-dose of DDT led to ele-

vated uterine miR-221 expression by 3.5-fold (Fig. 6).

No change in miR-21 expression was observed after

single or chronic DDT exposure.

After performing bioinformatics analysis, it was

demonstrated that in both rats and humans the examined

microRNAs might target hormonal carcinogenesis genes

affected after DDT exposure (Table 3).

Thus, it seems that the downregulated expression of

Cyp19a1 mRNA found both in the uterus and ovaries of

DDT-treated female rats is related to upregulated expres-

sion of miR-221 and miR-205.

Fig. 4. Relative level of oncogenic/tumor suppressor microRNAs in the uterus and ovaries of single-dose-DDT-treated female rats. Y-axis:

Treatment/Control microRNA ratio is depicted.

Target
gene

Esr1

Cyp19a1

Pgr

MicroRNAs (rat)

miR-221-3p, miR-222-3p, miR-126a-5p*

miR-221-3p, miR-222-3p, miR-205-5p

miR-21-5p, -3p*, miR-221-5p*, miR-205-5p,
miR-429, miR-126a-5p*

Table 3. MicroRNAs and their potential target genes involved in hormonal carcinogenesis (similar human and rat

microRNAs are highlighted in bold)

MicroRNAs (human)

miR-21-5p, -3p, confirmed target for miR-221-3p, -222-3p

miR-21-5p, miR-221-5p*, miR-222-5p*, miR-205-5p, miR-429 

miR-21-5p, miR-221-3p, miR-222-3p, miR-205-3p*, miR-205-5p,
miR-429, miR-126-5p*
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Fig. 5. Relative level of oncogenic/tumor suppressor microRNAs in the ovaries from chronically DDT-treated female rats. Y-axis:

Treatment/Control microRNA ratio is depicted.

Fig. 6. Relative level of oncogenic/tumor suppressor microRNAs in the uterus from chronically DDT-treated female rats. Y-axis:

Treatment/Control microRNA ratio is depicted.
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Effects of DDT on expression of microRNA target

genes. Next, to confirm the effects of DDT on expression

of the examined microRNAs, we checked expression of

their relevant target genes. To do this, a set of genes with

frequently altered expression in cancer cells was selected:

1) Cdkn1b, Dicer1 – potential target genes for miR-221

and -222; 2) Pten, Bcl2 – potential target genes for miR-

205, -429, -221, and -222; 3) Itga6, Slc7a5 – potential

target genes for miR-126a.

Among them, the level of Pten and Dicer1 mRNA

expression was significantly changed. For instance, the

level of ovarian and uterine Pten mRNA was found to be

significantly downregulated by 2-fold after a single-dose

DDT exposure, whereas for Dicer1 mRNA uterine

expression was decreased by 2-fold after chronic exposure

(Fig. 7). Such alterations in expression of the target genes

were in inverse relationship with the level of microRNAs,

where the former may be potentially targeted by the latter

(miR-205 and miR-221, respectively).

DISCUSSION

Previous animal studies demonstrated that exposure

to DDT increased the rate of lymphomas, as well as lung

and hepatic benign and malignant tumors [9, 11].

Moreover, both in vitro and in vivo studies revealed that

DDT has xenoestrogenic properties resulting in hor-

mone-related pathologies [1, 33]. Controversial data have

accumulated regarding the effects of DDT in humans;

however, according to the International Agency for

Research on Cancer, this compound is referred to as

“possibly carcinogenic to humans”, and it may be applied

only for prevention of malaria.

In 2012, Tilghman et al. reported that exposure to

DDT results in altered expression of miR-1915, -923,

-1308, -15b, -27b, -193a, -16, -149, -99b, and -342 [18].

Because DDT is an endocrine disruptor, to study a

mechanism of its action we assessed the impact induced

by DDT on microRNAs whose expression is usually dis-

turbed during cancer in organs with high ER and PGR

expression, such as uterus and ovaries, by specifically

focusing on microRNA whose potential target genes

involved in hormonal carcinogenesis. Our results

demonstrated that a single DDT exposure resulted in sig-

nificantly upregulated ovarian miR-429 and miR-205

level by 2- and 3-fold, respectively, as well as uterine

miR-205 expression by 5-fold (Fig. 4). Chronically

DDT-treated rats were found to have downregulated

ovarian miR-222 as well as miR-126a and -205 by 2- and

Fig. 7. Comparison of microRNA level and related target genes in the uterus and ovaries of female DDT-treated rats. Y-axis:

mRNA/microRNA ratio in Treatment vs. Control group is depicted.



1126 KALININA et al.

BIOCHEMISTRY  (Moscow)   Vol.  82   No.  10   2017

3-fold, respectively, and upregulated uterine miR-221

expression by 3.5-fold (Figs. 5 and 6) after a high-dose

DDT exposure. It is known that in humans these

microRNAs regulate expression of crucial tumor sup-

pressors and oncogenes such as JPH4 [20], PTEN [29,

30], CDKN1B [22], MYC [31], ZEB1, SIP1 [32], etc. In

this light, our data suggest that DDT may exert carcino-

genic effects by changing their expression. To confirm

the effects elicited by DDT on microRNA expression, we

measured mRNA levels for genes Cdkn1b, Pten, Dicer1,

E2f1, Slc7a5, Itga6, and Bcl2 as potential targets for

miR-221, -222, -429, -205, and -126a. We found that the

level of mRNA for Pten and Dicer1 was significantly

changed in DDT-treated rats. In particular, the relative

level of mRNA of Pten was downregulated in ovaries and

uterus by 2-fold after a single high-dose exposure to

DDT (Fig. 7), matching to significantly upregulated

miR-205 and -429 in these organs. These results agree

with data showing that in endometrial cancer cells the

level of mRNA Pten is often decreased, whereas for miR-

205 it is elevated [30]. In addition, the level of uterine

mRNA Dicer1 as a potential target for miR-221/222 was

downregulated 2-fold after chronic exposure to high-

dose DDT (Fig. 7), whereas in ovaries it tended to

increase. Notably, in endometrial cancer cells downregu-

lated expression of Dicer1 contributes to cancer progres-

sion [34]. Therefore, the data suggest that in the uterus

DDT may exert carcinogenic effects.

We also examined effects of DDT on the level of

mRNA for genes Esr1 and Cyp19a1, as well as ERα tar-

gets such as Ccnd1 and Pgr due to ability of DDT to

affect activity of aromatase [16, 17], ER, and expression

of its target genes, and for assessing the role of

microRNAs-221, -222, -429, -205, and -126a in con-

trolling key genes involved in hormonal carcinogenesis.

We found that chronic exposure to DDT decreased the

level of mRNA of Esr1, which was significant in ovaries

after high-dose DDT treatment, albeit non-significant

after a single-dose exposure (Figs. 1-3). These data fit to

the earlier evidence that high-dose ligand exposure

downregulates receptor expression as one of the cellular

adaptation responses aimed at controlling cell sensitivity

to various stimuli [35, 36]. On the other hand, xenoe-

strogenic effects of DDT were further confirmed by

downregulated mRNA expression of the Cyp19a1 gene

after both single and chronic DDT exposure. Because

this gene codes for the enzyme catalyzing production of

estrogens from androgens, its downregulated expression

points at suppressed synthesis of endogenous estrogens,

which may represent a response to an increased DDT-

elicited enzymatic activity. In particular, both uterine

and ovarian mRNA level for the Cyp19a1 gene was

decreased by 2-fold after a single DDT exposure (Fig. 1),

whereas in the uterus of chronic high-dose DDT-treated

rats it was downmodulated by 2-fold (Fig. 3).

Importantly, this gene is considered as a potential target

for miR-221, -222, and -205, and expression of miR-205

turned out to be elevated after a single DDT exposure,

whereas uterine miR-221 expression was upregulated

after chronic high-dose DDT exposure. We demonstrat-

ed that Cyp19a1 mRNA level changed insignificantly

only in ovaries, and that was paralleled with significantly

downregulated miR-222 and miR-205 expression after

chronic DDT exposure. These data suggest that miR-

221, -222, and miR-205 might be involved in regulating

Cyp19a1 expression. It should be emphasized that as in

rats, the latter gene in humans is also considered as a

potential target for miR-205-5p (Table 3), and expres-

sion of miR-205 is often downmodulated in breast can-

cer [37, 38]. This suggests that in estrogen-positive

cancer downregulated expression of miR-205 may pro-

mote cancer progression via upregulating level of

Cyp19a1 mRNA and subsequently increased estrogen

production.

Expression of Ccnd1 targeted by ERα was elevated in

the uterus both after single and chronic DDT exposure

(by 2.6- and 2-fold, respectively). It is known that expres-

sion of this gene is upregulated via both receptors CAR

and ERα activated by DDT [12, 14, 39]. Because in the

uterus CAR is expressed at a low level unlike ERα, it is

reasonable to assume that upregulated Ccnd1 expression

after DDT exposure is mediated via ERα. In ovaries,

Ccnd1 expression did not significantly change, perhaps

being related to the lower level of ERα they express [40].

Another gene, Pgr, targeted by ERα was upregulated 2-

fold in the uterus of rats chronically treated with high-

dose DDT (Fig. 3). Perhaps in the uterus of rats treated

with single dose DDT the lack of upregulated Pgr mRNA

was related to the fact that this gene is considered as a

potential target for miR-205, whose uterine level was

upregulated 5-fold.

Thus, our study demonstrated that DDT exposure

results in altered expression of oncogenic and tumor sup-

pressor microRNAs such as miR-221, -222, -205, -126a,

and -429 as well as their target genes necessary for regu-

lating cell proliferation and translation (Pten, Dicer1) and

the genes involved in hormonal carcinogenesis (Esr1, Pgr,

Ccnd1, Cyp19a1). Therefore, expression of Pgr and

Cyp19a1 seems to be also controlled by these

microRNAs. Such changes in expression of microRNAs

and mRNA level after exposure to DDT had dose-, tis-

sue-, and time-dependent pattern (chronic or single

exposure). These data suggest that the epigenetic effects

triggered by DDT as a potential carcinogen may be based

on at least two mechanisms: (i) activation of ERα fol-

lowed by altered expression of the target genes encoding

receptor Pgr and Ccnd1 as well as impaired expression of

Cyp19a1, thereby, affecting cell hormone balance; and

(ii) changed expression of microRNAs resulting in

impaired expression of relevant target genes including key

genes in hormonal carcinogenesis, e.g. downregulated

expression of Cyp19a1 mRNA.
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