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A B S T R A C T

Male fertility and spermatogenesis are directly linked to the Sertoli cell’s ability to produce factors associated
with germ cell development. Sertoli cells express receptors for FSH and testosterone, and are the major reg-
ulators of spermatogenesis. Recent studies report that regulatory RNA molecules, such as microRNAs (miRNAs),
are able to modulate testicular function during spermatogenesis and that their altered expression may be in-
volved in male infertility. miRNAs may play a role in the response to xenobiotics that have an adverse con-
sequences to health. An important group of xenobiotic organic compounds with toxic potential are dioxins, such
as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Experimental models of TCDD exposure in mice demonstrated
that TCDD exposure causes low sperm count and delayed puberty. This study below examines the mechanism of
TCDD’s action in human Sertoli cells, through interrogating the expression profile of miRNAs and mRNAs, that
enabled us to identify dysregulated molecular pathawys in Sertoli cell. 78 miRNAs presented altered expression,
with positive regulation of 73 and negative regulation of 5 miRNAs when compared to the control group.
Regarding gene expression profile, 51 genes were deregulated, of which 46 had positive regulation and 5 genes
with negative regulation. Important pathways have been altered by the action of TCDD as AhR pathway, GPR68,
FGF2 and LIF. This study has opened the door to new perspectives on the TCDD toxicity pathway as it affects
Sertoli cells physiology that can ultimately lead to male infertility.

1. Introduction

The disruption of male reproductive health is increasing in fre-
quency in industrialized countries. Environmental pollution has been
suggested as the main source (Sharpe et al., 2003).

Endocrine disruptors are estrogen-like and/or anti- androgenic
chemicals in the environment that have potentially hazardous effects on
male reproductive axis capable of triggering morphological and func-
tional changes (Sikka and Wang, 2008). Studies in animals showed that
the environmental contaminant 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) is toxic and detrimental to human health (Denison and Nagy,
2003), its effect was clearly evident after the Seveso accident (Bertazzi
et al., 2001; Warner et al., 2013). TCDD is introduced to our environ-
ment largely as an unwanted by-product of manufacturing, such as
incineration and burning of fossil fuels, although volcanic eruptions and

forest fires also contribute to the overall environmental burden of di-
oxins. Among human and animal populations, ingestion of con-
taminated food is the primary source of dioxin exposure (Schecter et al.,
2002; Harrad et al., 2003; Pompa et al., 2003; Malisch and Kotz, 2014).
Wolf et al. (1999) reported that the administration of low doses of
TCDD during gestation, in mice, alters the reproductive development of
the fetus. In females this leads to a reduction of the uterine weight and
in male can decrease fertility.

The male gonad, i.e., testis, consists of seminiferous tubules sur-
rounded by a fibrous coat, tunica albuginea. Inside the seminiferous
tubules are large Sertoli cells, supported by the basement membrane of
the germinal epithelium, which act as the nurse cells for germ cell
development (Croxford et al., 2011). Sertoli cells are pyramidal somatic
cells with a large surface area, supporting the development of a large
number of germ cells in the estimated ratio of 1:50 in the adult rat testis
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(Weber et al., 1983). Sertoli cell number can determine testicular size,
the number of spermatogonial stem cells in the testis and spermatid
production. They are responsible for providing an immunologically
privileged and highly specialized environment inside the seminiferous
tubules. Sertoli cells are connected by gap junctions, enabling chemical
and ion exchange, helping to coordinate the seminiferous epithelium
cycle (Mruk and Cheng, 2004; Gao et al., 2015). Adjacent Sertoli cells
are joined by tight junctions in the lateral membrane, which creates the
Blood-Testis Barrier (BTB) (de Freitas et al., 2016). At the onset of
meiosis, germ cells beyond the BTB move into the adluminal com-
partment of the seminiferous tubule, and become dependent on Sertoli
cells to provide nutrients and growth factors for their development
(Cheng and Mruk, 2004). Therefore, any compound that disturbs Sertoli
cell function could disrupt spermatogenesis, ultimately leading to male
infertility.

The canonical TCDD pathway is though aril hydrocarbon receptor
(AhR) that is an important regulator of the male reproductive tract
(Hansen et al., 2014). When AhR is inactive, it binds to a chaperone in
the cytoplasm. Upon interaction with the ligand, i.e., TCDD, AhR is
activated and dissociates from the chaperone, translocating to the nu-
cleus to interact with ARNT (aryl hydrocarbon receptor nuclear trans-
locator). The AhR/ARNT complex becomes active and binds to Xeno-
biotics Responsive Elements (XRE) throughout the genome, thereby
modifying the expression of various genes, mainly AHRR, CYP1A1 and
CYP1B1, triggering a cellular response (Jackson and Mitchell, 2011).
Among the genes that are triggered by AhR/TCDD is AHRR that com-
petes with ARNT to bind to AhR, thus repressing the cellular TCDD
pathway. TIPARP is also an AhR target gene that is expressed in many
different tissues, including liver, heart, spleen, brain, and reproductive
organs. MacPherson et al. (MacPherson et al., 2014, 2013a) recently
showed that TIPARP is a transcriptional repressor of AhR. This, re-
vealed a novel negative feedback loop in AhR signaling.

TCDD could affect the expression of a variety of genes dependent on
the organism and cell type including those that participate in the in-
flamatory response pathways like Il1B and LIF. Similarly, small no-
coding RNAs (sncRNAs) might play an important role when responding
to xenobiotics and impact health. Recent studies suggest that small
noncoding regulatory RNAs (sncRNA), such as microRNAs, can mod-
ulate testicular function during spermatogenesis and that their altered
expression may be factors involved in male infertility (Abu-Halima
et al., 2013; Lian et al., 2009).

There is a lack of data regarding the role of miRNAs and mRNAs in
human Sertoli cells as regulatory factors of human spermatogenesis.
There are no previous studies about potential effects of TCDD on the
response of microRNAs from male reproductive cells. Thus, the iden-
tification of miRNAs as targets for TCDD, inducing altered gene ex-
pression, offers a new path to understand the toxicological mechanisms
and the role of environmental pollutants on male reproductive tract.

2. Material and methods

2.1. Culture, chemicals and cellular stress

Human primary Sertoli cells (HSeC) were purchased from Lonza
(USA). Cells were cultured in Dulbecco's modified Eagle’s medium
(DMEM/Ham F12) (Sigma Aldrich, St. Louis, MO, USA)([1/1] v/v,
supplemented with 15% fetal bovine serum, 100 U/ml penicillin, 100
μ/ml streptomycin and 0.25 μg/ml fungizone (Gibco, Invitrogen, USA).
Cells were incubated with TCDD (Sigma Aldrich, St. Louis, MO, USA),
diluted in culture medium and DMSO as a carrier to 0.05%, achieving a
10 nM concentration of the chemical; concentration was determined
after MTT assay (Mosmann, 1983). Exposure was performed in tripli-
cate for 72 hs, including a control group also in triplicate, exposed to
0.05% DMSO for the same time period. Sertoli cells were divided into
aliquots containing approximately 1×106 cells and subsequently un-
derwent total RNA and protein extraction.

2.2. Total RNA extraction

RNA extraction was performed with Trizol (Ambion, USA) with 1%
of β-Mercaptoethanol, following manufacturer’s instructions. The RNA
was quantified by spectrophotometry using a NanoDrop (Thermo
Scientific, USA). RNA quality, as measured with ribosomal RNAs by the
RNA Integrity Number (RIN), was obtained using the 2100 Bioanalyzer
system (Agilent, USA).

2.2.1. mRNA purification, library construction, and sequencing
RNAs were sequenced using the HiSeq2500 platform (Illumina)

within the provision of Animal Biotechnology Laboratory Services,
School of Agriculture Luiz de Queiroz (ESALQ). A single 500 ng aliquot
of total unfractionated RNA was submitted for library construction, and
sequencing. During library preparation Ribo-Zero rRNA Removal Kit
(Illumina,USA) was used for rRNA depletion. Messenger RNA pur-
ification and library construction was carried out with total RNA using
the mRNA TruSeq Stranded LT Sample Preparation Kit (Illumina), fol-
lowing the manufacturer's specifications. The sequencing was per-
formed with the HiSeq Sequencing System using the sequencing by
synthesis methodology with modified chemical and labeled with
fluorescent nucleotides.

2.2.2. High performance sequencing – sncRNAs
A single 500 ng aliquot of total unfractionated RNA was also sub-

mitted to the Animal Biotechnology Laboratory sequencing facility for
library construction, and sequencing of sncRNAS. The construction of
the sncRNAs libraries was performed using the TruSeq Small RNA
Sample Preparation Kit following the manufacture’s protocol. The se-
quencing was also performed with the HiSeq Sequencing System using
the sequencing by synthesis methodology with modified chemical and
labeled with fluorescent nucleotides.

2.2.3. Sequencing analysis
To determine the levels of each RNA, RNA-seq reads were mapped

to the Human reference genome hg38 (“http://www.gencodegenes.
org/,” n.d.) using HiSat (Kim et al., 2015). Raw data were calculated as
the TPM (Transcripts per Million mapped) of each gene in each sample
using RSEM (Li and Dewey, 2011). Genes with a TPM of zero in one or
more samples were excluded from analysis. Filtered data were loga-
rithmically transformed and normalized using a normalization method
by DESeq2 and EBSeq (26, 27). A Log 2 Fold Change (Log2 FC) between
TCDD and control groups was calculated of each gene pair. Differen-
tially expressed genes were determined by adjusting Log2 FC<−0.41
or> 0.26 [False Discovery rate (FDR)- corrected p-value ≤ 0.05] when
comparing the experimental groups.

For miRNA analysis, all the reads were demultiplexed according to
their index sequences using CASAVA version 1.8 (Illumina) and reads
that did not pass the Illumina chastity filter were removed from the
dataset. Small RNA sequencing reads of good quality were subjected to
analysis by sRNAbench toolbox (Rueda et al., 2015). Data analysis in-
cluded read quality assessment using FastQC (Andrews, 2010) and read
cleaning assessment by CutAdapt (Chen et al., 2014). Read alignment
was performed using Bowtie1 (Langmead et al., 2009) followed by HT-
Seq (Anders et al., 2014) for annotation and quantification of aligned
sequences. Lastly sncRNA tags were annotated also using the Re-
peatMasker library (Kent et al., 2002). Raw data were calculated as
normalized mean count in each sample. Data normalization (Robinson
and Oshlack, 2010) and differential expression analysis was performed
using edgeR (Bioconductor/R) v.3.0 (Gentleman et al., 2004; Robinson
et al., 2010), which implements a negative binomial distribution, to
identify differential miRNAs (Anders and Huber, 2010). Read counts
were transformed logarithmically and normalized using a quantile
normalization method. For each miRNA, fold change between case and
control was calculated. Differentially expressed miRNAs were de-
termined by adjusting Log2 FC<−0.60 or> 0.58 with FDR- corrected

M.A. Ribeiro et al. Toxicology 409 (2018) 112–118

113

http://www.gencodegenes.org/
http://www.gencodegenes.org/


p-value ≤ 0.05.

2.2.4. Prediction of target miRNAs
miRNA targets that could change the expression of their corre-

sponding mRNAs were assessed computationally. To test this hypoth-
esis, miRNA prediction algorithms were applied to the differentially
expressed mRNAs. Prediction of potential miRNA targets was accom-
plished using Mirwalk 2.0 (Dweep et al., 2011a). This tool integrates
miRNA data available from 12 different prediction algorithms and da-
tabases: miRWalk (Dweep et al., 2011a), miRNAmap (Hsu et al., 2008)
mirDB (Wong and Wang, 2015), Diana MicroTv4 (Maragkakis et al.,
2009), miRmap (Vejnar et al., 2013), RNAhybrid 2.1 (Rehmsmeier
et al., 2004), miBridge (Tsang et al., 2010), miRanda (Betel et al.,
2008), PicTar2 (Anders et al., 2012), PITA (Kertesz et al., 2007),
RNA22v2 (Loher and Rigoutsos, 2012) and TargetScan (Friedman et al.,
2009). The input for Mirwalk was the miRNAs with differentially ex-
pression between TCCD exposure and control. mRNA transcripts pre-
dicted to be miRNA targets in at least six databases were considered in
subsequent analyses.

2.2.5. Data interpretation
The data presented below describe the human Sertoli cells’ tran-

scriptome and microRNome after exposure to 10 nM TCDD for 72 h. To
interpret this data in context of known genomic, RNA and protein in-
teractions, we used a series of programs, discussed below:

1- Ingenuity Pathway Analysis program (IPA; Redwood City, CA,
USA): functions Core Analysis, Mechanistic Networks, Pathway
Analysis, Canonical Pathways, MicroRNA Target Filter and Path
Designer.

2- Genomatix Software Suite (Genomatix Software GmbH, Munich,
Germany: functions: Genomatix Pathway System (GEPS), Genomatix
Annotation (Eldorado), Matbase (Transcription Factor Database).

2.2.6. Validation of miRNA and mRNA expression
Significantly dysregulated miRNAs and mRNAs were validated by

qPCR confirming RNA seq results. cDNA was synthesized using TaqMan
H microRNA Reverse Transcription kit (Life Technologies, USA), com-
bined with Stem-loop RT Primers (Life Technologies, USA) and High
Capacity RNA-to-cDNA Master Mix (Life Technologies, USA) according
the manufacturer’s guidelines. For miRNA, 3 μl (10 ng) total RNA was
mixed with specific primers (3 μl), dNTPs (100mM), MultiScribeTM
Reverse Transcriptase (50 μl), 10 X RT Buffer, RNase inhibitor (20 μl)
and completed up to 4.5 μl with H2O. The corresponding miRNA tem-
plates were prepared: 16 °C for 2min, 42 °C for 1min, 50 °C for 1 s and
85 °C for 5min. Similarly the cDNA templates were prepared using
10 μl total RNA was mixed with 4 μl Master Mix, 2 μl specific primers
and completed up to 20 μl with H2O. The synthesis conditions were: 25
°C for 5min, 42 °C for 30min and 85 °C for 5min.

2.2.7. Real-time quantitative PCR (miRNAs)
Each cDNA of miR-106b-5p, miR-3613-3p and miR-18a-3p was

quantified by real-time quantitative PCR using the Step One Plus
Detection System (Life Technologies, USA). We used, for each reaction,
10 μl TaqMan H Universal PCR Master Mix, 2 μl TaqMan MicroRNA
Assay Mix (Life Technologies, USA), 1.5 μl cDNA and completed up to
20 μl reaction volume. The cycling conditions were: 95 °C for 10min;
45 cycles of 95 °C for 15 s and 60 °C for 1min.

2.2.8. Real-time quantitative PCR (mRNAs)
For the analysis of expression level of AHRR, CYP1B1, FGF2, GPR68

and LIF, RT-qPCR was carried out with SYBR green Master Mix, using
specific primers for each gene (Supplementary Table 1). Reactions were
set up in a total volume of 20 μL using 5 μl of cDNA (diluted 1:100),
10 μl SYBR green Master Mix (Life Technologies, USA) and 2.5 μL of
each specific primer (5 nM) and performed in the Step One Plus real-
time PCR system (Life Technologies, USA). The cycling conditions were:

95 °C for 10min; 45 cycles of 95 °C for 15 s and 60 °C for 1min.

2.2.9. Analysis of the gene expression
To analyze the differential expressions, the miRNA or mRNA levels

obtained for each gene (Supplementary Table 1) were compared with
TCDD with respect control group. Normalization of miRNA expression
was used the expression of the snRNA U48 and RPL 21 reference genes
and for mRNA expression, the gene B2M. Relative gene expression was
evaluated using the comparative quantification method (Livak and
Schmittgen, 2001). All relative quantifications were assessed using
DataAssist v 3.0 by ΔΔCT method.

2.3. Western blot analysis

Protein expression was determined using western blot. Protein ex-
traction was performed with RIPA lysis buffer as described previously
(de Freitas et al., 2016). Aliquots (80 μg of protein) were treated with
Laemli sample buffer (Bio-Rad, Hercules, CA, USA) and β-mercap-
toethanol at 95 °C for 1min. Proteins were separated by 10% SDS-PAGE
then transferred to a nitrocellulose membrane. Nonspecific protein
binding was blocked by incubating the membrane in 5% skim milk in
Tris-HCl buffer containing 0.2% Tween 20 (TBST) for 30min at room
temperature. Membranes were subsequently incubated with the fol-
lowing primary antibodies: anti-AHRR (Santa Cruz Biotechnology,
Dallas, TX, USA; cat# SC-293297, primary antibody dilution: 1:100)
and anti-β-actin (Santa Cruz Biotechnology Dallas, TX, USA; cat# SC-
47778, primary antibody dilution: 1:600) in 3% skim milk diluted in
TBST overnight at 4◦C. After washing, membranes were incubated with
specific HRP secondary antibody (IgG goat-anti rabbit, cat# ab97051,
Abcam Inc., Cambridge, UK; 1:35000 or IgG goat-anti mouse, cat#
ab97023, Abcam Inc., Cambridge, UK; 1:10000) in 3% bovine serum
albumin (BSA) diluted in Tris Buffered Saline with Tween® 20 (TBST)
for 2 h. Immuno reactive components were revealed by chemilumi-
nescence (AmershamTM ELC Select TM Western Blotting Detection
Reagent, GE Healthcare®, UK). Immunoreactive bands were calculated
using image analysis software (ImageJ Software). β-actin was used as
endogenous positive control, and results were expressed as mean ±
S.D. Immunoblotting concentrations (%) were represented as optical
densitometry values (band intensity− pixels).

3. Results

3.1. Differentially expressed genes and miRNAs identified by RNA-
sequencing

Differential expression of mRNAs between the experimental groups
was examined using DESeq2 and EBSeq (Leng et al., 2015). Differential
expression was determined with a false discovery rate (FDR) less than
0.05 after Benjamini-Hochberg multiple-testing correction (Benjamini
and Hochberg, 1995), as well as log2 fold change less than −0.41 or
greater than 0.26. Overall, sample analysis showed that 51 genes were
dysregulated as summarized in Supplementary Table 2. Of those, 46
were up regulated including CYP1B1, IL1B, LIF, TIPARP and GPR68 and
5 genes were down regulated including VCAM1, compared to the
control group.

Differential expression of miRNAs between the experimental groups
was determined using edgeR (Robinson et al., 2010). Differentially
expressed miRNAs were detected at a 0.58< Log2 FC>−0.60 with a
false discovery rate (FDR)<0.05 after multiple-testing correction
(Benjamini –Hochberg) (Benjamini and Hochberg, 1995). As summar-
ized in Supplementary Table 3, 78 miRNAs showed altered expression,
with upregulation of 73 miRNAs including miR-106b-5p and down
regulation of 5 miRNAs including miR-3613-3p and miR-18a-3p when
comparing TCDD samples to the control group.
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3.2. miRNAs target prediction

MirWalk 2.0 suggested that 10 different miRNAs exhibited altered
expression that could effect 22 genes as summarized in Supplementary
Table 4. For example, expression of mir-18a-3p is down regulated,
while its two target genes GPR68 and CYP1B1 are up regulated. GPR68
plays a key role in the intracellular pH balance and CYP1B1 is an oxi-
dative stress marker, belonging to the TCDD pathway impacting Sertoli
cells.

Known Sertoli cell associated miRNAs and mRNAs identified by
RNA-Seq were validated by TaqMan PCR. This included mir-106b-5p,
mir-3613-3p and mir-18a-3p. Among the dysregulated mRNAs,
CYP1B1, FGF2, IL1B, LIF, TIPARP, VCAM1 and GPR68 were validated
by Sybr PCR. In addition, AHRR was also cross- validated as it is as-
sociated with the repression of the TCDD pathway. Consistent RNA-Seq
and qPCR expression trends were observed in Fig. 1 and 2; Supple-
mentary Tables 5 and 6.

3.3. TiPARP a negative regulator of AHR in Sertoli cells

TiPARP was first reported to be a TCDD-responsive gene that was
regulated by AHRR in mouse hepatoma cells (12). Subsequently,
MacPherson et al. (2013a, 2013b) showed that TIPARP was a novel
transcriptional repressor of AHRR. As shown in Fig. 3, the level of
Sertoli cell TIPARP mRNA increased after a 72 h exposure to TCDD.
This suggested that the canonical repressor gene and protein might be
activated. As shown in Fig. 3, AHRR did not show any difference in RNA

level as determined by RNA-seq or qPCR. However, its corresponding
protein was significantly down regulated after 72 h, consistent with a
post transcriptional regulatory mechanism.

4. Discussion

Studies conducted in the last ten years have shown that the Sertoli
cell is one of the main targets of environmental toxicants (Boekelheide,
2005; Gao et al., 2015). Most data shows the effects of TCDD in dif-
ferent cell types after a short exposure time (e.g., 24 h). Aly and
Khafagy (2011) demonstrated that TCDD induced oxidative stress in rat
Sertoli cells after, 24, 48 and 72 h of exposure. Lai et al. (2005) also
studied rat Sertoli cells exposed to TCDD for 24 h and they concluded
that TCDD exposure might interfere with normal Sertoli cell functions
as the expression of specific genes: sertolin and testin, the gene makers
for cell–cell interactions were altered. MacPherson et al. (2013b)
evaluated the mechanism repression of TCDD pathway on human breast
carcinoma cells exposed to TCDD for maximum of 24 h and they found
that TIPARP could also repress TCDD pathway in other way comparing
to ARHH, the canonical repressor (MacPherson et al., 2013b). Wu et al.
(2004) analyzed genomic DNA methylation status of imprinted genes in
rat embryos exposed to TCDD and concluded that TCDD influences the
expression level of imprinted genes, and affects fetal development.

Primary cultures of Sertoli cells (Lui et al., 2003; Qiu et al., 2013;
Xiao et al., 2014) provide a reliable model to study Sertoli cell
blood–testis barrier (BTB) function and to monitor effects of xenobiotics
on testicular function. Our primary goal was to evaluate the effects of
long-term exposure. We used a 72 h cell culture exposure as a model of
chronic in vitro exposure. To the best of our knowledge, this is the first
comparative study to define the miRNAs and mRNAs response of
human Sertoli cells after exposure to TCDD.

After a 72 h exposure of human Sertoli cells to TCDD, 51 genes
encoding mRNAs were differentially expressed compared to the control
group. Forgacs et al. (2013) showed that after 48 h of TCDD exposure,
using the same dose, in human hepatocytes in vitro, 540 genes were
differentially expressed compared to the control group. The difference
in the level of response is not surprising considering that liver is the
primary detoxification organ. This is supported by a recent study
(Houlahan et al., 2015) showing that after a 23 h TCDD exposure only
minimal transcriptional dysregulation in rat hypothalamus (6 genes
significantly altered in Long-Evans rats and 15 genes in Han/Wistar
rats) were observed.

In comparison, the effect of TCDD-exposure on the microRNome
revealed a total of 78 differentially expressed miRNAs when compared
to the control group. Among these, 73 were up regulated, including mir-
106b-5p, which has been predicted as a possible modulator of AhR

Fig. 1. Relative miRNAs levels (log2 fold change) of Sertoli cells exposed to
10 nM TCDD for 72 h compared to no exposed cells (control).

Fig. 2. Relative mRNAs levels (log2 fold change) of Sertoli cells exposed to
10 nM TCDD for 72 h compared to no exposed cells (control).

Fig. 3. A. Representative bands for AHRR and β-actin proteins from experi-
mental groups treated with 10 nM TCDD for 72 h. Each band represents a pool
with samples of three cell cultures obtained by Western Blot assay. B. The graph
represents the relative expression of integrated optical density for AHRR on
Sertoli cells treated with 10 nM TCDD. Optical density was normalized by β-
actin and was expressed as mean ± SEM. The asterisk represents a statistically
significant difference (p ≤ 0.05).
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Repressor (AHRR) expression in various informatics analyses (mirDb
(Wang and Wong, 2015), TargetScan (Friedman et al., 2009), Miranda
(Betel et al., 2008), MirWalk (Dweep et al., 2011b). As we have shown
by both RNAseq and confirmed by qPCR, AHRR expression does not
change after 72 h TCDD exposure. In comparison, the level of the AHRR
protein is significantly diminished after exposure to TCDD. This is
consistent with a translational based miR mediated mechanism as
summarized in Fig. 4. miR-106b-5p may repress productive translation
of AHRR through partial complementarity to the mRNA, therefore
mRNA is not cleaved but the respective miRNA does have a suitable
constellation of complementary sites that causes post translational re-
pression (Bartel et al., 2004). This is a very important pathway that
requires consideration since AHRR regulates the TCDD pathway.
Overall, in the case of aberrant AHRR expression, cellular response to
TCDD could be compromised.

Interestingly, TCDD-inducible poly (ADP-ribose) polymerase
(TIPARP) was overexpressed. It is a member of the poly (ADP)-ribose
polymerase (PARP) family that uses NAD as a substrate to transfer ADP-
ribose onto target proteins (MacPherson et al., 2013a) inducing a post-
translational modification. It is involved in several biological processes,
such as immune cell function, the regulation of transcription, and DNA
repair. MacPherson et al. (2013a,b, 2014) have recently shown that
TIPARP is a transcriptional repressor of AhR, as part of a negative
feedback loop in AhR signaling. This parallels the decreased protein
expression of AHRR, the canonical repressor of AhR pathway that we
observed in human Sertoli cells after a 72 h exposure to TCDD. This is
consistent with the view that TIPARP overexpression is linked to the
AhR repression pathway.

Cytochrome P4501B1 (CYP1B1) was among the genes that were
differentially expressed. In most studies the action of TCDD in human
cells or in animal models show that both CYP1A1 as CYP1B1 are
overexpressed when exposed to this toxic agent (Mimura and Fujii-
Kuriyama, 2003; Puebla-Osorio et al., 2004; Wu et al., 2004). Inter-
estingly, as presented above, only CYP1B1 and not CYP1A1 was over-
expressed as a result of the AhR activation by TCDD. These differences
are intriguing considering that previous studies have focused on short-
term (acute) exposure while our study was the first to analyze the effect

of TCDD in human Sertoli cells using a long (72 h) exposure, modelling
chronic exposure. Computational analysis by miRWalk, predicted miR-
3613-3p as a modulator of CYP1B1 gene expression. As expected, miR-
3613-3p was down regulated while the target gene was up regulated
and overexpressed. Importantly, CYP1B1 has been linked to the con-
version of 17B-estradiol to 4-hydroxyestradiol, in addition to the
bioactivation of many polycyclic aromatic hydrocarbons (PAHs) (Hayes
et al., 1996). Estradiol 4-hydroxylation activity is elevated in breast and
uterine tumors, relative to surrounding tissues. In addition to mutagen
activation (Liehr et al., 1995) this suggests that CYP1B1 may play a
more active role in tumorigenesis. Although one study reported the
involvement of this gene in germ cell cancer (Starr et al., 2005), re-
searches still need to be conducted to evaluate the relationship between
CYP1B1 and testicular Sertoli cell tumor. On one hand, Mandal et al
indicated that CYP1B1 did not contribute to the development of Leydig
cells tumor (Mandal et al., 2001). On the other hand, O’Neill et al.
(O’Neill et al., 2015) showed up-regulation of TIPARP in LNCap cells
(human prostate adenocarcinoma cells) compared to control cells.
Perhaps, the up regulation of TIPARP and CYP1B1 reflects TCDD’s role
in Sertoli cells tumorigenesis.

Sertoli cells play a pivotal role in creating microenvironments es-
sential for spermatogonial stem cells (SSCs) self-renewal and commit-
ment to differentiation (Rastegar et al., 2015). Leukaemia inhibitory
factor (LIF) is reported to be essential component for long-term culture
of primordial germ cell and embryonic germ cell as well as their sur-
vival by preventing them from apoptosis. Its combination with bFGF
(basic fibroblast growth factor) has been expected to elicit much higher
effect (Mirzapour et al., 2012). LIF acts through STAT3, which dimers
are translocated to the nucleus where they bind to sites on the DNA
controlling the transcription of genes important in stem cells self-re-
newal in the presence of serum (Davey et al., 2007). Fibroblast growth
factor 2, FGF2/bFGF, is expressed and secreted by mammalian Sertoli
cells and stimulates SSC self-renewal (Chen and Liu, 2015). Similary,
after a 72 h TCDD exposure, human Sertoli cells FGF2 was up regulated
and miR-3613-3p down regulated. Zhang et al. (2012) indicated that
FGF2 might regulate mouse SSC proliferation and stem cell activity in
vitro via autocrine phosphorylation of the AKT and ERK1/2 pathways. A
conditional FGF2 Sertoli cell postnatal knockout could help to elucidate
the role of FGF2 in SSC self-renewal in vivo. Therefore, the over-
expression of these two crucial genes for SSC proliferation could disrupt
the spermatogenesis process and may ultimately lead to infertility.

GPR68 is also dysregulated in response to TCDD exposure. G pro-
tein-coupled receptor 68/ ORC1 (Ovarian Cancer-Related Protein 1) is a
proton-sensing receptor involved in pH homeostasis (Parry et al.,
2016). It also functions as a prostate cancer metastasis suppressor gene,
involved in the inflammatory response (Parry et al., 2016). Its action is
mediated by association with G proteins that stimulate inositol phos-
phate (IP) production and release calcium from intracellular stores
(Ludwig et al., 2003) upon acidification. A recent study in Caco-2 cells,
an intestinal barrier model, showed that overexpression of GPR68, in-
creased barrier formation upon acidification of the environment (de
Vallière et al., 2015). Similarly, the Sertoli BTB requires pH stability.
Interestingly, GPR68 is upregulated in human Sertoli cells after a 72 h
TCDD exposure and like the other transcripts its corresponding miR-
18a-3p is down regulated, again suggesting a regulatory pathway. This
likely defines GPR68′s role in maintaining the BTB.

Our data showed that there are important key proteins altered in
human Sertoli cells after chronic exposure to TCDD: GPR68, FGF2 and
LIF are upregulated, and therefore BTB maintenance and SSC pro-
liferation could be compromised. Several stress pathway responsive
genes are up regulated triggering genes as IL1A, IL1B that are also in-
volved in inflammatory response as well as part of cancer related
pathways (Chen et al., 2015; Pio, 2015). Other pathways, such as
proliferation, signaling, cell growth and development, are affected and
directly related to specific functions of AhR (Tian et al., 2015). As we
have shown TCDD represses the TIPARP pathway and not the AHRR

Fig. 4. Altered pathways in human Sertoli cells exposed to TCDD. GPR68 is up
regulated and is used to maintain pH balance. In dark green is the regulation of
LIF-mediated signaling pathway. In pink is FGF2 pathway that regulates GATA4
expression, a main protein for Sertoli cell physiology. TIPARP is highlighted in
light green as a repressor of the pathway. The pathway was drawn using
PathVisio-MIM (Luna et al., 2011) (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article).
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canonical pathway where mir-106b-5p effectively blocks AHRR. This
has opened the door to new perspectives on the TCDD toxicity pathway
as it affects Sertoli cells physiology that can ultimately lead to male
infertility.
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