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A B S T R A C T   

Background: Chlordecone (CD), also known as Kepone, is an organochlorine insecticide that has been used in 
banana crops in the French West Indies. Due to long-term contamination of soils and water, the population is still 
exposed to CD. Exposure to CD in adulthood is associated with an increased risk of prostate cancer (PCa). 
Objectives: We examined the transgenerational effects of CD on murine prostate tissue. 
Methods: We exposed pregnant Swiss mice to CD. The prostates from directly exposed (F1) and non-exposed (F3) 
male progeny were analyzed. We used immunofluorescence, RNA-seq and ChIP-seq techniques for the 
comprehensive analyses of chromatin states in prostate. 
Results: We observed an increased prostatic intraepithelial neoplasia phenotype (PIN) in both F1 and F3 gen
erations. Transcriptomic analysis in CD-derived F1 and F3 prostate using RNA-seq revealed that 970 genes in F1 
and 218 in F3 genes were differentially expressed. The differentially expressed genes in both datasets could be 
clustered accordingly to common biological processes, “cell differentiation”, “developmental process”, “regu
lating of signaling”, suggesting that in both generations similar processes were perturbed. We detected that in 
both datasets several Hox genes were upregulated; in F1, the expression was detected mainly in Hoxb and Hoxd, 
and in F3, in Hoxa family genes. Using a larger number of biological replicates and RT-qPCR we showed that 
genes implicated in testosterone synthesis (Akr1b3, Cyp11a1, Cyp17a1, Srd5a1) were dramatically upregulated in 
PIN samples; Cyp19a1, converting testosterone to estradiol was elevated as well. We found a dramatic increase in 
Esr2 expression both in F1 and F3 prostates containing PIN. The PIN-containing samples have a strong increase in 
expression of self-renewal-related genes (Nanog, Tbx3, Sox2, Sox3, Rb1). We observed changes in liver, F1 CD- 
exposed males have an increased expression of genes related to DNA repair, matrix collagen and inflamma
tion related pathways in F1 but not in F3 adult CD-derived liver. 
The changes in RNA transcription were associated with epigenetic changes. Specifically, we found a global in
crease in H3K4 trimethylation (H3K4me3) and a decrease in H3K27 trimethylation (H3K27me3) in prostate of F1 
mice. ChIP-seq analysis showed that 129 regions in F1 and 240 in F3 acquired altered H3K4me3 occupancy in 
CD-derived prostate, including highest increase at several promoters of Hoxa family genes in both datasets. The 
alteration in H3K4me3 in both generations overlap 73 genes including genes involved in proliferation regulation, 
Tbx2, Stat3, Stat5a, Pou2f3 and homeobox genes Hoxa13, Hoxa9. 
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E-mail addresses: louis.legoff@inserm.fr (L. Legoff), shereen-cynthia.d-cruz-benard@inserm.fr (S.C. D’Cruz), morgane.lebosq@univ-rennes1.fr (M. Lebosq), 

aurore.gely-pernot@ehesp.fr (A. Gely-Pernot), katia.bouchekhchoukha@etudiant.univ-rennes1.fr (K. Bouchekhchoukha), christine.monfort@inserm.fr 
(C. Monfort), pierre-yves.kernanec@univ-rennes1.fr (P.-Y. Kernanec), stevosian@ufl.edu (S. Tevosian), luc.multigner@inserm.fr (L. Multigner), fatima. 
smagulova@inserm.fr (F. Smagulova).   

1 These authors equally contributed. 

Contents lists available at ScienceDirect 

Environment International 

journal homepage: www.elsevier.com/locate/envint 

https://doi.org/10.1016/j.envint.2021.106472 
Received 1 September 2020; Received in revised form 11 January 2021; Accepted 16 February 2021   

mailto:louis.legoff@inserm.fr
mailto:shereen-cynthia.d-cruz-benard@inserm.fr
mailto:morgane.lebosq@univ-rennes1.fr
mailto:aurore.gely-pernot@ehesp.fr
mailto:katia.bouchekhchoukha@etudiant.univ-rennes1.fr
mailto:christine.monfort@inserm.fr
mailto:pierre-yves.kernanec@univ-rennes1.fr
mailto:stevosian@ufl.edu
mailto:luc.multigner@inserm.fr
mailto:fatima.smagulova@inserm.fr
mailto:fatima.smagulova@inserm.fr
www.sciencedirect.com/science/journal/01604120
https://www.elsevier.com/locate/envint
https://doi.org/10.1016/j.envint.2021.106472
https://doi.org/10.1016/j.envint.2021.106472
https://doi.org/10.1016/j.envint.2021.106472
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envint.2021.106472&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Environment International 152 (2021) 106472

2

Conclusions: Our data suggest that developmental exposure to CD leads to epigenetic changes in prostate tissue. 
The PIN containing samples showed evidence of implication in hormonal pathway and self-renewal gene 
expression that have the capacity to promote neoplasia in CD-exposed mice.   

1. Introduction 

The role of epigenetics in the developmental origins of adult diseases 
is supported by growing scientific evidence from epidemiological and 
animal studies (Nathanielsz, 2006; Wadhwa et al., 2009). Gestational 
exposure to environmental factors is known to increase the risk for 
disease development later in life (Heindel and Vandenberg, 2015; Klu
kovich et al., 2019; Mamun et al., 2012). One of the keys to the 
augmented disease risk is associated with the errors in two rounds of 
dynamic epigenetic reprogramming that occurs in the pre- and post- 
implantation embryo (Reik et al., 2001). During the second reprog
ramming event, primordial germ cells are correctly reprogrammed to 
give rise to germ-cell lineage in both sexes (Reik et al., 2001). This event 
is accompanied by extensive DNA methylation changes as well as 
chromatin remodeling, wherein distinct histone marks are deposited to 
establish the epigenetic state at germ cells (Burton and Torres-Padilla, 
2010; Morgan et al., 2005). However, the epigenetic state of a specific 
set of genes is protected from reprogramming and preserved throughout 
the developmental period in germ cells (Lesch et al., 2013). Therefore, 
any perturbations during this reprogramming period could have an 
impact on the fetus itself and their progeny because germ cells of an 
individual determine the germ and somatic cell fates of the subsequent 
generation (Lesch et al., 2013). However, during spermatogenesis, most 
of the histones are replaced by protamines, but up to 10% of histones are 
preserved in the sperm (Brykczynska et al., 2010). This histone- 
containing fraction is important for transmission of the paternal epige
netic information (reviewed in (Legoff et al., 2019b)). Recently, it was 
shown that a limited number of paternal sperm histones H3K4me3 is 
detected in the early embryo (Dahl et al., 2016; B. Zhang et al., 2016), 
supporting the fact that paternal histones can mediate transgenerational 
inheritance. 

Several studies have contributed to our understanding of 
environmentally-induced transgenerational epigenetic inheritance 
through DNA methylation and histone modifications (Gely-Pernot et al., 
2015; Hao et al., 2016; Niedzwiecki et al., 2012; Skinner et al., 2010). 
Studies conducted by us and others have shown that selected environ
mental toxicants such as DDT, atrazine, and chlordecone (CD) induce 
histone alterations that could be transmitted up to at least three gen
erations (Ben Maamar et al., 2019; Gely-Pernot et al., 2018, 2015; Hao 
et al., 2016). For example, organochlorine insecticide CD, also known as 
Kepone, induces meiotic defects, reduces the spermatozoa numbers in 
F1 and F3 generations, and alters the genome-wide occupancy of histone 
H3K4me3 (trimethylation of lysine 4 at histone H3) mark in testis (Gely- 
Pernot et al., 2018). Most importantly, a limited number of H3K4me3 
marks were conserved in both generations, which suggests the impor
tance of certain regions in transmitting toxicant-promoted effects (Gely- 
Pernot et al., 2018). The transgenerational inheritance mechanisms 
appear to be conserved in bovine and humans based on sperm histone- 
containing fraction data, where 61% of the genes preserved their his
tones in sperm (Samans et al., 2014). Moreover, comparison of human 
(Samans et al., 2014) and mouse (B. Zhang et al., 2016) sperm histone 
datasets showed that 66% of genes that preserved their histones are also 
common, suggesting that sperm histone-containing fraction is conserved 
in these three species and mouse could be a model for human trans
generational studies. CD is not only a reproductive toxicant, but also a 
teratogenic and carcinogenic compound (Agency for Toxic Substances 
and Disease Registry, ATSDR, 2019). Experimental studies have shown 
that CD has well defined estrogen-like properties, both in vitro and in vivo 
(Eroschenko, 1981; Hammond et al., 1979), and is, therefore, a potent 
endocrine-disrupting chemical as well. Since CD was extensively used 

between 1973 and 1993 in the French West Indies and because it is 
resistant to environmental degradation (Cabidoche et al., 2009), pop
ulations including pregnant women are still exposed to CD (Guldner 
et al., 2010; Multigner et al., 2016). Epidemiological studies in the 
French West Indies have shown that (Boucher et al., 2013; Costet et al., 
2015) men exposed to CD in postnatal life have an increased risk of 
prostate cancer (PCa) occurrence (Multigner et al., 2010). Since our 
experimental studies showed that animals are particularly susceptible to 
epigenetic alterations during development (Gely-Pernot et al., 2018; 
Legoff et al., 2019a), we sought to explore whether CD could increase 
the risk of pathologies as well as promote transgenerational inheritance 
in somatic tissue such as prostate. Since CD is primarily accumulated in 
liver, which is the the major detoxification organ and has the potential to 
affect many other organs, we decided to analyze the effects in liver as 
well. 

Epigenetic mechanisms, including histone modifications, nucleo
somal remodeling and chromosomal looping, contribute to the onset and 
progression of prostate cancer. Recent technical advances significantly 
increased our understanding of the genome-wide epigenetic regulation 
of gene expression in prostate cancer. Aberrant genomic distribution and 
global level of histone modifications, nucleosome repositioning at the 
gene promoter and enhancer regions, as well as androgen receptor- 
mediated chromosomal looping may lead to the silencing of tumor 
suppressor genes and the activation of proto-oncogenes. In addition, 
androgen receptor-induced chromosomal looping facilitates recurrent 
gene fusion in prostate cancer. Studies in epigenetic regulation have 
translational implications in the identification of new biomarkers and 
the development of new therapies in prostate cancer. The histone post- 
translational modifications are known to be involved in the develop
ment of prostate pathologies. The prominent histone methylation marks, 
H3K4me3 (transcriptional activation mark regulated by Trithorax-group 
of proteins) and H3K27me3 (repressive mark introduced by Polycomb 
Repressive Complex 2), play a crucial role in the onset and progression 
of PCa (reviewed in (Chen et al., 2010)). In addition to methylation, 
histone acetylation also plays a role in prostate disease (Fraga et al., 
2005). Given the importance of histone modifications in PCa, it would 
be informative to analyze the involvement of these marks in the trans
generational inheritance of prostate pathologies and the role of sperm 
histones in mediating the effects because previous studies have shown 
the important role of sperm in transmitting several phenotypes trans
generationally (Lismer et al., 2020; Siklenka et al., 2015). 

In this study, we show that exposure to CD during the crucial 
developmental window (embyonic days E6.5-E15.5) induces an increase 
in PIN phenotype, leads to changes in gene expression in prostate and 
liver and affects the H3K4me3 histone occupancy at developmental 
genes in both F1 and F3 generations. 

2. Methods 

2.1. Animal treatment 

Outbred Swiss mice (RjOrl) were used for all experiments. After 
breeding, the day of the vaginal plug was considered E0.5. The CD 
exposure window was limited to a period between E6.5-E15.5, which 
corresponds to SGT, somatic-to-germline transition (Seisenberger et al., 
2012). The CD (Santa Cruz, Dallas, Texas 75220, USA) dose used here 
(100 µg/ kg body weight/ day) is lower compared to the lowest- 
observed-adverse-effect level (LOAEL, 250 µg/ kg body weight/ day 
(ATSDR, 2019), a dose that does not cause any systemic toxicity. Bio
monitoring surveys among French West Indies populations have shown 
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that internal exposure doses (chlordecone blood concentration) may 
reach 100 µg/l (Guldner et al., 2011). This corresponds to an external 
exposure dose of 20 µg/kg bw/d under steady state assumption (C. 
Emond, personal communication). Such external dose is sufficiently 
close to the dose used in our experimental study (100 µg/kb bw/d). 
Moreover, considering our observations that report an adverse effect at 
lower dose than the current LOAEL for mice (250 µg/kg bw/d), this may 
be considered by Health Regulatory Agencies to revise the current 
toxicological reference values that are used for public health manage
ment of chlordecone pollution in French West Indies. 

In fact, at the start of the study, we tested three doses of CD in mice: 
100, 250 and 1000 µg/ kg body weight/ day. Our preliminary results 
showed that 100 and 250 µg/ kg body weight/ day of CD induce similar 
effects, based on effect on spermatozoa count. Sperm counts were per
formed as previously described (Vallet-Erdtmann et al., 2004). To count 
the spermatozoa, briefly, epididymis was suspended in 1 ml of 0,05% 
Triton Triton-X100 buffer, incised and homogenized using a homoge
nizer (POLYTRON® PT 2500 E). One ml of 0,05% Triton-X100 buffer 
were added individually to the original homogenizing vessel and ho
mogenized again. This process was repeated five times for each sample 
to obtain all spermatozoa in a final volume of 6 ml. Spermatozoa from 
each sample were then enumerated using a Malassez hemocytometer. 
Data were averaged and plotted in Excel, presented as total number of 
spermatozoa per epididymis compared to control. 1000 µg/ kg body 
weight/ day of CD was toxic and resulted in animal mortality. So, we 
opted to study the dose (100 µg/ kg body weight/ day) that is lower than 
the current LOAEL dose. CD is well absorbed and distributed throughout 
the body following exposure, and has a long half-life (Egle et al., 1978), 
and can pass the placental barrier (Huber, 1965). Also, it is likely to 
persist in the body for a long duration following exposure. 

CD was suspended in olive oil and administered via oral gavage at a 
dose of 100 μg/ kg body weight/ day in a volume of 150 μl. The control 
mice were treated with the same volume of oil. For the CD group, male 
progeny of F0 females (ie. the pregnant mice administered with 100 μg/ 
kg body weight/ day of CD) were defined as F1 and were crossed with 
non-littermate untreated females to give rise to the F2 generation. 
Similarly, the male progeny of F2 was crossed with non-littermate un
treated females to give rise to the F3 generation. The oil-derived control 
animals were processed and crossed in the same way as CD-treated 
group. We excluded F2 generation from all the experimental analyses 
as F2 mice are derived from F1 gametes that were embryonically 
exposed to CD. Since we were particularly interested in transgenera
tional inheritance of prostate pathologies, we analyzed the prostate of 
the completely non-exposed F3 generation. Anterior prostates from F1 
and F3 generations were analyzed when the animals were approxi
mately 6-month-old. For most of our experiments, we used a minimum 
of 4 biological replicates derived from independent, non-related treated 
mothers. The number of biological replicates used for each experiment, 
mentioned in the respective Methods sections, depends on the costs and 
experimental variability observed. The data from F1 CD-exposed mice 
(liver, prostate, sperm) were compared with the data from F1 oil- 
exposed control group counterparts; the data from F3 CD-derived 
group (liver, prostate) were compared with F3 oil-derived control 
counterparts. 

2.2. Ethics approval 

The animal facility used for the present study is licensed by the 
French Ministry of Agriculture (agreement D35–238–19). All animal 
procedures were performed according to the Ethics Committee of the 
Ministry of the Research of France (agreement number: 01861.02). All 
experimental procedures followed the ethical principles outlined in the 
Ministry of Research Guide for Care and Use of the Laboratory Animals 
and were approved by the local Animal Experimentation Ethics Com
mittee (C2EA-07). 

2.3. Prostate morphology analyses 

To study prostate morphology, anterior prostate from F1 and F3 
control mice and CD-treated groups were fixed in Bouin’s solution for 
24 h, washed in PBS and 70% ethanol, dehydrated and embedded in 
paraffin. 5 µm sections of the entire prostate were cut and sections were 
placed on glass slides. The sections were deparaffinized and stained with 
H&E. Pictures were taken with a digital slide scanner (NanoZoomer, 
HAMAMATSU) and analyzed using the NDPview software (v2.7.25). We 
used for the analysis, 40 animals from F1 (18 control, 22 CD) and 43 
animals from F3 generations (19 control, 23 CD). 

2.4. Immunofluorescence analysis of prostate tissue 

For immunostaining, the prostates from F1 and F3 control and CD- 
treated groups were fixed at 4 ◦C in 4% (w/v) PFA solution containing 
PBS for 16 h, dehydrated and embedded in paraffin. The sections were 
cut with a microtome (Microm HM 355 S) at 5-µm thickness. The sec
tions were deparaffinized and rehydrated, and the epitopes were 
unmasked in 0.01 M citrate buffer, pH 6 at 80 ◦C for 45 min. After 
washing in 1X PBS-0.05%Tween 20 (Sigma-Aldrich; PBS-T), the sections 
were incubated with rabbit anti-H3K4me3 (1:500, Abcam, Ab8580) or 
with mouse anti-H3K27me3 (1:200, Abcam, Ab6002) or rabbit poly
clonal hyperacetylated histone 4 (1:500, Merck Millipore, 06-946) an
tibodies. The sections with primary antibodies were incubated in PBS-T 
overnight at 4 ◦C in a humidified chamber. After washing in PBS-T, the 
sections were incubated with an appropriate fluorescent secondary 
antibody (1:100; AlexaFluor from Invitrogen) for 1 h in a humidified 
chamber at room temperature. The sections were counterstained with 
Vectashield solution (Eurobio Scientific, France) containing 4,6-diami
dino-2-phenylindole dihydrochloride (DAPI). The images were taken 
using an AxioImager microscope equipped with an AxioCam MRc5 
camera and AxioVision software version 4.8.2 (Zeiss, Le Pecq, France) 
with a 5X or 40X objective lens using the same exposure time (DAPI, 
350/442, Alexa Fluor 488, 488/525, Alexa Fluor 594, 594/617). The 
images were left unprocessed prior to analysis. We quantified fluores
cence inside nuclei and analyzed a minimum of 250 cells per prostate, 
from at least 3 different sections using ImageJ software. At least 4 
different prostates were used for each group. To consider the back
ground, we drew manually a region of interest in a cell-free area for each 
picture. Residual background fluorescence could be generated by 
nonspecific binding of secondary antibodies; we observed that back
ground is low compared to specific signal, but for accuracy the average 
intensity of background region was multiplied by the area of the cell and 
then subtracted from the total cell fluorescence. 

2.5. RNA extraction, qPCR and RNA-seq 

For the analysis of F1 and F3 prostates, total RNA was extracted by 
using the RNeasy plus mini kit (Qiagen, 74134) according to the man
ufacturer’s instructions from the anterior prostates that were snap- 
frozen following dissections. The tissue was homogenized in a Tissue
Lyser (Qiagen) using Tungsten carbide beads (Qiagen, 69997). The kit 
included a DNA elimination step using a column. The absence of DNA 
was confirmed by using RT reaction product without adding reverse 
transcriptase. The quality of RNA from all extracted tissue was always 
inspected by bioanalyzer before library preparation and absence of DNA 
was confirmed. For RT-qPCR analysis, minimum 5 biological replicates 
were used each from F1 and F3 control and CD-exposed mice. Reverse 
transcription was performed with 1 µg of RNA using the iScript Reverse 
Transcription kit (Invitrogen) according to the manufacturer’s in
structions. The resulting cDNA was diluted 10 times and used for 
quantitative PCR. qPCR was performed using Bio-Rad 384 plate machine 
using iTaq Universal SYBR Green Supermix (Biorad, 1725124). Ct values 
for Rpl37, a housekeeping gene, were used for normalization using CFX 
manager software provided with Biorad 384 plate machine. To select the 
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best housekeeping gene, we tested several common housekeeping genes 
such as Rpl37a, Blm, Hprt, Actb and found that Rpl37a expresses highly 
and does not show variations; the values are consistent between several 
experiments. The primer sequences used for qPCR are shown in 
Table S1. The genes for RT-qPCR analyses were selected based on RNA- 
seq data; plus some genes which are potentially implicated in PIN or 
altered in prostate cancer, including “stemness” genes, genes encoding 
alternative hormonal pathway factors and genes implicated in control of 
epigenetic regulation. The data were analyzed and are presented as 
mean values of Fold Change (FC) compared to control. 

For the analysis of F1 and F3 liver, RNA from approximately 30 mg of 
liver was extracted using Trizol (Ambion, AM15596026) method. Tissue 
was placed in 1 ml of Trizol and disrupted with TissueLyser (Qiagen). 
Tungsten carbide beads (Qiagen, 69997) were used for sample disrup
tion. After homogenization, the beads were removed, and the RNA 
extraction was performed according to the protocol provided by 
manufacturer. RNA concentration was quantified by Nanodrop. 5 µg of 
RNA was used for DNAse I treatment, using Turbo DNA-free kit 
(Ambion, AM1907) according to manufacturer’s instructions. 1 µg RNA 
treated with DNAse I was used for reverse transcription. The cDNA 
synthesis, qPCR analysis and normalization were performed similar to 
prostate RT-qPCR analysis. For liver analysis, 8 biological replicates 
were used for F1 and F3 control and CD-derived groups. 

For RNA-seq analysis, 3 biological replicates derived from unrelated 
males of F1 and F3 control or CD-derived prostate RNA were used to 
synthesize a strand-specific cDNA library. In F3, the CD-derived pros
tates were not selected based on their morphology which implies that 
the prostates could be PIN-positive or PIN-negative. RNA-seq analysis in 
F1 was performed in samples which were found to be PIN-positive. The 
libraries were prepared using the TrueSeq Stranded mRNA Sample 
Preparation kit (Diagenode), or stranded NEBNext® Ultra™ RNA Li
brary Prep Kit for Illumina using minimum 1 μg of total RNA according 
to the protocol provided by the manufacturer. The sequencing of the 
libraries was processed on Illumina HiSeq4000 sequencer as paired-end 
50 base reads. Image analysis and base calling were performed using 
RTA 2.7.3 and bcl2fastq 2.17.1.14. Adapter dimer reads were removed 
using DimerRemover. To analyze differentially expressed genes, first, 
the quality-checked reads were aligned to the reference genome [Mus 
musculus Ensembl mm10 sequence] using TopHat version 2.0.14 (–li
brary-type = fr-firststrand, –mate-inner-dist = 100, –no-coverage- 
search) and Bowtie2 v2.1.0. Quantification of gene expression was 
performed using HTSeq v0.6.1 with an annotation file obtained from 
Ensembl (release 81). Read counts were normalized and compared be
tween control and CD samples using DESeq2 v1.6.3. P-values were 
automatically adjusted for multiple testing by DESeq2 using the Benja
mini and Hochberg method. The functional enrichment analysis of the 
Differentially Expressed Genes (DEGs) was performed using the web- 
based tools g:Profiler (Raudvere et al., 2019) with default parameters. 
Heatmap was generated with R package Pheatmap v1.0.12, using row 
clustering (Euclidian distance, or correlation method complete-linkage 
clustering) and scaling (scaling and centering). 

2.6. Histone purification and Western blot (WB) analysis 

Protein samples from F3 mouse prostate were prepared using the 
EpiSeeker Histone Extraction Kit (Abcam, 113476) according to the 
manufacturer’s supplied protocol. Briefly, prostates were homogenized 
using TissueLyser (Qiagen) in Eppendorf tubes containing Tungsten 
carbide beads (Qiagen, 69997) and centrifuged at 900 g for 5 min. The 
pellets were resuspended in lysis buffer and left on ice for 30 min. After 
centrifugation, the supernatant fractions containing acid-soluble pro
teins were transferred to new tubes, and the Balance-DTT buffer was 
added. The protein concentrations were determined using the Pierce™ 
660 nm Protein Assay (ThermoScientific, France). 5 µg of protein were 
run on a 4–15% Mini-Protean precast polyacrylamide gradient gel 
(BioRad, USA) for 1 h. Proteins were transferred onto ImmobilonPSQ 

membranes (Millipore, France) using an electro-blotter system (TE77X; 
Hoefer, USA) and modified Towbin buffer (48 mM Tris base, 40 mM 
glycine and 0.1% (wt/vol) SDS) and methanol (20% (vol/vol) anode; 5% 
(vol/vol) cathode) for 2 h. Subsequently, blocking was carried out using 
5% skimmed milk in PBS-Tween 20 (0.05%) for 1 h. Proteins were 
detected using a rabbit polyclonal anti-trimethyl-Histone H3K4 (Milli
pore, 07-473; 1:10,000 dilution), or a rabbit polyclonal anti-histone 
H2A (Millipore, ABE327; 1:2000 dilution), or a mouse monoclonal 
anti-trimethyl-Histone H3K27 (Abcam, ab6002; 1:200 dilution), or a 
rabbit polyclonal anti-histone H3 (Abcam, ab1791; 1:1000 dilution), or 
a rabbit polyclonal anti-hyperacetylated histone 4 (Penta, Millipore, 06- 
946; 1:10,000 dilution), or a mouse monoclonal anti-H2B, clone 5HH2- 
2A8 (Millipore, 05-1352; 1:2000 dilution). The primary and the sec
ondary antibodies were diluted in blocking solution (5% skimmed milk 
containing PBS-Tween 20 (0.05%)). The primary antibodies were 
detected using either rabbit (1:10,000 dilution) or mouse (1:5000 
dilution) secondary antibodies conjugated to horseradish peroxidase 
(GE Healthcare, USA) for 1 h. The signals were developed using the ECL- 
Plus Chemiluminescence kit (GE Healthcare, USA) and the ImageQuant 
350 system (GE Healthcare, USA). For band intensity analyses, ImageJ 
software was used to manually draw a rectangle over the first band. The 
same rectangle was dragged over to subsequent lanes vertically. Next, a 
plot peak profile (i.e. the relative density of the contents in the rect
angle) for each lane was obtained. The plot peaks were closed to omit 
the background noise, and the closed plot peaks were selected to obtain 
the values corresponding to the band intensity area. The signal in
tensities of histone modifications were normalized against the band 
intensities from the corresponding unmodified H3 histone. The data are 
presented as normalized signal compared to control +/− SEM; we used 
4 biological replicates for each group. The uncut original WB images are 
provided in supplementary Fig. S1. 

2.7. Chromatin immunoprecipitation, ChIP-seq and ChIP-qPCR 

ChIP from prostate tissue was performed as previously described 
(Gely-Pernot et al., 2015) with small modifications. Four anterior 
prostate lobes from different animals were pooled for each biological 
replicate. Tissue was fixed in 1% paraformaldehyde in PBS and 
quenched with 0.125 M Glycine. Tissue was homogenized in TissueLyser 
machine (Qiagen) using stainless steel beads (Qiagen, 69989) and pel
leted. The pellet was lysed in 600 µl of Lysis buffer (1% SDS, 10 mM 
EDTA, 50 mM Tris-HCl pH 8) and sonication was performed by using 
Qsonica 700 sonicator supplied with cup horn 431C2 (Newtown, Con
necticut, USA). Sonication was performed in 300 µl in Eppendorf tubes 
using the following conditions: efficiency 40%, sonication 10 sec on, 30 
off, total time 6 min. Average size of the chromatin was 300 bp. We 
performed ChIP using 1 µg of H3K4me3 antibody (Merck Millipore, 07- 
473). Immunoprecipitated DNA was purified with the Qiagen MinElute 
kit. We performed the ChIP-seq experiment using two replicates of F1 or 
F3 prostate isolated from control or CD-exposed males. Sequencing li
braries were prepared using the Diagenode MicroPlex Library Prepara
tion kit (v2.02.15) at IGBMC, Strasbourg, France or performed by using 
NEBNext® ChIP-seq Library Prep Master Mix Set for Illumina® (NEB, 
E6240). The sequencing was processed on Illumina HiSeq4000 
sequencer using a single-end 50-base read mode. Adapter dimer reads 
were removed using DimerRemover. The reads were mapped to the 
reference mm10 genome using Bowtie2 v2.2.7. The numbers of mapped 
reads were normalized by a scale factor to adjust the total number of 
reads. From the aligned reads, H3K4me3 peaks were identified using 2 
biological replicates and the corresponding input by MACS2 (v2.1.1) 
algorithm; the following parameters were applied: a shift-size window of 
73 bp, no model, and a p-value threshold < 10e-05. To compare the 
H3K4me3 ChIP datasets of the CD-treated and control samples, differ
ential peaks were identified using the following steps: first, from all of 
the peaks called using MACS2, we retained only peaks with average 
values above the median; and second, we selected peaks with fold 
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changes above 1.5 or 2 and FDR < 0.05. Statistical significance was 
calculated using R package Limma v3.38.3 (Phipson et al., 2016), which 
was designed to work with a limited number of replicates. We performed 
functional annotation of the differential peaks using the web-based tool 
GREAT (McLean et al., 2010) v3.0.0 (default parameters). The differ
ential peaks were visualized using the Integrative Genomics Viewer 
(IGV, v2.4.2). 

For ChIP-qPCR, we used 5 control and 4CD-derived prostates. The 
primer sequences used for ChIP-qPCR are shown in Table S2. We chose 
for analysis, the regions which showed changes in F1, including the 
genes encoding the transcriptional factors, homeobox genes, transport, 
and metabolic genes. QPCR was carried out as described in the previous 
section. The internal region (far from promoter) of the Gapdh gene was 
used for background normalization. The data were analyzed and are 
presented as mean values of FC compared to control +/− SEM. The 
Wilcoxon-Mann-Whitney test was used to examine statistical signifi
cance. The summary of ChIP-seq and RNA-seq reads are provided in 
Table S3. 

2.8. ChIP-qPCR in F1 and F3 sperm and protein extraction from sperm 

This protocol was used for ChIP using H3 and H3K4me3 antibodies. 
The motile fraction of sperm was extracted from epididymis and ChIP 
was performed as described previously (Brykczynska et al., 2010). The 
ChIP was performed as described for prostate tissue but with small 
modifications. Spermatozoa from three mice for each biological repli
cate were fixed in 1% paraformaldehyde solution, quenched and pel
leted. The pellet was lysed in 0.3 ml of SDS-DTT Lysis Buffer (1% SDS, 
10 mM EDTA, 50 mM Tris-HCl pH 8, 10mMM DTT) containing 1X 
Protease Inhibitor Cocktail during 1 h at room temperature and soni
cated with Qsonica sonicator using the following conditions: efficiency 
60%, sonication 20 sec on, 2 off; total time 6 min. Average size of the 
chromatin was 300 bp. In total, 5 control and 4CD-exposed F1 sperm and 
for F3, we used 6 biological replicates for CD-derived and 6 for control 
group. QPCR was carried out as described in the previous section. 
Primers list is presented in Table S2. 

For histone protein fraction, we centrifuged chromatin from ChIP 
experiment at 12000 rpm and 50 µl of supernatant was preserved for 
histone H3 analysis. To supernatant we added 2 µl of 5 M NaCl and 
performed reverse crosslink at 95 ◦C for 2 min. The concentration of 
reverse crosslinked proteins was measured, and 5 µg were analyzed by 
the WB. The H3 levels were normalized to major unspecific band 
detected in Red Ponceau stained membrane, which represent the total 
protein content. The data are presented as normalized H3 intensity 
compared to control +/− SEM. 

2.9. Statistical analyses 

We used the minimum number of animals according to the re
quirements of the EU ethic committee. The number of animals used was 
specified for each experimental procedure. To assess the statistical sig
nificance of PIN lesions in the prostate of mice, we performed Fisher’s 
exact test which is more appropriate than Chi-squared when working 
with limited numbers (one of the expected frequencies in the contin
gency table was low (i.e., < 5)). As the number of biological replicates in 
each experiment was relatively low, we performed the non-parametric 
Wilcoxon-Mann-Whitney test to assess statistical significance in body 
weight measurements, qPCR experiments, immunofluorescence and 
Western blots quantifications. Difference in spermatozoa numbers 
counts were assessed by the non-parametric Kruskal-Wallis test and by 
pair-wise comparisons using the Wilcoxon-Mann-Whitney test. P-values 
were adjusted using the Benjamini and Hochberg method. For the sta
tistical significance of RNA-seq data, Wald’s test for generalized linear 
models implemented in R package DESeq2 was used. ChIP-seq data 
analysis was performed using the linear regression model method and 
the statistical significance was assessed by a moderated t-statistic, both 

implemented in the R package Limma. This R package, based on an 
Empirical Bayes method, was specifically designed to work with a 
limited number of replicates (Phipson et al., 2016). P-values of RNA-seq 
and ChIP-seq data were corrected for multiple testing by the Benjamini- 
Hochberg method, which is directly implemented in both R packages. 
Statistical significance for functional enrichment analysis were assessed 
using either binomial (GREAT), or hypergeometric (g:Profiler) tests, 
which were directly implemented in each of the tools used for the 
analyses. 

3. Results 

3.1. Morphological changes in the prostate of CD-derived F1 and F3 mice 

To identify the effects of CD on prostate morphology, prostate sec
tions stained using hematoxylin/ eosin (H&E) were used for histopath
ological analyses. Representative images from control and CD-exposed 
F1 mice at 20x and 40X magnifications are provided in Fig. 1. Sections 
from a minimum of 18 prostates for each group from F1 and F3 males 
were analyzed to identify the PIN phenotype. PIN lesions are charac
terized by increased epithelial cell proliferation with cells that form 
multilayers with enlarged dark nuclei and nucleoli. For each mouse, the 
prostate was classified as either PIN-positive or PIN-negative, and the 
data were presented as the incidence of PIN compared to the total 
number of evaluated prostates. The prostate sections from control mice 
showed normal tissue architecture with moderate to large acini lined 
with cuboidal to columnar epithelium and luminal infoldings. In 
contrast, the prostate sections from CD-exposed mice showed epithelial 
proliferation with a tufting pattern and nuclear enlargement that illus
trates the typical features of PIN. In this study, the PIN phenotype was 
observed only in 5.5% (1 out of 18 prostates) in F1 and 5.3% (1 out of 19 
prostates) in F3 control mice. In contrast, PIN phenotype was observed 
in 40.9% (9 out of 22 prostates) of the samples from CD-exposed F1 mice 
(P = 0.0126, Fisher exact test), and 30.4% (7 out of 23 prostates) of the 
samples from CD-derived F3 mice (P = 0.0541, Fisher exact test). These 
morphological changes in the prostate were accompanied by a 13% 
decrease in body weight of CD-exposed F1 mice compared to that of 
control (Fig. S2). In F3, we observed a similar tendency (9% decrease in 
the body weight of CD-derived mice) despite being not statistically 
significant (Wilcoxon-Mann-Whitney test, W = 277.5, p = 0.066) 
(Fig. S2). As previously shown (Gely-Pernot et al., 2018), exposure to 
100 µg/kg bw/day of CD during development induced an almost 40% 
decrease in spermatozoa number in both CD-exposed F1 mice and CD- 
derived F3 mice (Fig. S3), exposure to 250 µg/kg bw/day of CD 
caused 50 and 32% decrease in spermatozoa number in both CD- 
exposed F1 mice and CD-derived F3 mice, respectively (Fig. S3). 

3.2. RNA expression analyses revealed the increased expression of genes 
related to hormonal pathways, cellular proliferation, self-renewal and 
epigenetic regulation 

We performed a genome-wide transcriptomic analysis by RNA- 
sequencing F1 PIN-containing prostates, and F3 without PIN selection 
due to limited number of PIN samples available at the start of the study 
when we conducted the F3 RNA sequencing. Our data showed that 
among the 22,491 transcripts identified in the prostate of F1 mice, 970 
genes were differentially expressed (FC > 1.5, FDR < 0.1) in F1 and 218 
in F3 (Table S4 & S5). The analysis of transcriptomics profiles revealed 
high heterogeneity within samples (Fig. S4, S5, S6). The variation could 
be explained by the outbred mouse strain background, which has 
somewhat high level of variability between samples and treatment may 
cause diverse response in exposed animals. To understand the molecular 
mechanisms associated with the phenotypic changes observed in both 
exposed F1 and the unexposed F3 generation, we performed functional 
annotation of differentially expressed genes (DEGs) using g:Profiler as 
described in the Methods. The functional annotation showed that 
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differentially expressed genes could be combined in several clusters in 
F1 and F3 datasets. Remarkably, in both F1 and F3, the significant 
clusters include common gene ontology terms “developmental process”, 
“regulating of signaling”, “cell differentiation”, “regulation biological 
quality”, suggesting that in both generations similar processes were 
perturbed (Fig. 2). Notably, the gene ontology term “developmental 
process” includes 18 homeobox genes including Nkx3-1, Pou3f3, Tlx1, 
Emx2, Hoxb13, Hoxb3, Hoxb6, Hoxb7, Hoxb8, Hoxd3, Hoxd4, Hoxd8, 
Hoxd9, in F1 and four genes in F3, Hoxa3, Hoxa7, Hoxa9, Hoxa10, 
suggesting strong impact of CD exposure on homeobox genes. We also 
detected steroid biosynthesis-related genes including Apoe, Atp1a1, 
Ces1d, Cyb5r3, Cyp1a1, Ebp, Hrh1, Hsd3b7, Scarb1, Tecr and Wnt4 in F1 
RNA-seq, suggesting possible impact of CD on steroidogenesis. 

The common genes in two datasets include genes related to steroid 
hormone signaling (Kiss1, Abhd2), transcription (Elf5, Foxp2, Zfp589) 
and many genes encoding for the proteins of extracellular matrix region 
(Isg15, Kiss1, Cpe, Fmod, Hebp2, Mme, Mt3, Olfm4, Optc, Kcnma1, Qsox1, 
Upk1a), the complete set of DEGs are listed in Table S6. 

The analysis of the samples with PIN by RT-qPCR, which include a 
larger number of biological replicates, helped to better understand the 
molecular network changes in the samples with PIN phenotype in both 
F1 and F3 generations. To this end, we analyzed the expression levels of 
genes involved in hormonal pathways, cellular proliferation, epigenetic 
regulation, stemness and the genes (Fig. 3A) that have been found to be 
deregulated in testis (Gely-Pernot et al., 2018). 

Our RT-qPCR analysis showed that Esr2 was dramatically over- 
expressed (18 times) in PIN-positive CD-exposed F1 prostates. 
Although these changes were less-dramatic in PIN-positive CD-derived 
F3 prostate, the expression of Esr2 was still remarkably high (7-fold). 
Also, we observed that genes involved in cellular proliferation were 
strongly up-regulated in the prostate of CD-exposed mice (5-fold for 
Asph and 13-fold for Ccnd1). For Asph, the difference was less- 
pronounced in F3 compared to F1 with an observed fold-change of 
2.7; while Ccnd1 had 17.8-fold increase, the difference was not signifi
cant (Wilcoxon-Mann-Whitney, W = 3, p = 0.056). Notably, among the 
8 genes involved in histone H3 trimethylation regulation, the lysine 

methyltransferase Kmt2d was up-regulated in F1 and F3 prostates. The 
most dramatic changes were observed in metabolic (Fut4) and signaling 
(Tmc8) related genes, that were over-expressed 167 and 473 times, 
respectively, and which are known to be deregulated in certain cancers, 
such as colon adenocarcinoma (Taniguchi et al., 2000) or hepatocellular 
carcinoma (Lu et al., 2017). 

Since in resistant prostate cancers, an alternative pathway of hor
monal biosynthesis was described, reviewed in (Armandari et al., 2014), 
we decided to assess the expression of steroidogenesis-related genes 
using RNA from PIN-containing samples. We found that Akr1b3, 
Cyp11a1, Cyp17a1, Srd5a1 had dramatically increased expression; 2.3, 
11.2, 11.4, 9.5 times respectively (Fig. 3A). The expression of Cyp19a1, a 
key enzyme converting testosterone to estradiol increased 3.4 times. The 
changes were significant in F1 but not in F3, suggesting that the direct 
effects of CD diminished with each generation. 

In previous studies involving rodent models, it has been shown that 
early-life exposure to BPA reprograms prostate and enhances hormonal 
carcinogenesis (Prins et al., 2014). Thus, we asked whether prostates 
exposed to CD could have changes in their genes related to self-renewal. 
We found that expression of Nanog dramatically increased 31.3 times, 
the other tested genes, Sox2, Sox3 and Rb1, had increased expression 
7.5, 12.6, and 5.7 times, respectively in F1 mice (Fig. 3A). Our data 
reveals that CD exposure causes similar changes in “stemness” genes as 
observed in BPA study. 

Next, we compared the altered regions found in our study with the 
gene expression data available from prostate cancer cell lines, to identify 
the human prostate cancer model closest to CD-derived prostate. Infor
mation on the gene expression of several prostate cancer cell lines 
including 33Rv1, DU145, LnCAP, PCA2b, NCI-H660 and PC-3 was ob
tained from the EMBL-EBI database. The basal gene expression was 
plotted as a heatmap, (Fig. 3B). Importantly, the genes which were 
highly differential in our PIN samples, such as Esr1, Esr2, Cyp17a1, 
Cyp19a1, Pou2f3, Tfcp21l1 and Sox2 had highest level of expression in 
NCI-H660 cell line. Besides that, some of HOXA genes (HOXA1, HOXA4, 
HOXA9, HOXA10, HOTAIRM1, HOX-AS3, HOXA10-AS) also have high
est expression levels in the NCI-H660 cell line. This cell line is derived 

Fig. 1. Analysis of CD-exposed prostate tissue stained by hematoxylin and eosin (H&E) reveals the presence of PIN. Prostate sections of F1 control mice (A) 
and CD-exposed F1 mice (B, C) at 20X (upper panel) and 40X (lower panel) magnifications. In control tissue, cells with homogenous nuclei are observed (A); in CD- 
exposed the PIN phenotype is seen with epithelial proliferation, tufting pattern, nuclear enlargement and occasional crowds (indicated by arrows) that illustrates the 
typical features of PIN. 
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from neuroendocrine prostate carcinoma, which is an aggressive variant 
of prostate cancer that may arise de novo in patients previously treated 
with hormonal therapies for prostate adenocarcinoma (Conteduca et al., 
2019). 

To sum up, our RNA expression analysis in PIN-containing samples 
showed a dramatic increase in the expression of genes related to hor
monal biosynthesis, proliferation, self- renewal and extracellular matrix, 
and some of them were found to be highly expressed in neuroendocrine 
prostate adenocarcinoma. 

3.3. Gestational exposure to CD leads to an up-regulation of genes 
involved in DNA repair, detoxification and inflammation in the liver 

To address the effects of CD on detoxification of organs and assess the 
possible toxicity of the low dose that we used, we performed gene 
expression analysis in the liver of both F1 and F3 males. We performed 
RT-qPCR analysis of the genes involved in DNA repair, detoxification, 
regulation of lipid metabolic process and homeostatic-related functions 
as reported in previous studies using CD; it has been shown that expo
sure to CD induces liver injury (Tabet et al., 2016). Our analysis revealed 
that DNA repair genes are strongly up-regulated in the liver of CD- 
exposed F1 mice (Fig. S7 left). For example, single-strand break repair 
genes, Ercc8 and Parp1, were over-expressed 4.0 and 8.9 times, respec
tively, in CD-exposed mice. We observed an increased expression of 
genes involved in double-strand break repair, such as Atm (7.9-fold), 
Mre11a (2.8-fold) and Mus81 (2.3-fold). Genes involved in the regula
tion of lipid metabolic processes were also altered (3.6-fold for Cyp17a1, 

2.4-fold for Psap). In addition, we also observed a significant increase in 
the expression of Ccne2 (gene regulating cell cycle, 4.8 times), Col1a2 
(gene activated at liver fibrosis, 2.3-fold) and Ifi27 (chemokine signaling 
pathway, 4.0-fold) in the liver of CD-exposed mice. 

To determine whether these changes were maintained across gen
erations, we evaluated their expression in the liver of CD-derived F3 
mice. Our data revealed that most of the changes observed in F1 liver 
were restored in F3 to a normal level (Fig. S7 right). However, Cyp17a1 
was still up-regulated in the liver in F3 CD-derived mice compared to 
control mice (2.3-fold). 

Our data suggest that direct exposure to CD leads to impairment in 
the expression of genes involved in DNA repair, cell cycle and lipid 
metabolism functions and that these changes are restored in the liver of 
F3 CD-derived mice. 

3.4. Histone marks’ occupancy is altered in the prostate of CD-derived F1 
and F3 mice 

Since changes in prostate morphology as well as RNA expression 
changes were observed in CD-derived F1 and F3 mice, we examined the 
epigenetic status of some of the important histone marks (H4ac, H3K27, 
H3K4) in the prostate. We immunostained tissue sections using anti
bodies against these marks and performed quantitative analysis of im
ages using several biological replicates as described in the Methods 
section. Immunofluorescence analyses (IFA) revealed a global 50% 
decrease in the levels of H4ac and a 30% decrease in H3K27me3 signal 
in the prostate of CD-exposed F1 mice when compared to the control 

Fig. 2. Gene expression is affected by ancestral exposure to CD in the prostate of F1 and F3 mice. Functional annotation of differentially expressed genes in F1 
(A) and in F3 (B). Clusters were identified by g:Profiler and gene ontology terms were sorted by adjusted p-value, the bars represent the number of genes per gene 
ontology terms. 
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(Fig. 4A&B). On the contrary, the levels of H3K4me3 tended to be 
increased 1.6 times in the prostate tissues (Fig. 4A&B) of the CD-exposed 
mice, while the p-value did not cross the significance threshold (p =
0.057). Analyses of the prostate tissues of CD-derived F3 mice showed 
that H3K4me3 levels were unchanged, while we observed a slight in
crease in the levels of H4ac (15%) and a decrease in H3K27me3 (15%) 
histone marks, although the changes were not statistically significant 
(Fig. S8). We analyzed the total levels of modified histones in purified 
histone fraction of the prostate of F3 generation mice by Western blot. 
We found that the levels of histone are not significantly changed in total 
protein fractions (Fig. S9). However, the protein levels tend to change in 
a similar way as immunofluorescence data. 

3.5. A genome-wide H3K4me3 level shows increased occupancy in the 
prostate of CD-exposed F1 and F3 mice 

Since H3K4me3 are important epigenetic histone marks associated 
with gene transcription and their levels were found to be increased in 
CD-exposed F1 prostate following immunofluorescence analyses, we 
sought to perform ChIP-seq of H3K4me3 to evaluate the genome-wide 
distribution of this mark in the prostate of CD-derived F1. We identi
fied 775 regions, referred to as differential peaks, that displayed altered 
H3K4me3 occupancy in F1 CD-lineage prostate compared to control (FC 
> 1.5, FDR < 0.05) (Table S7 & Fig. S10). We identified genes located in 
the neighborhood of the most strongly altered peaks (FC > 2, 129 peaks) 
and performed a Gene Ontology (GO) enrichment analysis. Most of the 
differential peaks (92 out of 129) were found distally to the transcription 
start site (TSS) (<5kb), suggesting that they were not located at the 

Fig 3. Gene expression in PIN phenotype pros
tate tissue in F1 and F3. (A) The analysis was 
performed by RT-qPCR. The upregulated genes are 
in red and downregulated in blue, *p < 0.05, **p <
0.01. (B) A heatmap showing the comparison of 
gene expression levels in human prostate cancer cell 
lines with important differentially expressed genes 
identified in our study. HOXA genes are presented as 
a separate heatmap. (For interpretation of the ref
erences to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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promoter regions, but rather at enhancers. The GO enrichment analysis 
revealed that F1 differential peaks were situated in the vicinity of genes 
that are involved in prostate gland development (Fgfr2, Foxa1, Hoxa13, 
Sox9, Stat5a), tissue morphogenesis (Etv2, Hoxa11, Jag2, Myc, Ncoa3) 
and regulation of stem cell differentiation (Tacstd2, Tbx5, Tgfbr3, 
Zfp36l2) (Fig. 5A). Notably, we found that a 115 kb-long region of Hoxa 
genes (Hoxa cluster) displayed a global increase in H3K4me3 peak in
tensity in the prostate of CD-exposed mice (Fig. 5B) a detailed view of 
the region with the most highly increased H3K4me3 level (Hoxa11/ 
Hoxa11os) is shown in Fig. S11. 

Next, we aimed to determine whether F1 differential peaks could be 
detected in the F3 generation. To this end, we carried out H3K4me3 
ChIP-seq in F3 prostate. We detected 240 differential peaks between 
control and CD-derived group Table S8. Of the differential peaks, 154 
showed increased occupancy and 86 decreased occupancy, suggesting 
that H3K4me3 alteration in F3 is also in the similar direction. We 
compared F1 and F3 datasets and detected H3K4me3 changes in 73 
common genes including genes which are known to be implicated in 
“positive regulation of proliferation” (Pou2f3, Tbx2, Cbx8, Prl2c3, Ptgfr, 
Stat3, Stat5a) and homeobox genes” (Pou2f3, Hoxa9, Hoxa13) among 
others (Fig. 5C). Full list of commonly altered genes is given in Table S9. 
For example, we detected altered H3K4Me3 in Pou2f3 in F1 and F3 
(Fig. 5D). 

We confirmed our F3 ChIP-seq results with the F3 ChIP-qPCR by 
analyzing histone occupancy at the promoters of 22 regions. Out of these 
regions, 8 loci showed similar changes of in H3K4me3 mark in both 
generations (Fig. S12). 

We found 83 common genes in F1 RNA-seq and ChIP-seq data 
(FC1,5, FDR0.1, FC2, FDR0.1, respectively), including important tran
scription factors (Gata3, Nkx3-1, Pou2f3, Sox9, Tbx2, Tbx3, Ccnd1, 
Hoxb13, Hoxd11). Full list is given on Table S10. In F3 RNA-seq and 
ChIP-seq data we detected 10 common genes with similar parameter of 

analysis, including homeobox Hoxa9 and cell adhesion related gene, 
Cdh12, Table S11. 

In summary, our results suggest that prenatal exposure to CD could 
lead to the altered epigenetic landscape in the vicinity of genes involved 
in prostate development and stem cell differentiation. Moreover, some 
of the changes are still detected in F3 generation suggesting that at least 
at some genes the epigenetic information was preserved. 

3.6. ChIP-qPCR of H3K4me3 in CD-exposed F1 and F3 sperm shows 
decreased occupancy at Hoxa gene regions 

To understand whether the epigenetic changes that we observed in 
prostate are preserved in sperm, we analyzed histone occupancy of 
H3K4me3 histone in the promoter of some genes using sperm from F1 
and F3 mice. To this end, we performed the ChIP-qPCR analysis using 
sperm from control and exposed mice as described in the Methods sec
tion. The analysis showed a high ChIP-to-Input ratio in both F1 and F3 
suggesting that the studied regions were preserved in sperm and avoided 
protamine replacement. We also observed the regions with no enrich
ment in sperm suggesting that H3K4me3 regions detected in prostrate 
are not preserved in sperm (e.g. Ankib1, Mrgpra3, Tmod4); alterations in 
these regions might occur due to other factors and not originated from 
sperm directly. In contrast to the prostate tissue, H3K4me3 occupancy in 
sperm has decreased in the vicinity of genes, including the homeobox 
genes Hoxa3, Hoxa7, Kiss1 and Nkx3-1 (Fig. 6A) in F1. The analysis in F3 
males showed the changes in Hoxa genes, e.g. Hoxa3, Hoxa10, Hoxd13 
and some other regions (8 out 21) showed significant decreased occu
pancy similar to sperm of F1 (Fig. 6B). 

To reveal whether the decreased level of H3K4me3 in F1 is due to the 
reduction in histone-containing fraction of sperm, we performed ChIP- 
qPCR using unmodified histone H3 antibody. We found that H3 
showed no significant changes at the promoters we analyzed (Fig. S13). 
Moreover, the sperm protein H3 histone level is similar in control and 
CD-exposed group (Fig. 6C-D). 

This data suggests that the histone-containing fraction is not altered 
at analyzed genes but rather has decreased H3K4me3 content at 
analyzed genes in both F1 and F3. 

Our results suggest that the alterations in H3K4me3 occupancy in the 
vicinity of important developmental genes were induced in the prostate 
of F1 males as well as in sperm of F1 and F3. 

4. Discussion 

Epidemiological studies have shown that postnatal CD exposure (ie. 
in men born before 1973, the year in which this insecticide was intro
duced the French West Indies) is associated with an increased risk of PCa 
in the French West Indies population (Brureau et al., 2019; Multigner 
et al., 2010). Whether the generations that are born after 1973, who are 
in utero exposed to CD, have health issues remains an open and unre
solved question. Our recent study on CD exposure to pregnant mice 
showed epigenetic alterations in testis and reproductive defects that 
were transmitted up to three generations (Gely-Pernot et al., 2018). 
Therefore, we hypothesized the likelihood of prostate alterations 
following developmental CD exposure as well as its transgenerational 
inheritance mediated via epigenetic features. Our data show that 
developmental exposure to CD increases the occurrence of PIN in both 
F1 and F3 generations and provides evidence for the involvement of 
epigenetic histone modifications in the transmission of these effects. 

We observed a significant increase in the incidence of PIN phenotype 
in the directly exposed F1, and an increase in non-directly (F3) exposed 
mice which did not cross the significance threshold (p = 0.054). The 
appearance of the PIN phenotype occurs when epithelial cells initiate 
division and crowd in the lumen of the prostate and are considered as a 
precursor of PCa. Although there are fundamental differences in mouse 
and human prostate morphology, anatomy and tumorigenesis, mice 
remain an indispensable model for studying prostate cancer as well as 

Fig. 4. The levels of H4ac and H3K27me marks were decreased and 
H3K4me3 is increased in the PIN-positive prostate of directly exposed F1 
mice. (A) Representative images of prostate sections from control (Top panel) 
and CD-exposed (bottom panel) animals. Prostate cells were immunostained 
using anti-H4ac (red), anti-H3K27me3 (green) or anti-H3K4me (red) antibodies 
and images were taken and analyzed as described in the Methods section. White 
arrows show examples of the signals that we quantified. (B) Quantitative 
analysis of H4ac, H3K27me3 and H3K4me3 signals in nuclei was performed 
using ImageJ software and data are presented as relative fluorescence 
compared to control ± SEM. Values from control and exposed mice are dis
played in blue and red, respectively. (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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transgenerational epigenetic inheritance. Despite the claims that mouse 
dorsolateral prostate is similar to human prostate (Berquin et al., 2005), 
the Bar Harbor Histology Panel has clearly stated that no conclusive 
evidence exists to affirm that any of the mouse prostate lobes are 
identical to human prostate (Irshad and Abate-Shen, 2013; Shappell 
et al., 2004). However, histologically, both mouse and human prostate 
epithelial cells can be differentiated into basal, luminal and neuroen
docrine cells. Taking into consideration the facts that rodents are less 
prone to prostate cancer compared to humans (Bosland and Prinsen, 
1990; Shappell et al., 2004) and that the anterior prostate lobe in mice 
have a higher risk to develop PIN phenotype compared to other lobes 
(Bhatia-Gaur et al., 1999; Ouyang et al., 2005), we opted to analyze the 
anterior prostate lobe. Herein, the anterior prostate showed a clear PIN 
phenotype pattern in F1 and F3 mice indicating pathologic 
transformation. 

We explored the RNA expression changes and epigenetic features of 

the prostate chromatin to explain the increased PIN phenotype that we 
observed in CD-derived F1 and F3 generations. We found several genes 
with important roles in prostate function, such as Hox family, to be 
highly over-expressed in F1 and F3 mice. A strong decrease in Hoxb13 
was detected in F1; mutation in HOXB13 leads to higher risk of prostate 
cancer (Ewing et al., 2012), suggesting that CD-induced prostate cells 
proliferation could be mediated via alteration in Hoxb13. It has been 
shown that HOXA7 could increase cell proliferation through up- 
regulation of epidermal growth factor receptor in granulosa cells 
(Zhang et al., 2010). Hox genes are important regulators of body plan 
development (Krumlauf, 1994), are spatially and temporally regulated 
by epigenetic factors (Noordermeer et al., 2011) and play a critical role 
in cancer development (Bhatlekar et al., 2014). Upregulation of Hoxa3 is 
known to be associated with tumor growth and metastasis in pancreatic 
(Kuo et al., 2019) and colon cancers (X. Zhang et al., 2018), and its 
downregulation has been observed in lung adenocarcinoma (Gan et al., 

Fig. 5. Gestational exposure of CD leads to the 
alteration in H3K4me3 occupancy at 129 regions 
in F1 and at 240 in F3 prostate. (A) Differential 
peaks were in the vicinity of the genes involved in 
prostate development. The altered peaks (FC > 2, 
FDR < 0.05) were assigned to genes and function
ally annotated by GREAT. The adjusted p-value is 
displayed at the end of each bar (binomial test). (B) 
View from IGV is displaying the increase in mapped 
reads in CD-derived prostate in the 115 kb-long re
gion including 16 genes from the Hoxa family. Peaks 
from control mice are shown in blue, and from CD- 
exposed mice are shown in red. Regions with 
significantly different occupancy are marked with 
dashed boxes. (C) Venn diagram showing the com
mon genes which have differential peaks in F1 and 
F3 generations. (D) Differential peaks detected in 
Pou2f3 in F1 and F3 prostate ChIP-seq. Regions with 
significantly different occupancy are marked with 
dashed boxes. (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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2018), while Hoxa7 is implicated in epithelial ovarian (Ota et al., 2007) 
and liver cancers (Li et al., 2015). Based on our study and given the 
critical role of Hoxa in cancers, we propose that the deregulation of the 
Hoxa cluster could play a role in the development of the PIN phenotype 
in CD-derived mice. 

We also found that gestational exposure to CD causes a dramatic 
increase in genes associated with hormonal biosynthesis in F1 and F3. 
Several human prostate studies have reported the upregulation of genes 
encoding for the key steroidogenic enzymes such as AKR1C3, CYP17A1, 
SRD5A1,2, reviewed in (Armandari et al., 2014). High expression of 
AKR1C3, SRD5A1 were found in circulating tumor cells derived from 
primary prostate cancer, suggesting that steroidogenesis elevation plays 
an important role in prostate cancer (Mitsiades et al., 2012). In clinical 
castration-resistant prostate cancer (CRPC) samples, the expression of 
AKR1C3 and 17βHSD3 were increased (Pfeiffer et al., 2011), and the 
overexpression of AKR1C3 were also shown in metastatic CRPC 
(Montgomery et al., 2008). 

The elevated expression of steroidogenesis genes was accompanied 
with an increased expression of Esr2 (ERβ) in F1 and F3 progeny, and 

Essrg in F1 males in our study. ESR2 was found to be up-regulated in 
triple-negative breast cancer cell lines and treatment with ESR2 agonist 
led to a significant increase in cell proliferation and migration (Austin 
et al., 2018). Similarly, it is suggested that cancer progression in primary 
and metastatic adenocarcinoma is mediated via ESR2 signaling (Fixemer 
et al., 2003). We also detected a large number of genes that are related to 
extracellular matrix function to be deregulated in F1 and F3. Studies 
have shown that coordinated actions of estrogens and the 3D network of 
macromolecules that form the extracellular matrix play an important 
role in remodeling the matrix for the progression of several types of 
cancers including prostate cancer, reviewed in (Piperigkou and Kar
amanos, 2020). Multiple epidemiological studies showed the link be
tween elevated estrogen levels during pregnancy and increased prostate 
cancer in males (Barker et al., 2012; Henderson et al., 1991). Similar to 
CD, early life exposure to low-dose BPA increases the incidence of 
hormone-associated prostate carcinogenesis in animal model as well 
(Prins et al., 2014) which could be due to the estrogenic properties of 
both the compounds. In experiments involving humanized mice, expo
sure to BPA has been shown to increase PIN and the expression of self- 

Fig. 6. H3K4me3 occupancy was altered in the 
vicinity of some genes in the sperm of F1 and F3 
mice, exposed to CD during development. His
tone occupancy of H3K4me3 in F1 (A) and in (B) F3 
panel were analyzed by ChIP-qPCR in the sperm. An 
equal amount of ChIP and input DNA were taken for 
qPCR. Each value for target genes was normalized to 
the Gapdh region. The data are presented as 
normalized ChIP to Input ratios compared to con
trol ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. 
Promoters with increased occupancy are in red and 
with decreased occupancy are in blue. (C) Western 
blot analysis of unmodified H3 in the sperm of F1 
mice. Histones were purified from F1 CD-exposed 
and control sperm were analyzed by Western blot. 
(D) Quantitative analysis of unmodified H3 protein 
levels from Western blots was performed using 
ImageJ software and the data are presented as the 
normalized signal compared to control ± SEM. (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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renewal related genes (Prins et al., 2014). It is considered that self- 
renewal genes are crucial for stem cells maintenance which, in turn, 
helps in the regeneration of prostate architecture following androgen 
ablation and are also responsible for replenishing cells during PCa 
development (Moltzahn and Thalmann, 2013). 

Alternatively, we studied liver, an organ where CD primarily accu
mulates (Egle et al., 1978). We found that the changes induced by CD in 
liver are dramatic only in F1 generation and not in F3, suggesting that 
epigenetic memory does not preserve the alterations in the liver or 
perhaps to a less extent than in reproductive organs. Studies have shown 
that certain regions in the germline avoid reprogramming (Hill et al., 
2018) and preserve the information related to gametogenesis as well as 
development while the information pertaining to somatic cells are not 
preserved. Hox genes are important for body plan and development; 
accordingly, the Hox gene alterations are possibly preserved in the 
sperm and affect the developmental program of somatic organs, such as 
prostate. 

4.1. Epigenetic alterations in histone acetylation and methylation marks 
in CD-exposed prostate 

Epigenetics plays a vital role in PCa development (Baumgart and 
Haendler, 2017) as well as in its transgenerational inheritance (Kluko
vich et al., 2019). In CD-exposed F1 mice, we observed a global decrease 
in the histone acetylation levels in the exposed prostate. Because histone 
H4ac controls DNA accessibility to repair factors, it is conceivable that 
decreased acetylation could compromise the DNA repair. This is an 
important observation considering CD’s ability to cause DNA damage by 
increasing 8-oxo-G levels (Legoff et al., 2019a); so, the accessibility to 
DNA for repair is critical. The described effects on H4ac however, were 
not transgenerational, at a global level. We did not observe a decrease in 
H4ac in F3 generation both by IFA and WB methods. 

We found that H3K4me3 levels were increased in CD-exposed mice, 
with some regions being altered in both generations and sperm. The 
increased H3K4me3 is associated with decreased H3K27me3 levels 
which is consistent with previous work that found specific counter
balanced levels of these marks in normal and cancerous prostate cells 
(Ke et al., 2009). The authors reported that these marks act as epigenetic 
switches; for example, loss of H3K27me3 coupled with a gain of 
H3K4me3 was associated with high activation of several deregulated 
genes (Ke et al., 2009), indicating that changes in the ratio of these 
methylation marks play a role in prostate carcinogenesis. We also 
observed an increased expression of a major histone lysine methyl 
transferases (KMTs), Kmt2d, in both F1 and F3 PIN-containing prostates 
compared to control. The protein encoded by Kmt2d is a transcriptional 
regulator of the estrogen receptor genes (Toska et al., 2017) and an 
overexpression of KMT2D was observed in gastric cancer samples (Xiong 
et al., 2018), suggesting that KMT2D has oncogenic properties. More
over, most of the differentially expressed genes that we identified in our 
F3 prostate RNA-seq data has been shown to be preferentially expressed 
in luminal cells (D. Zhang et al., 2016). In agreement, our immunoflu
orescence data show that signals for histone marks are higher in luminal 
cells. From this, it is conceivable that the driver of epigenetic changes 
arises originally in luminal cells. Moreover, the studies that aimed at 
elucidating the origin of prostate cancer cells were recently reviewed (D. 
Zhang et al., 2018); and, while earlier work pointed at basal cells as a 
point of origin for transformation, more recent studies suggest the 
luminal origin of transformation of these cells (D. Zhang et al., 2018). 

We found a deregulation in the expression levels of Hox genes. For 
these genes, strong relationship between gene expression and histone 
marks was detected in F1. The increased histone occupancy in Hoxa13, 
which plays a role in embryonic genitourinary (Du and Taylor, 2004; 
Goodman, 2002) and prostate development (Huang et al., 2007), is 
associated with unfavorable survival of PCa patients (Dong et al., 2017), 
which makes this gene one of the strong candidates for “driving” tran
scriptional activity network change. 

Furthermore, we found strong increase in Pou2f3 and Tfap2c 
H3K4me3 occupancy in F1 and F3, genes, which are normally expressed 
in keratinocytes. The decrease in POU2F3 expression was found in cer
vical cancer (Zhang et al., 2006). The upregulation of POU2F3 was 
detected in human colorectal cancer (Goto et al., 2019) and in small cell 
lung cancer which is a tumor of pulmonary neuroendocrine cells (Huang 
et al., 2018). These data suggest that like other cancers the neuroen
docrine cells in prostate could be responsible for PIN transformation. 

We believe that epigenetic change results in a more accessible 
chromatin structure that could impose favorable conditions for gene 
over-expression and proliferation activity in CD-exposed mice. 

4.2. Transgenerational inheritance of histone H3K4 methylation 
modifications via sperm 

Since changes in histone H3K4me3 occupancy found in the prostate 
of F1 animals were also detected in the spermatozoa of F1 mice, it is 
possible that CD-induced changes are inheritable at least at some regions 
of the genome. 

Targeted analyses of histone H3K4me3 mark distribution in the F3 
prostate showed that several epigenetic changes were preserved be
tween F1 and F3 generations, including the Hoxa cluster. Unlike the bulk 
of sperm DNA that undergo histone-to-protamine transition, Hox family 
genes preserve their associated histones based on early studies by 
Hammoud and colleagues (Hammoud et al., 2009) that has been 
recently confirmed (B. Zhang et al., 2016). Notably, histone occupancy 
in prostate and sperm had an opposite direction of changes. After 
fertilization, numerous events contribute to zygote formation and to 
organ development, and we believe that the complexity of this process 
could explain the opposite changes in histone H3K4me3 occupancy in 
prostate and sperm. Hox genes have tissue-specific expression features, 
and are regulated by higher order chromatin organization, long non- 
coding RNAs and transcription factor complexes in adult tissues 
(Yamamoto et al., 2003). We propose that these ‘other regulatory fac
tors’ might have played a role in the observed results in adult prostate. 
Further experiments in the embryo are required to reveal the histones 
fates during early development. Since the changes we observed affect 
the same regions in F1 sperm and the F3 prostate, we believe that these 
regions are transgenerationally inherited. A schematic diagram repre
senting the potential pathways that could lead to development of PIN 
phenotype in prostate of F1 and F3 generations via sperm is provided in 
Fig. S14. 

4.3. Limitations of the study 

One of the limitations of this work is that the consequences of 
epigenetic alterations observed in animal model are not yet confirmed in 
humans, especially the capacity of CD to promote the tumorigenesis. It is 
not clear how exactly alterations in Hoxa genes lead to prostate PIN in 
humans. The role of other epigenetic factors such as noncoding RNA has 
not been determined. We noted that some of the noncoding RNAs are 
differentially expressed in exposed mice, and the role of these ncRNA in 
Hoxa expression should be addressed in future studies. It is not clear how 
long the transgenerational effects promoted by CD could last. Since we 
detected alterations that are still persistent in F3 males, it is possible that 
4th or 5th generations still manifest the promoted effects. Thus, further 
work is required to address those questions and to investigate the human 
health consequences due to CD contamination. 

5. Conclusions 

In conclusion, our study provides evidence that developmental 
exposure to CD results in epigenetic effects on prostate tissue in mice 
which could be inherited via sperm although common changes observed 
in F1 and F3 are limited suggesting the role of other factors as well in 
transmitting the effects. The study has important public health 
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implications in populations where humans are still exposed to this 
compound. 
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