1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Arch Toxicol. Author manuscript; available in PMC 2019 February 01.

-, HHS Public Access
«

Published in final edited form as:
Arch Toxicol. 2018 February ; 92(2): 907-919. doi:10.1007/s00204-017-2096-5.

Changes in the expression of genes involved in the ovarian
function of rats caused by daily exposure to 3-
methylcholanthrene and their prevention by a-Naphthoflavone

Eric Alejandro Rhon-Calderén?, Carlos Alejandro Toro?, Alejandro Lomniczi2, Rocio
Alejandra Galarzal-3, and Alicia Graciela Falettil3

lUniversidad de Buenos Aires, Consejo Nacional de Investigaciones Cientificas y Técnicas
(CONICET), Centros de Estudios Farmacolégicos y Botanicos (CEFYBO), Facultad de Medicina,
Buenos Aires Argentina

2Primate Genetics Section, Division of Neuroscience, Oregon National Primate Research Center,
OHSU, Beaverton OR 97006, USA

SUniversidad de Buenos Aires, Facultad de Medicina, Dto. de Toxicologia y Farmacologia,
Buenos Aires Argentina

Abstract

Daily exposure to low doses of 3-methylcholanthrene (3MC) during the pubertal period in rats
disrupts both follicular growth and ovulation. Thus, to provide new insights into the toxicity
mechanism of 3MC in the ovary, here we investigated the effect of daily exposure to 3MC on
selected ovarian genes, the role of the aryl hydrocarbon receptor (AhR) and the level of epigenetic
remodeling of histone post-transcriptional modifications. Immature rats were daily injected with
3MC (0.1 or 1 mg/kg) and mRNA expression of genes involved in different ovarian processes
were evaluated. Of the 29 genes studied, 18 were up-regulated, five were down-regulated and six
were not altered. To assess whether AhR was involved in these changes, we used the chromatin
immunoprecipitation assay. 3MC increased AhR binding to promoter regions of genes involved in
Notch signaling (HesZ, Jagl), activation of primordial follicles (Cdk2), cell adhesion (/caml),
stress and tumor progression (Dnajb6), apoptosis (Bax, Caspase-9) and expression of growth and
transcription factors (/gf2, Sp1). By studying the trimethylation and acetylation of histone 3
(H3K4me3 and H3K9Ac, respectively) of these genes, we found that 3MC increased H3K4me3 in
Cyplal, Jagl, Dnajbé, 1gf2, Notch2, Adamtsl, Baxand Caspase-9, and H3K9Ac in Cyplal, Jagl,
Cdk2, Dnajbé, 1gf2, Icam1, and Sp1. Co-treatment with a-naphthoflavone (aNF), a specific
antagonist of AhR, prevented almost every 3MC-induced changes. Despite the low dose used in
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these experiments, daily exposure to 3MC induced changes in both gene expression and
epigenomic remodeling, which may lead to premature ovarian failure.
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INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHSs) are organic chemical compounds containing
carbon and hydrogen, arranged in aromatic rings, and found in coal and tar deposits. They
are released into the environment by different natural or anthropogenic activities,
particularly from incomplete combustion in the incineration of organic matter like wood, oil,
tobacco, foods, or vehicular emissions. Although PAHs may be numerous and may vary in
the number and arrangement of rings, the most known are derived from anthracene,
phenanthrene and pyrene. PAHSs are considered important environmental pollutants and
many of them are of interest due their mutagenic, carcinogenic and/or teratogenic properties.
In addition, at low doses, some of these PAHs have a direct action on the reproductive
function of female mammals. It is well known that three of them, benzo[a]pyrene (BaP),
9,10-dimethylbenz[a]anthracene (DMBA) and 3-methylcholanthrene (3MC), are potent
ovotoxic substances since they destroy immature follicles in mice and rats (Mattison 1980;
Shiromizu and Mattison 1985; Borman et al. 2000) and cause early ovarian failure.
Moreover, exposure to these PAHSs has been linked to premature menopause in women who
smoke (Mattison and Thorgeirsson 1979; Shiromizu and Mattison 1985; Freour et al. 2008;
Sun et al. 2012).

Most PAHs with coplanar structure exert their toxic action mediated by the aryl hydrocarbon
receptor (AhR), although some of them may also act through different pathways (Fujii-
Kuriyama and Mimura 2005). AhR is a ligand-activated transcription factor and the first
protein involved in a signaling cascade of events that induce the expression of several genes
involved in different processes, including embryonic development, cell proliferation and
differentiation, and of genes coding for xenobiotic-metabolizing enzymes such as those
belonging to the cytochrome P450 (Cyp) family (Hahn 2002; Shimada 2006). AhR is
present in different ovarian cells such as follicles, oocytes, and granulosa and theca cells, in
multiple species, including humans (Chaffin et al. 1996; Robles et al. 2000; Davis et al.
2000; Khorram et al. 2002; Hasan and Fischer 2003; Baba et al. 2005; Baldridge and Hutz
2007; Jablonska et al. 2011)

Some reproductive processes such as fertility, gametogenesis, follicular development
(Benedict et al. 2000, 2003; Barnett et al. 2007a, 2007b), and ovarian function (Hernandez-
Ochoa et al. 2009, 2010) are dependent on the activation of AhR. Previously, we found that
daily exposure to low doses of 3MC during the pubertal period in rats disrupt both follicular
growth and ovulation through an AhR-dependent mechanism (Rhon-Calder6n et al. 2016).
Therefore, and to provide new insights into the toxicity mechanism of 3MC in the ovary, in
the present study, we investigated the effect of daily low doses of 3MC on the expression of
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selected groups of ovary-expressed genes enriched in putative AhR binding sites, in rats. We
also determined the effect of 3MC on AhR binding to 5” regulatory regions of selected
genes in the ovary, as well as the level of histone modifications (H3K4me3 and H3K9Ac) as
a readout of promoter activation. Finally, we determined the ability of a-naphthoflavone
(aNF) to prevent the genomic actions of 3MC in the ovarian tissue.

MATERIAL AND METHODS

Drugs and chemicals

Animals

3MC (purity: 99.8%), aNF (> 98% purity), and other biochemical reagents were purchased
from Sigma Chemical Co. (St Louis, MO, USA). Primers (Supplementary table 1) were
purchased from Eurofins MWG Operon (Huntsville, AL, USA).

Immature female Sprague—-Dawley rats aged 20 days were purchased from the School of
Veterinarian Sciences of Buenos Aires University, Argentina. Animals were maintained
under controlled conditions of light (12 h light/12 h darkness), temperature (22 °C) and
humidity, with free access to food and water. All animals were handled according to the
Guiding Principles for the Care and Use of Research Animals, and all protocols were
approved by the Institutional Committee of the School of Medicine of Buenos Aires
University, Argentina (CICUAL) by Resolution 1928/14.

Experimental design

At 21 days of age, female rats were weighed, randomly distributed into different
experimental groups, and daily intraperitoneally injected with 3MC (0.1 or 1 mg/kg) and/or
aNF (80 mg/kg). Corn oil vehicle (2.0 ml/kg) was used as vehicle. Administration of 3aMC
and vehicle started at 22 days of age, whereas, to insure aNF action, administration of aNF
started at 21 days of age. All treatments were completed at 40 days of age. All animals (six
to eight per group) were killed by decapitation in the afternoon of the second estrous cycle.
Doses were selected based on previous studies showing that they are effective to destroy
primordial follicles and inhibit both follicular growth and ovulation (Borman et al. 2000;
Rhon Calderdn et al. 2016).

RNA isolation and real time-Polymerase chain reaction (real time-PCR)

Total RNA was isolated from frozen ovaries by using Quick-RNATM MiniPrep (Zymo
Research, Irvine, CA, USA), according to the manufacturer’s instructions. RNA samples
were obtained as described previously (Rhon-Calderon et al. 2016). Briefly, RNA (1000 ng)
from the rat ovary was reverse transcribed (RT) using the Omni RT Kit (Qiagen, Valencia,
CA, USA) in the presence of random hexamer primers, as recommended by the
manufacturer (Invitrogen, Carlsbad, CA, USA). All real-time PCR reactions were performed
using a QuanStudio 12 K Real-Time PCR system. To determine the relative abundance of
the MRNAs of interest, we used the SYBR GreenER qPCR SuperMix system (Invitrogen).
Primers for amplification were designed using the PrimerSelect tool of DNASTAR 11
software (Madison, WI, USA) or the NCBI online Primer-Blast program (Supplementary
table 1). PCR reactions were performed in a total volume of 10 pl, each reaction containing
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1 pl of diluted cDNA or a reference cDNA sample, 5 pl of SYBR GreenER gPCR SuperMix
and 4 pl of a primer mix (300 nM of each gene specific primer). The PCR conditions used
were 95 °C for 5 min, followed by 40 cycles of 15 s at 95 °C and 60 s at 60 °C. To confirm
the formation of a single SYBR Green-labeled PCR amplicon, the PCR reaction was
followed by a three-step melting curve analysis consisting of 15 s at 95 °C, 60 s at 60 °C,
ramping up to 95 °C at 0.5 °C.s71, detection every 0.5 s and finishing 15 s at 95 °C, as
recommended by the manufacturer. Experiments were performed three times. Data were
normalized to ribosomal 18s mMRNA in each sample.

Chromatin immunoprecipitation (ChIP) assay

To assess the recruitment of AhR to different gene promoters, we performed ChlP assays by
using chromatin extracted from the ovarian tissue, as described previously (Lomniczi et al.
2013; Rhon-Calderdn et al. 2016). Briefly, ovarian tissue (20 mg) was cut into small
fragments in ice-cold PBS containing a protease inhibitor cocktail (1 mM
phenylmethylsulfonyl fluoride, 7 pg.mI= aprotinin, 0.7 pg.mlI~1 pepstatin A, 0.5 pg.ml~1
leupeptin), a phosphatase inhibitor cocktail (1 mM B-glycerophosphate, 1 mM sodium
pyrophosphate and 1 mM sodium fluoride), and a histone deacetylase (HDAC) inhibitor (20
mM sodium butyrate). Cross-linking was performed by incubating the tissue fragments in
1% formaldehyde for 10 min at room temperature. Tissue fragments were lysed with 200 ml
SDS buffer (0.5% SDS, 50 mM Tris—HCI, 10 mM EDTA) containing protease, phosphatase
and HDAC inhibitors, and sonicated for 40 s to yield chromatin fragments of = 500 bp. Size
fragmentation was confirmed by agarose gel electrophoresis. Aliquots of chromatin were
incubated with 5 pg antibody (Supplementary table 2). Antibody—chromatin complexes and
25 ml of protein A or G beads solution (Dynabeads) were incubated at 4 °C overnight with
gentle agitation. DNA was recovered by using the ChIP DNA Clean and Concentrator
columns (Zymo Research) and stored at —80 °C until subsequent PCR analysis. Genomic
regions of interest were amplified by gPCR. Supplementary table 1 shows the primer
sequences (Eurofins MWG Operon, Huntsville, AL, USA) used to detect the DNA fragment
of interest in the immunoprecipitated DNA. For semiquantitative detection, PCR reactions
were performed using SYBR Green ER (Invitrogen) with each immunoprecipitated DNA or
input samples. The thermocycling conditions used were 95 °C for 5 min, followed by 40
cycles of 15 sat 95 °C and 60 s at 60 °C. Data are expressed as percent recruitment relative
to chromatin input. Experiments were performed three times.

Statistical analysis

All data are expressed as means + S.E.M. Statistical analysis was performed using two-way
ANOVA with Bonferroni post-test. Levene’s test and a modified Shapiro-Wilk test were
used to assess homogeneity of variances and normal distribution, respectively. Differences
between groups were considered significant when A<0.05. Statistical graphs were generated
using Graph Pad Prism 5.0 (La Jolla, CA, USA).
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RESULTS

MRNA expression of different genes involved in the ovarian function

Considering that many PAHSs act through AhR and that daily in vivo exposure to 3MC
during the pubertal period induces the ovarian expression of metabolizing enzymes, such as
Cyplaland Cyplbl, as demonstrated previously (Rhon-Calderon et al. 2016), here we
studied the effects of 3MC and a.NF on the expression of several genes involved in the
ovarian function. To look for potential target genes, we used the match algorithm of Transfac
7.0 to mine for AhR sites (5"-T/GNGCGTGA/CG/CA-3") present between position —1000
and position +500 of the TSS (Dere et al. 2011) of all 4364 genes involved in the ovarian
function according to the Ovarian Kaleidoscope database. A total of 825 genes were found
to contain potential AhR sites (Supplementary table 3). Functional cluster analysis and Kegg
pathway analysis using David 6.8 showed enrichment in apoptosis-related genes, protein
kinases, transforming growth factor signaling molecules, nuclear and steroid hormone
receptors, epidermal growth factor signaling molecules and adhesion molecules
(Supplementary table 4).

First, we evaluated the mRNA expression of genes involved in steroidogenesis and steroid
receptor signaling (£srI), notch signaling (HesZ, Jagl, DI/1and Notch?2), activation of
primordial follicles (Cak2, Aktl), cell adhesion (/cami, ltga4, ltgh8 and Adamtsl), cell
cycle and differentiation (Foxn3, Ddx5, Gdf9), oocyte-spermatozoa interaction (Cd9), stress,
tumor progression and metastasis (Dnajb6), apoptosis (Bax, Caspase-9), expression of
receptors and other kinases (Egfr, Fgfr1, 1912, MapkI), and expression of other cell signaling
molecules (Bmp15, Bmp4, Foxo3, Dar2, Sp1, Calrand Hspa8), most of which contained
predicted AhR consensus sequences in the promoter regions (Table 1). Exposure to both
doses of 3MC significantly altered the expression of most of the genes studied compared
with controls (Table 1). Of the 29 genes studied, 18 were up-regulated, five were down-
regulated and six were not altered. aNF treatment clearly prevented almost all of these
alterations, except in Egft, Bmp4 and Caspase-9 at the higher dose of 3MC.

AhR binding to upstream regulatory regions of ovary-expressed genes

To study whether 3MC- and/or aNF-induced changes in mMRNA expression were mediated
by recruitment of AhR to upstream regulatory regions of ovary-expressed genes, we then
performed ChIP-PCR assays for AhR, as described previously (Rhon-Calderon et al. 2016).
The daily treatment of 3MC increased AhR binding to promoter regions of most of the genes
studied, except for Notch2, Aktl and Adamtsi (data not shown). Treatment with aNF
prevented the 3MC-induced increase in AhR binding, while no changes were found in rats
that received a.NF alone (Fig. 1).

Post-translational modifications in upstream regulatory regions of ovary-expressed genes

To explore whether AhR-induced activation of gene expression was accompanied by
epigenetic remodeling of histone post-transcriptional modifications (PTMs), we studied two
PTMs apparently linked to gene activation: trimethylation of histone 3 at lysine 4
(H3K4me3), a PTM associated with the trithorax group of transcriptional activators (Fig. 2),
and acetylation of histone 3 at lysine 9 (H3K9Ac), a PTM induced by histone acety!l
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transferases (Fig. 3), both of which have been previously found to be associated with
remodeling of the Cyplaland Cypibl promoters (Schnekenburger et al. 2007; Beedanagari
et al. 2010). Since we have previously found that 3MC treatment causes an AhR-mediated
induction of the mRNA expression of two important metabolizing enzymes, Cyplaland
Cyplb1, in ovarian tissue (Rhon-Calderén et al. 2016), these were included in this part of
the study. The daily treatment with 3MC increased H3K4me3 in Cyplal, Jagl, Dnajbe,
1912, Notch2, Adamtsl, Baxand Caspase-9, decreased H3K4me3 in CdkZ, and did not
change H3K4me3 in Cyplbl or Aktl (data not shown), as compared to controls. We did not
detect H3K4me3 in the promoter region of Hes1, /cam1 or Sp1 (data not shown). In turn,
3MC treatment increased H3K9Ac in Cyplal, Jagl, Cdk2, Dnajbé, 1912, Icam1, Sp1,
decreased H3K9Ac in Notch2, Aktl and AdamtsI and did not change H3K9Ac in Cypl1bl,
Itga4, Bax and Caspase-9 (data not shown) as compared to controls. We did not observe
H3K9Ac in the promoter of HesZ (data not shown). aNF treatment prevented the 3MC-
induced changes in histone PTMs, except H3K9Ac in the Notch2 promoter. Moreover, aNF
treatment alone also induced changes in trimethylation and acetylation of some promoter
regions (Figs 2 and 3).

DISCUSSION

Previously, we found that daily exposure to 3MC during the pubertal period reduces the
follicle reserve, follicle growth and ovulation, and that co-exposure to aNF prevents the
gonadal 3MC-induced toxicity (Rhon-Calderdn et al. 2016). Thus, in the present study, we
tested the hypothesis that daily treatment with 3MC leads to alterations in the expression of
genes involved in the formation of the follicle reserve, follicular development and/or
ovulation as well as apoptosis. We also tested the hypothesis that the 3MC-induced actions
are mediated through recruitment of AhR to 5” regulatory regions of ovary-expressed genes
and that this process involves epigenetic rearrangement that favors an open chromatin state.

Consistent with previous studies, we observed that 3MC-induced ovarian toxicity modified
the expression of genes involved in folliculogenesis, cell cycle, cell proliferation, survival/
apoptosis, stress and cell communication. Similarly, using neonatal mice daily exposed to
3MC (and other PAHSs, which also target immature follicles), or 5-week-old mice exposed to
cigarette smoke, Sobinoff et al. (2011, 2012a, 2012b, 2013) showed changes in the ovarian
expression of genes involved in different cellular processes such as biotransformation, cell
cycle regulation, cell death, cell to cell signaling, cell growth and proliferation, cell cycle
progression, free radical scavenging, drug metabolism, and genetic and reproductive
disorder. These results indicate that 3MC exposure not only destroys ovarian follicles but
also interferes in many physiological processes of the ovarian function. To provide insights
into the mechanisms by which 3MC induces ovotoxicity, we studied whether 3MC regulates
these genes by activation of AhR. To this end, we limited this study to genes closely related
to AhR transcriptional activity and involved in the ovarian function.

Overall, PAH-induced ovotoxicity, particularly oocytes loss and follicular growth, is
considered to be mediated by AhR activation. This statement is supported by the fact that
PAH exposure increases the expression of AhR protein level in ovarian cells (Jung et al.
2010) and the fact that the presence or administration of aNF prevents PAH-induced
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ovotoxicity (Mattison and Thorgeirsson 1979; Shiromizu and Mattison 1985; Thompson et
al. 2005; Rhon-Calderon et al. 2016). These results, together with those showing that AhR-
deficient mice exhibit an increased number of germ cells and primordial follicles, a
decreased number of antral follicles (Benedict et al. 2000) and corpora lutea (Benedict et al.
2003), and slower follicle growth (Barnett et al. 2007b), seem to indicate that i) AhR
signaling is essential in the formation of germ cells and follicle development, and that ii) in
the ovary, the action of PAHs is mainly mediated through AhR signaling. However, some
PAH actions may be mediated by an AhR-independent mechanism. Sadeu et al. (2013)
found that although the expression of both Cyplaland Cyp1b61 mRNA was increased, there
were no changes in the expression of A2R mRNA in ovarian follicles from mice exposed to
BaP at any stage of development. In a recent work, and after verifying that 3MC induced the
MRNA expression of Cyplaland Cyplbl, we used the ChIP assay to detect the binding of
AhR to the promoter region of both genes (Rhon-Calderén et al. 2016). In that study, we
demonstrated, for the first time, the direct participation of AhR in inducing both enzymes in
ovarian tissue after daily exposure to 3MC. In the present work, we studied whether the
genomic changes found after daily 3MC exposure in the ovarian tissue were directly
associated with AhR activation.

Cyclin-dependent kinases (CDKSs) are a family of protein kinases involved in regulating the
cell cycle. To be active, CDKs have to bind to regulatory proteins, known as cyclins, which
function as serine-threonine kinases (Morgan 1997). Of special interest, CDK2 is known to
be activated as CDK2-cyclin E at the beginning of the S phase to induce the initiation of
DNA synthesis, and then binds cyclin A throughout S phase progression (Morgan 1997).
This protein is associated with both the formation and activation of primordial follicles and
the follicle survival rate (Rajareddy et al. 2007). Thus, the up-regulation of the gene coding
for this protein seems to contrast with our previous results where rats exposed to 3MC
exhibit a lower number of primordial, preantral and antral follicles in parallel with lower
ovulation rate, compared with controls (Rhon-Calderdn et al. 2016). However, using specific
markers of follicular development and atresia, Sobinoff et al. (2011, 2012a, 2012b, 2013)
reported that both in vitro and in vivo exposure to PAHSs, including 3MC, induces excessive
activation and loss of primordial follicles and development of follicular atresia. These results
indicate that the increased expression of CdkZ, which is involved in activating primordial
follicles and cell proliferation, may be a compensatory mechanism to maintain a constant
flow of developing follicles (Sobinoff et al. 2012a, 2012b).

It is no surprise that 3MC exposure induces the expression of Dnajand /gf2. Accumulated
evidences have shown that 3MC is a potent carcinogen through the action of its oxidized
metabolites (Sims 1966, 1970; Cavalieri et al. 1978; Flesher et al. 1998; Shimada 2006),
some of which are generated by CYP enzymes. Moreover, we have previously found that
both doses of 3MC induce the formation of micronuclei and degradation of DNA in both
oocytes and bone marrow cells in rats (Rhon Calderon et al. 2016). Dnaj (an Hsp40
homolog), subfamily B, member 6, also known as Mrj, is ubiquitously expressed and
encodes a member of co-chaperone proteins that function with Hsp70 proteins to protect
proteins from aggregation during protein synthesis and cellular stress (Fan et al. 2003; Meng
et al. 2016). Murine Dnajb6 is expressed in the placenta, several regions of the embryo, and
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some tissues of adults. It is essential for the formation of the chorioallantoic placenta
(Hunter et al. 1999). However, recent evidence has shown that Dnajb6 is involved in
different aspects of tumor progression and metastasis. In invasive ductal carcinoma,
DNAJBS6 (Mrj) is lost and its restoration restricts the malignant behavior of breast cancer
and melanoma cells (Mitra et al. 2008). However, overexpression of Dnajb6 promotes
colorectal cancer cell invasion, whereas its silencing inhibits the invasion of these malignant
cells (Zhang et al. 2015). IGF2 is a growth factor involved in the development and
proliferation of human cancer cells (Livingstone 2013; Brouwer-Visser and Huang 2015).
Increased serum IGF2 levels are associated with an increased risk of developing various
cancers, and it has been shown that IGF-2 up-regulates AhR mRNA and protein levels,
which, in turn induce the expression of Cyclin D1, increasing cell proliferation. Thus, it is
likely that the increased expression of both Dnajb6and /gf2 genes, observed in the present
study, is associated with a future tumor progression induced by 3MC exposure.

Notch signaling is involved in many cellular processes, including cell-fate specification, cell-
cell communication, follicle assembly and growth, survival and apoptosis (Vanorny and
Mayo 2017). The inhibition or disruption of the Notch signaling is involved in different
carcinogenic processes in several tissues, including the ovarian tissue (Groeneweg et al.
2014; Xie et al. 2017). Recent studies have shown that Aotch knockout mice exhibit loss of
primordial follicles, reduction in both growing and antral follicles, and a low production of
corpora lutea (Vanorny et al. 2014). Likewise, a decrease in granulosa cell proliferation and
an increase in cell apoptosis have been observed in the ovaries of both JagZ and Notch2
knockout mice. In a previous study, we found that rats exposed daily to 3MC exhibited a
follicular composition similar to that of these knockout mice, as these animals had a low
number of primordial follicles, growing and antral follicles, and a lower ovulation rate than
control animals (Rhon-Calderon et al. 2016). It was surprising that, in the present study, we
observed an increase in the mRNA expression of all the mediators of Aotch signaling
measured (Hes1, Jag1, DII1and Notch2). However, it is possible that these increases are
compensatory changes induced by the disruption of the Noifch signaling pathway. This
possibility is consistent with the findings of Vanorny et al. (2014), who showed that Notch2
mMRNA levels are increased in JagZ knockout ovaries and that, conversely, the levels of JagZ
are increased in NMofch2 knockout ovaries. These authors postulated that these effects are part
of a compensatory mechanism or a functional complementation between Nofch2and Jag1.

A crosstalk between Notch signaling and AhR activation has been recently described.
Thomsen et al. (2004) found that HesZ is up-regulated by 2,3,7,8-tetrachlorodibenzo-p-
dioxin, a specific and potent AhR ligand, at both protein and mRNA levels in human
mammary carcinoma cells. Xia et al. (2015) demonstrated, by both in vitro and in vivo
studies, that traffic-related ultrafine particles, enriched in PAHSs, induce JagZ expression
through a mechanism involving direct transcriptional activation of the JagZ promoter. Xia et
al. (2015) also found that treatment with a selective AhR inhibitor or deletion of the AAR
gene abrogates particulate matter-induced JagZ expression. Alam et al. (2010) identified a
Notch-AhR axis that regulates IL-22 expression and fine-tunes the immune system control
of inflammatory responses. Huang et al. (2016) found that the expression of Noitch receptors
and their target HesZ, but not JagZ, are markedly reduced in AhR—/— mouse testis, which
exhibits low fertility with degenerative changes, germ cell apoptosis, and reduction of the
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number of spermatids and testosterone levels. In our study, we found that the increased
expression of the Noich target gene HesI was AhR-dependent as determined by the ChIP
assay. This result is consistent with that of Thomsen et al. (2004) who observed that HesZ
and the AhR complex compete for binding to the AhR response element in the upstream
regulatory region of human Hes1. Further, the increased expression of the Notfch ligand Jagl
is also AhR-dependent and, as indicated previously, it is possible that AhR regulates the
expression of JagZ in a Notch-independent way (Huang et al. 2016). Taken together, these
data show, for the first time, the existence of a crosstalk between AhR and Nofch signaling
involved in follicular growth and ovulation in the rat ovary.

Cytokines are produced by different cell types, including immune cells, which are involved
in different ovarian events such as folliculogenesis, ovulation and luteolysis. Lymphocytes
and macrophages interact with ovarian cells, at least in part, through adhesion molecules
such as ICAM1 (Vigano et al. 1997). ICAML1 is a cytokine mainly present in leukocytes and
endothelial cells with a significant role as adhesion molecule involved in inflammatory
processes. ICAML is expressed in ovarian cells, including oocytes (Olson et al. 2000), theca
(Bonello et al. 2004) and granulosa cells, and follicular fluid (Vigano et al. 1997, 1998). Our
results are in agreement with those of Oesterling et al. (2008), who found that BaP increases
the protein expression of ICAML1 and induces the monocyte adhesion in human endothelial
cells through an AhR- and caveolae-dependent mechanism. Furthermore, in vivo treatment
with aNF (Oesterling et al. 2008) or the presence of other flavonoids (Owens et al. 2009), in
in vitro experiments, block the induction of ICAM1 by BaP, confirming the involvement of
AhR in this process. Considering that 3MC exposure leads to the destruction of primordial
follicles and inhibition of folliculogenesis and ovulation, the increase in /cam1 gene
expression may be part of the mechanism by which 3MC exposure would induce a toxic
environment, likely due to the presence of oxidizing species, which would trigger cell death
by apoptosis. This is consistent with the increase observed in the expression of both Baxand
caspase-9mRNA, which in turn, is supported by Matikainen et al. (2001, 2002), who
demonstrated that exposure of mice to PAHSs induces the expression of BAX in oocytes,
followed by apoptosis and that this ovarian damage is prevented by AhR inactivation with
aNF. Others have demonstrated that different PAHs induce the expression of pro-apoptotic
proteins or their transcripts. Treatment of Hepalclc? cells with BaP causes an increase in
cell apoptosis, apparently via an increase in the enzymatic activation of caspase-3 and
caspase-9, BAX expression, and mitochondrial function (Ko et al. 2004). The presence of
PAHs increases the levels of both mRNA and protein of BAX in cultured rat ovaries
(Ganesan and Keating 2014) and follicles (Sadeu et al. 2013), respectively.

Sp1l is a regulatory factor, and binding of Sp1 to the promoter region is essential for the
regulation of AhR transcription (Kobayashi et al. 1996; Tang et al. 2010). After binding of
the AhR-Arnt complex to the promoter element of the target genes, known as xenobiotic
responsive element (XRE), Sp1 binds the basic transcription element (BTE) regulatory
sequence to induce the transcription activity. XRE and BTE together are necessary to induce
the expression of the gene targets in response to AhR activation by different PAHSs.
Kobayashi et al. (1996) demonstrated that either the binding of the AhR-Arnt heterodimer or
Sp1 to their DNA sequences induces DNA binding of its cognate DNA element. Thus, these
two transcription factors act in a synergistic transactivation manner. Our results are
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consistent with these data since we observed that SpZ expression was increased by both
doses of 3MC.

In the present study, we observed that exposure to 3MC also altered the epigenomic
landscape preferentially at promoter regions of genes related to biotransformation of
xenobiotics (Cypala), Notchsignaling (Jagl), stress and tumor progression (DOnajb),
apoptosis (Bax and Caspase-9), cell survival (Cdk2), and expression of growth factors (/g72),
transcription factor (SpZ) and adhesion molecules (Adamtsi, IcamI). Acetylation of
histones H3 (H3K9ACc) and trimethylation of H3 lysine4 (H3K4me3) are associated with
active transcription. However, the association and interdependence between both post-
transcriptional modifications is unknown. Ha et al. (2011) found that a histone H3
methyltransferase controls DNA methylation, whereas Lawrence et al. (2004) found that
histone acetylation affects histone methylation. In a recent review, and after an exhaustive
analysis of the studies so far, Howe et al. (2017) noted that H3K4me3 can be associated with
both activation and repression of transcription at a small subset of genes, since H3K4me3
can recruit different factors whose interactions may lead to the activation or repression of
transcription at different genes. This statement could explain why some genes such as
Notch2and Cdk2 exhibit an increase in trimethylation and a decrease in acetylation. More
studies regarding this issue are in progress in our laboratory.

In conclusion, in the present work, we showed that i) daily exposure to low doses of 3MC
during the pubertal period alters the expression of a subset of ovarian genes involved in
different physiological processes such as activation of primordial follicles, cell adhesion,
stress and tumor progression, apoptosis and growth factors; ii) most of these changes occur
in an AhR-dependent mechanism; and iii) 3MC exposure is also able to induce epigenomic
remodeling at target promoters. It is important to highlight the direct participation of AhR in
inducing the changes in the gene expression and post-transcriptional modifications caused
by 3MC in the rat ovary. Despite the low doses used in these experiments, daily exposure to
3MC induced both genomic and epigenomic changes which may lead to premature ovarian
failure, without discarding a high risk of developing a carcinogenic process.
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Fig. 1.

Efgfect of daily treatments with 3-methylcholanthrene (3MC) and/or a-naphthoflavone
(aNF), or vehicle (Ctrl) on the recruitment of AhR to promoter region of genes involved in
the ovarian function, as determined by the chromatin immunoprecipitation assay. Results are
expressed as percent pull down relative to input chromatin. 3MC and vehicle treatments
started at 22 days of age, whereas aNF treatment started at 21 days of age. All treatments
were completed at 40 days of age. Data represent the mean + S.E.M. for 6-8 ovaries from
different animals with the same treatment. **£<0.01 and ***/<0.001 versus Ctrl, #/<0.01
and ## p<0.001 versus the corresponding 3MC concentrations (two-way ANOVA with
Bonferroni post-test)
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Fig. 2.

Effect of daily treatments with 3-methylcholanthrene (3MC) and/or a-naphthoflavone
(aNF), or vehicle (Ctrl) on the trimethylation of histone 3 at lysine 4 on the promoter region
of genes involved in the ovarian function, as determined by the chromatin
immunoprecipitation assay. Results are expressed as percent pull down relative to input
chromatin. 3MC and vehicle treatments started at 22 days of age, whereas aNF treatment
started at 21 days of age. All treatments were completed at 40 days of age. Data represent
the mean + S.E.M. for 6 ovaries from different animals with the same treatment. **/<0.01
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and ***P<0.001 versus Ctrl, # P<0.01 and ##P<0.001 versus the corresponding 3MC
concentrations (two-way ANOVA with Bonferroni post-test)
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Fig. 3.

Efgfect of daily treatments with 3-methylcholanthrene (3MC) and/or a-naphthoflavone
(aNF), or vehicle (Ctrl) on the acetylation of histone 3 at lysine 9 on the promoter region of
genes involved in the ovarian function by the chromatin immunoprecipitation assay. Results
are expressed as percent pull down relative to input chromatin. 3MC and vehicle treatments
started at 22 days of age, whereas aNF treatment started at 21 days of age. All treatments
were completed at 40 days of age. Data represent the mean £+ S.E.M. for 6 ovaries from
different animals with the same treatment. **/<0.01 and ***/<0.001 versus Citrl,
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## p<0.001 versus the corresponding 3MC concentrations (two-way ANOVA with
Bonferroni post-test)
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