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ABSTRACT (150 words)

With the aim to analyze whether bisphenol A (BPApdifies B-Casein f§-Cas)
synthesis and transcriptional regulation in peahgtexposed animals, here, pregnant
FO rats were orally exposed to 0, 0.6 or 52 pg BBAlay from gestation day 9 until
weaning. Then, F1 females were bred and mammangglevere obtained on lactation
day 2 Perinatal BPA exposure decreasgdCas expression without modifying the
activation of prolactin receptor. It also decreaskd expression of glucocorticoid
receptor in BPA52-exposed dams giidanda6 integrins as well as dystroglycan in
both BPA groups. In addition, BPA exposure altetbd expression of histone-
modifying enzymes and induced histone modificatiansl DNA methylation in the
promoter, enhancer and exon VIl of ff€as gene. An impaired crosstalk between the
extracellular matrix and lactogenic hormone sigmlipathways and epigenetic
modifications of thel-Cas gene could be the molecular mechanisms byhwBRA

decreasef-Cas expression.

Key words: Bisphenol A; mammary gland differentiatiofs-Casein; epigenetic

modifications; lactation.

Abbreviations: p-Casein: p-Cas; BPA: bisphenol A; ChIP: chromatin
immunoprecipitation; DAG1: dystroglycan; DNAme: DN#ethylation; ECM: cell-
extracellular matrix; EDCs: endocrine-disruptingesticals; EZH2: enhancer of zeste
homolog 2; FO: dams directly exposed to xenoestrsg€&l: FO offspring; F2: F1
offspring; GD: gestation day; GR: glucocorticoid ceptor; IHC:
immunohistochemistry; IPs: immunoprecipitated cagmpk; ITG6: integrina6; ITRL:
integrinB1; H3Ac: acetyl histone 3; H3K27me3: trimethyl-lise H3 (Lys27); HDAC:
histone deacetylase; LD: lactation day; MG: mamngand; PRL: prolactin; PRL-R:
prolactin receptor; pStat5a/b: phosphorylated &fat5gRT-PCR: real time RT-PCR ;
SDS: sodium dodecyl sulfate; Stat5: signal tranedaad activator of transcription 5.
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1 Introduction

Milk protein gene expression is influenced by lgetoic hormones, which, together
with the cooperation of local growth factors andl-cell and cell-extracellular matrix
(ECM) interactions, activate specific transcriptiofactors, alter cytoskeletal
organization, and change the chromatin state ankkaustructures (Kabotyanski et al.,
2009; Qian and Zhao, 2014)-Casein f§-Cas) is one of the main milk proteins secreted
during lactation and is regarded as a functionfiémintiation marker of the mammary
gland (Rijnkels et al., 2010B-Cas gene expression is transcriptionally reguldmed
several signal transduction pathways. The lactagéormones prolactin (PRL) and
glucocorticoids modulate the activity of the signtabnsducer and activator of
transcription 5 (Stat5) and the glucocorticoid poe (GR), respectively (Groner,
2002), which in turn bind to composite responsenelats present in both tieCas
proximal promoter and distal enhancer. The lattealso known as ECM-responsive
element and is located -3.5 kb 5’ to the startfsitdranscription in the rat (Kabotyanski
et al., 2006; Rijnkels et al., 2003). In additi@nRRL and glucocorticoids, adhesion to
basement membrane proteins (especially laminirs-HlS0 necessary to regul@it€as
gene expression (Alcaraz et al., 2008; Streuli lgt 1895). Laminin transduces its
signals by binding to integrin receptors (ec§pl anda6p4) and other cell surface
molecules like dystroglycan (Muschler et al., 1998pdulating the enzyme-signaling
pathway driven by PRL through activating Stat5-DMNAeractions (Edwards et al.,

1998; Streuli et al., 1995).

Epigenetic changes can lead to alterations in chatomconformation by DNA
methylation (DNAme), histone modifications and nodiog RNAs which are
associated with an active/open chromatin or antivelclosed chromatin (Li, 2002).

Taking into consideration that epigenetic mechasisme also considered transcription
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regulators of milk protein gene expression (Qiard ahao, 2014),p-Cas gene
expression could be controlled at the transcrigtidevel by modifying the accessibility
of the DNA to transcription factors. In this regaitl has been suggested that the
environment during mammary gland development, ffetal life to lactation, could
influence the lactation performance of the aninhabiigh epigenetic alterations of the
genome (Rijnkels et al., 2010). Bisphenol A (BPa), endocrine-disrupting chemical
(EDC) and one of the highest-volume chemicals pcteduvorldwide (Osborne et al.,
2015; Vandenberg et al., 2009), is one of the enwirental factors that has been shown
to disrupt mammary gland development (Gore et 2015; Soto et al., 2013) and
functional differentiation in rodents (Altamirand al., 2015; Kass et al.,, 2012).
Moreover, several studies have demonstrated thaerns BPA exposure induces
postnatal effects on the DNAme status and histoo@ifilnation that alter the expression

of specific genes in the offspring (Kundakovic &ftampagne, 2011).

Previously, we have shown that perinatal exposordowv doses of BPA delays
mammary gland differentiation, modifies milk yieldnd alters both milk protein and
lipid composition in F1 lactating rats (Altamiraebal., 2015; Kass et al., 2012). In the
present study, we examined whether perinatal expdsulow doses of BPA alters the
transcriptional regulation of thp-Cas gene through either changes in the lactogenic
hormones/ECM-derived signaling pathways or epigenehodifications in the

mammary glands of F1 dams during early lactation.

2 Materialsand methods

2.1 Animals

Sexually mature female rats (90 days old) of a #viderived strain bred at the

Department of Human Physiology [Facultad de Biogoémy Ciencias Bioldgicas,
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Universidad Nacional del Litoral (UNL), Santa Feagantina] were used. The animals
were maintained in a controlled environment (22°€;214 h of light) and had free
access to pellet laboratory chow (16-014007 Rat$édbiet, Nutricion Animal, Santa
Fe, Argentina). For more information regarding fth@d composition, see Altamirano et
al. (2015). To minimize additional exposure to ED@®® rats were housed in stainless
steel cages with sterile pine wood shavings asibgddnd glass bottles with rubber
stoppers were used to supply drinking water antltegatments. All the experimental
protocols were approved by the Ethical Committedghef Facultad de Bioquimica y
Ciencias Biolégicas, UNL. Animals were treated hoeig and with regard for

alleviation of suffering.

2.2 Experimental design

The experimental procedures have been previousgritbed in Kass et al. (2012) and
Altamirano et al. (2015). Briefly, females in proes were caged overnight with males
of proven fertility. The day on which the sperm viasnd in the vagina was designated
day 1 of gestation (GD1). On GD9, correspondinthebeginning of organogenesis in
the fetus, pregnant rats (FO) were weighed, andaraty divided into three groups (8-
10 dams/group) as follows: a) Control (0.002 % wetha b) BPA0.6 (0.6 pg
BPA/kg/day) and c) BPA52 (52 ug BPA/kg/day). BPAsveaiministered in the drinking
water of the FO dams from GD9 to weaning (Fig. BRA solutions (99 % purity,
Sigma-Aldrich, Buenos Aires, Argentina) were pregbaccording to Kass et al. (2012).
The doses were calculated on the basis of theirageebody weight and water
consumption during pregnancy and lactation, asipusly reported in Altamirano et al.

(2015).

After parturition [lactation day 0 (LDO)], F1 pupgere weighed and sexed according to
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the anogenital distance, and litters of eight pgmeferably four males and four
females) were left with FO lactating mothers umatdaning on LD21. At weaning, the
female F1 offspring (exposed to BPA transplacentalhd through the milk) were
transferred to new stainless steel cages with nassgirinking water bottles until the
end of the experiment. To evaluate whether perir@atposure to BPA alteref-Cas
protein expression and gene regulation during dadtation, randomly chosen 90-day-
old F1 females were bred to unexposed males ofeprdertility on the night of
proestrus (as determined by vaginal smears). Aftegnancy confirmation, one F1
female per litter from each treatment group wasgassl to the present research. The
remaining females and all males were used for otix@eriments. Mammary gland
samples from F1 dams were obtained on LD2 (n = 8dfs/group). The left fourth
pair of abdominal mammary glands was fixed in 108&)( buffered formalin and
embedded in paraffin. Portions of the contralatgtahd excluding the lymph nodes
were snap-frozen in liquid nitrogen and kept at°&30or real-time RT-PCR (gRT-

PCR), DNAme and chromatin immunoprecipitation (QhdRalysis.

2.2 Immunofluor escence and immunoper oxidase assays

The protein expression @gfCas and phosphorylated Statba/b (pStat5a/b) walyzad
by immunofluorescence and immunohistochemistry (IHESsays, respectively, as
described previously in Kass et al. (2012). Brieftyrammary gland sections (5 pm in
thickness) were deparaffinized and dehydrated inadepl ethanol. For
immunofluorescence assays, sections were blockddMi mg/ml sodium borohydride
(Sigma-Aldrich) to minimize autofluorescence. Inatibn with the primary antibody
againstp-Cas (1:400, rabbit; kindly provided by Dr. BussmatBYME-CONICET,
Argentina) was performed overnight at 4°C. Sectiomsre incubated with the

secondary antibody anti-rabbit Alexa Fluor 488 f{timgen) for 1 h, mounted in
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ProLong Gold (Molecular Probes, Thermo Fisher SifienBuenos Aires, Argentina)
with 4’,6-diamidino-2-phenylindole dihydrochlorid®API; Fluka, Sigma-Aldrich) and

stored in the dark at 4°C until evaluated accordingass et al. (2012).

For IHC assays, primary antibody against pStatfa/l00, rabbit; Tyr 694, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) was incubatedroight at 4°C. The reactions
were developed using the streptavidin-biotin petage method and diaminobenzidine
(Sigma-Aldrich). Each run included negative cordrol which the primary antibody
was replaced with non-immune rabbit serum (Sigmddéh). pStatSa/b protein

expression and localization were evaluated in tvamnmary tissue sections per animal.

2.3 gRT-PCR

The gRT-PCR assay was carried out as previouslgribesl (Altamirano et al., 2015).
Briefly, mammary glands from eight animals from leaexperimental group were
individually homogenized in TRIzdInvitrogen, Buenos Aires, Argentina), and RNA
was prepared according to the manufacturer’'s pobtéual quantities of total RNA
were reverse-transcribed into cDNA according to Bamt al. (2003). The primer
sequences used for PCR are shown in Table 1. c@N&ld were detectating RT-
PCR with a Rotor-Gene Q cycler (Qiagen InstrumeA&, Hombrechtikon,
Switzerland). After initial denaturation at 95°Cr fd5 min, the reaction mixture was
subjected to successive cycles of denaturatiobd $or 15 s, annealing at 52-60°C for
15 s, and extension at 72°C for 15 s. Product ywréis confirmed by dissociation
curves, and random samples were subjected to a&gagek electrophoresis. The
calculation of the relative expression level of ledarget wasonducted using the

standard curve method (Cikos et al., 2007), anddri®the control group were used to
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normalize the @values. No significant differences C; values were observed in L19

between the different experimental groups.

2.4 Bioinformatics

The B-Cas rat gene (accession number NM_017120) wag/zathlfor CpG islands
using Methyl Primer Express Software v1.0 (AppliBmsystems, Foster City, CA,
USA). In addition, thep-Cas promoter, enhancer and exon VII regions wése a
checked for restriction sites f@8stUl or Mae Il. To recognize the putative binding sites
for transcription factors, we used the TFSEARCH  gpam
(http://www.cbrc.jp/research/db/TFSEARCH.html). P@Rmers were designed with

Vector NTI Suite Version 6.0 software (Infomax Indorth Bethesda, MD, USA).

2.5 Methylation-sensitive analysis

The DNAme status of thg-Cas distal enhancer, proximal promoter and exdnwék
analyzed using a combination of single digestioith methylation-sensitive restriction
enzymes and subsequently performing real-time P@d&ysis (Rossetti et al., 2015).
Genomic DNA was isolated from mammary gland samplassing
phenol/chloroform/isoamyl alcohol extraction. Thatat concentration of DNA was
quantified by Ago and stored at 2-8°C until needed. Equal quantdieBNA (1 pg)
were digested with 7.5 units &toRI (Promega, Madison, WI, USA) to reduce the size
of the DNA fragments and then purified with pheobléroform extraction and ethanol
precipitation. Then, 1 ug dicoRI-cleaved DNA was incubated for 1 h with 1 unit of
Maell (Roche Applied Science, Indianapolis, IN, USA) & units of BstUl (New
England BiolLab, Beverly, MA, USA) and 1X enzyme feufat 50°C or 60°C
respectively, following the manufacturer’s instioos. The digestion products were

purified with the phenol/chloroform method. The atele expression level of the
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different DNA regions was analyzed by real-time PGR mentioned above). The
primer sequences are shown in Table 2. Each sawgdequantified in duplicate or
triplicate. The methylation restriction enzymbkell or BstUl are unable to cut at
methylated sites, allowing amplification of thednaent. A region withouMae Il or

BstUI restriction sites was used as an internal contiidle relative degree of
methylation was determined by plottingr @alues against the log input (internal
control), which yielded standard curves for thergif@ation of unknown samples, and
finally dividing by the normalized target value tife control sample (Cikos et al.,

2007).

2.6 ChlP assay

ChIP analysis was performed according to a modifiedocol (Kazi and Koos, 2007).

Briefly, 40 mg of frozen mammary gland was disstedainto small pieces and
immersed in 1% formaldehyde solution for 15 mino$3rlinking was stopped by
adding 1.5 ml of 1M glycine for 5 min. The tissuglpt was homogenized in 600 pl of
RIPA lysis buffer [composed of 1% Nonide#0, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate (SD),mM EDTA, 50 mM sodium fluoride (Sigma-Aldrich),

1X protease inhibitor (Complete Mini, Protease Imtor Cocktail Tablet, Roche

Diagnostics GMBH, Germany) and phosphatase inhibjRhosSTOP, Phosphatase
Inhibitor Cocktail Tablets, Roche Diagnostics GMBH) PBS, pH 7]. Homogenates
were centrifuged at 12000 rpm for 5 min at 4°C #mel supernatants removed and
discarded. The separated nuclei were lysed in SBiS buffer [50mM Tris-HCI (pH

8.1), 5 mM EDTA, 0.1% SDS] containing proteases ahdsphatase inhibitors (as
above), and incubated on ice for 10 min. Then, $esnpere sonicated on ice for 40 x 2
sec cycles, followed by 1 min cooling interval beem each cycle, using a Sonic Vibra-

Cell™ VCX750 (Sonics & Materials, Newtown, CT, USA} 30% of power. The
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resulting DNA fragment size was about 0.5-1.0 klieAsonication, the samples were
centrifuged at 14,000 rpm for 10 min at 4°C. Thpesnatants were then collected and
stored at -80°C. Sonicated sample aliquots wererdtleon ice and diluted 1:10 with
dilution buffer [20 mM Tris-HCI (pH. 8.1), 150 mMAaCI, 2 mM EDTA, 1% triton X-
100, and protease inhibitors (as above)]. Then,ublf Dynabeads® Protein A
(Invitrogen) was incubated with 2.5 pl of rabbitlymonal antibody Anti-Acetyl-
Histone H3 (H3Ac; Upstate Biotechnology, Lake RiadilY, USA) or Anti-trimethyl-
Histone H3 (Lys27) (H3K27me3; EMD Millipore, Darrasit, Germany) for 10 min.
The samples previously diluted were incubated wite Dynabeads® Protein A-
antibody complex overnight at 4°C with rotation.r ee nonspecific antibody control,
an equal volume of normal rabbit serum was sulistitéor the specific antibody. The
immunoprecipitated complexes (IPs) were washed esdplly three times with PBS
solution and once with TE buffer (pH 8.0). ProtBINA complexes were eluted from
the Dynabeads® Protein A by incubation in 100 pélotion buffer [5S0 mM NaHCO3
and 1% SDS], and 0.5 pl of proteinase K (Sigma-éljrat 65°C for 2 h to remove
protein. The cross-linking was reversed with indidraat 95°C for 10 min. Ten percent
of total supernatant was saved as a total inputr@loand processed with the eluted IPs
beginning with the cross-linking reversal step. DMAs purified with a PureLink™
Quick Gel Extraction & PCR Purification Combo kihyitrogen). The recovered DNA
was then quantified by real-time PCR (as abovemné&ts were used to amplify genomic
sequences at the enhancer, promoter and exon §itin® of the-Cas gene (Table 2).
The relative amounts of IPs and input DNA were aeiteed by comparison to a
standard curve generated by serial dilutions o@tifpNA. Both experimental IPs and
input DNA were run in triplicate. IPs with specifamtibodies was normalized by first

subtracting the signals obtained with the nonspeaintibody control, and then
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expressing the normalized value as a ratio to iR and to the normalized value of

the control samples.

2.7 Statistical analysis

All data are expressed as the mean + SE. ANOVA peaormed to obtain the overall
significance, and Dunnett's (p<0.05) post-hoc teshs used to compare the
experimental and control groups. The Mann-Whitneyekt was used for qRT-PCR,

DNAme and ChIP analysis. Values with a p<0.05 vemeepted as significant.

3 Resaults

As found in our previous work (Altamirano et alQ1%; Bosquiazzo et al., 2013; Kass
et al., 2012; Vigezzi et al., 2015), exposure tABRrough the drinking water produced
no signs of embryo toxicity. In addition, the ratiepregnancy of the F1 BPA-exposed
females did not differ from that of the FO or Flemposed animals, and both the
average number of live F2 pups per litter and bodyght of F2 pups were not

significantly different from those of the contralogip (Kass et al., 2012).

3.1 Perinatal exposure to BPA impaired B-Cas expression independently of

Prolactin receptor PRL-R activation.

In a previous work (Kass et al., 201®) demonstrated that perinatal exposure to BPA
alters-Cas milk protein synthesis during mammary glarffecgntiation in pregnant
F1 rats. To define BPA actions dghCas synthesis during secretory activation, its
MRNA and protein expression were analyzed on I>2as mRNA level was reduced
in both BPA-treated groups during early lactatiéig( 2A; p<0.05) and, as shown in
Fig. 2B, this lower mRNA expression was associaté@tl a decreased level gfCas

protein expression.

11



247  To evaluate whether the decreafe@as expression observed in BPA-exposed F1 dams
248  was related to changes in PRL or glucocorticoitbastin the mammary epithelial cells,
249  the expression of PRL-R mRNA and its downstreamsiteption factor pStatSa/b as
250 well as GR mRNA were analyzed in the lactating mamryrgland. BPA exposure
251  modified neither PRL-R mRNA nor pStat5a/b protewpression in the mammary gland
252 (Fig. 3A,C). Interestingly, IHC assays showed {h&tatS5a/b expression was nuclear in
253  all experimental groups, suggesting the activabbrPRL signaling in the mammary
254 gland (Fig. 3C). On the other hand, GR mRNA expogssvas lower in BPA52-

255  exposed dams than in control F1 dams (Fig. 3B;@x0.

256 3.2 Laminin-cell interactions were modified by perinatal exposureto BPA.

257 It has been shown that laminin cooperates with RRiegulate the binding of pStat5a/b
258 to the B-Cas promoter in mammary epithelial cells (Xu et @007). To examine
259  whether cell surface receptors for laminin wereetd by perinatal exposure to BPA,
260 the mMRNA expression of two integrin subunits (bB5and ITB1) of laminin receptors
261 and one of the most important cell surface molecudgated to its signaling (DAG1)
262  were evaluated in the mammary gland. On LD2, thaestriptional levels of ITé5,
263 ITP1 and DAG1 were decreased in all BPA-exposed asig@hpared with control rats

264  (Fig. 4; p<0.05).

265 3.3 Histone-modifying enzymes were altered by perinatal exposureto BPA.

266  Histone modifiers like p300 and histone deacetylhsHDAC1) are recruited and
267 involved in the activation off-Cas gene expression after hormonal lactogenic
268  stimulation (Kabotyanski et al., 2009). In contradDAC3, together with YY-1 and
269 C/EBP, is part of a repress complex that binddhé3tCas promoter in the absence of

270 lactogenic hormones (Kabotyanski et al., 2009). define whether perinatal oral
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exposure to BPA altered the histone modifiers HDA&T] HDAC3, their mRNA
expression levels were evaluated. On LD2, HDAC1 mAR&Vel was up-regulated (Fig.
5A; p<0.05), whereas HDAC3 was down-regulated (BB, p<0.05) in BPA-exposed

F1 females.

Another histone-modifying enzyme of interest is #ghancer of zeste homolog 2
(EZH2), a methyltransferase specific to histongs3nke 27, which is involved in gene
silencing and tumorigenesis (Kuzmichev et al., 20R2a et al., 2000). To evaluate
whether EZH2 expression was affected by BPA peaalratl treatment, we analyzed its
MRNA expression. On LD2, both doses of BPA incrdateexpression in comparison

with control dams (Fig. 5C; p<0.05).

3.4 Perinatal exposure to BPA induced alterations in DNAme and histone

modification in both the p-Cas promoter and the g-Cas enhancer .

Epigenetic mechanisms like DNAme and histone mecdglifon play a key role in
transcriptional regulation of the casein genes rummammary gland development
(Qian and Zhao, 2014, Rijnkels et al., 2013; Rijaket al., 2010). To assess whether
perinatal exposure to BPA induced changes in DNAmgk histone modifications in the
B-Cas proximal promoter and distal enhancer, metioylssensitive and ChIP analyses

were performed on LD2.

First, thep-Cas gene was studied and searched for candidate fsr DNAme by a
Bioinformatic software. No CpG islands were obsdrue the B-Cas gene; however,
two DNAme-sensitive restriction sites fotaell were found: one in thg-Cas promoter
and the other in th@-Cas enhancer (Fig. 6A and 6B). Both BPA-exposemligs

exhibited a decreased methylation state in3@as promoter (Fig. 6C; p<0.05). In
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contrast, thed-Cas enhancer showed an increased methylationist®8BA52 animals

and a decreased one in BPAO.6 ones (Fig. 6D; px0.05

Additionally, the levels of H3Ac and H3K27me3 inffdrent regions of thgs-Cas
promoter and enhancer were measured by ChIP akdknged by PCR analysis (Fig.
6E-H). In most of the regions analyzed, ChIP datax&ed a decreased level of H3Ac in
both BPA-exposed groups (Fig. 6E and 6F; p<0.06).cdnjunction with histone
methylation analysis, BPAO.6-exposed dams reveatethcreased H3K27me3 level in
the B-Cas promoter compared with control animals (Fkj. p<0.05). Also, the level of
H3K27me3 was increased in theCas enhancer of both BPA-exposed groups (Fig. 6H;

p<0.05).

3.5 Perinatal exposure to BPA induced changes in DNAme and histone

modification in exon VII of the g-Cas gene.

The B-Cas hydrophobic domain is encoded in exon VII @dnvolved in micelle
formation (Jones et al., 1985; Rijnkels, 2002)tha present study, we used this exon to
quantify B-Cas mRNA expression, as done by other resear¢Beiser et al., 2011,
Kabotyanski et al., 2006; Kabotyanski et al., 2008nklehner-Jennewein et al., 1998).
As shown in Fig. 2A, its expression was decreasegdrinatal exposure to BPA. To
identify whether this lower expression was due pagenetic alterations, changes in
DNAme and histone modification were analyzed irs tikon. DNAme changes in the
mammary gland were evaluated on the methylatiositea siteBstUI (Fig. 7A). This
site had a higher methylation state in BPA-expa$a&us than in control animals (Fig.
7B; p<0.05). Then, the levels of H3Ac and H3K27me3lifferent regions of-Cas
exon VIl were analyzed by ChIP assays (Fig. 7Ajhé&ligh H3Ac level was increased

in the exon VIlI(a) region in both BPA-exposed greupnly BPA52-exposed F1 dams

14



318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

revealed an increased expression of H3Ac in thaer edd(b) region and a decreased
expression in the exon VII(c) region of tReCas gene (Fig. 7C; p<0.05). In addition,
both BPA-exposed groups showed higher levels of 2¥3#e3 in all the regions @

Cas exon VIl analyzed than in control animals (FiQ; p<0.05).

4 Discussion

For decades, th@-Cas gene has been one of the milk protein genest minlely
studied, and its promoter extensively investigadsda model for hormone signaling
control of milk protein gene expression (Qian am&@, 2014). In previous research, we
have shown that perinatal exposure to low doseBRA delays alveolar maturation
during gestation and early lactation, and impgif3as synthesis and/or secretion during
late pregnancy (Altamirano et al., 2015; Kass et 2012). In the current study, we
demonstrated thgt-Cas synthesis is also diminished in BPA-exposedi&hs during
secretory activation of the mammary gland, and thé&rent molecular mechanisms

could be responsible for this down-regulation.

A multistep process involving different signalingtpways that are led principally by
lactogenic hormones is required to activfit€€cas gene expression in mammary
epithelial cells (Anderson et al., 2007). Duringregory activation, PRL increases the
transcription of milk protein genes through the hatton of PRL-R and
phosphorylation and dimerization of Stat5 (Andersoral., 2007) (Fig. 8A). Perinatal
exposure to BPA did not modify the expression of FRRor pStat5a/b on LD2 (Fig. 8
B,C). Interestingly, pStatS5a/b expression in BPAased F1 femalesvas nuclear,
indicating that the PRL signaling pathway was actim these animals. pStatSa/b
interaction with the DNA is also influenced by tke-operation with GR. Ligand

activation of GR causes the formation of a GR-@tét complex and the subsequent

15



342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

deviation to the Stat5-DNA binding site (Groner02p (Fig. 8A). In our experiment,
the mMRNA expression level of GR was lower in BPAB®osed F1 dams and this
could be related to the decreased expressidir@ds observed in these animals (Fig.
8C). In addition, it has been established that margrapithelial cells, in the presence
of PRL, are able to induce DNA binding activity pStatSa/b only when they are
cultured on laminin-rich ECM (Streuli et al., 1999he structural organization of the
cell is an essential component of laminin signalng this is mediated by6p4 andpl
integrins as well as by E3 laminin receptors (Mlsckt al., 1999). DAGL1, considered
a co-receptor for laminin, is also required for toerect signaling through6p4 andpl
integrins to allow efficienf-Cas production in mammary epithelial cells (Muschét
al., 1999; Weir et al., 2006) (Fig. 8A). Our datzowed that not only the mRNA
expression of IT@ and IPB1 but also that of DAG1 were decreased in the fimgta
mammary gland of BPA-exposed rats (Fig. 8B,C). &fme, the diminished@-Cas
expression observed in BPA-exposed Fldams coudkplained in part by a disruption
in the anchoring of laminin to the cell surface amu consequence, a decreased
signaling to stimulat@-Cas expression. Furthermore, several studies d@avenstrated
that deletion of the IFL or DAG1 gene results in defective gland outgroualbtation
and Stat5 activity (Muschler and Streuli, 2010)u3hthe decrease in DAG1 and3IT
MRNA levels exhibited in BPA-exposed groups coutdalso associated with the delay
of alveolar maturation during secretory activatmnthe mammary gland observed in

our previous research (Altamirano et al., 2015;&tsal., 2012).

Milk protein gene transcription requires not oriie tactivation of transcription factors
but also chromatin remodeling during mammary gldegelopment (Rijnkels et al.,

2010; Xu et al., 2007). Steroid hormones can incaezenanent effects on gene activity
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and program target genes to respond to secondanyohal cues later in life
(Kundakovic and Champagne, 2011). There is evidehat exposure to BPA alters
enzymes involved in the epigenetic regulatory nraety such as DNA
methyltransferases, HDACs and EZH2 in differentsgare organs (Bhan et al., 2014;
Dhimolea et al., 2014; Doherty et al., 2010; Kurmlak and Champagne, 2011; Vigezzi
et al., 2016). In the present study, BPA-exposedl&ts exhibited changes in mRNA
expression of histone-modifying enzymes duringyeladtation. We found that HDAC1
MRNA level was increased whereas HDAC3 was decteas®PA-exposed groups
compared with control animals (Fig. 8B and C).dtknown that HDAC enzymes
reverse acetylation and stabilize the local chromatchitecture, which is consistent
with HDACs being predominantly transcriptional regsors (Bannister and Kouzarides,
2011). However, in th@-Cas gene, HDAC1 and HDACS3 play a role in the satjak
formation of complexes that leads to its activatiafter hormonal stimulation
(Kabotyanski et al., 2009). YY-1 binds to tReCas promoter, interacting with C/EBP
and HDACS3, and represses its expression in thenabsef lactogenic hormones. In
contrast, PRL signaling pathway activation induttess dimerization, translocation and
DNA binding of Stat5, which promotes both the dig@ment of YY-1 and HDACS3,
and recruits HDAC1 to activafgCas gene transcription (Kabotyanski et al., 20G9).
we relate our resultwith this activation pathway-Cas gene expression should be up-
regulated in BPA-exposed F1 females; however, wadyaad HDAC1 and HDAC3
expression in the whole mammary gland and not efi4Bias gene itself. Therefore, the
BPA-induced changes observed in the present wotkdcbe modifying HDAC
transcriptional repressor activity in genes notdstd herein. Also, BPA-induced
DNAme of exon VIl or histone modifications could bwre important regarding down-

regulatingB-Cas expression than the increase in HDAC3 mRNAlithkzhally, manyin
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vitro andin vivo studies have evidenced that exposure to EDCs ascBPA and

diethylstilbestrol enhances EZH2 expression in mamyrepithelial cells and that EZH2
is an estradiol-regulated gene (Bhan et al., 20bherty et al., 2010). In agreement, in
our experiment, BPA perinatal exposure stimulatesl éxpression of EZH2 mRNA
levels in the mammary gland of early lactating Find (Fig. 8B and C). It is thought
that EZH2 is critical in gene silencing and chromabndensation (Bhan et al., 2014).
Therefore, in BPA-exposed dams, a more condenseunettin conformation could be

found in theB-Cas gene region, down-regulating its expression.

Among epigenetic modifications, DNA methylation ahitstone modifications have
been most intensively studied in the context ofegEanscription and abnormal events
(Vaissiere et al., 2008). In the mammary gland, dkiensive cell proliferation during
pregnancy and early lactation lead to passive deyfaion of milk protein gene
regulatory elements, which correlates with the atdun of gene expression (Rijnkels et
al., 2010). Moreover, certain restriction sitesthie ratp-Cas gene from the lactating
mammary gland are readily digested by the metloragensitive restriction enzymes,
resulting in a hypomethylated state specific toglaad (Johnson et al., 1983) (Fig. 8A).
By using a similar strategy, we found alterationghe methylation status of DNAme
sensitive restriction sites of tileCas promoter and enhancer in BPA-exposed groups
(Fig. 8B,C). In thep-Cas promoter, we identified oridaell site next to a ¥2 GRE-
biding site that was hypomethylated in both BPAesed groups (Fig. 8B,C).
Vanselow et al. (2006) characterized a novel Sbating site in the enhancer of the
bovine a-S1-casein-encoding gene and proved that the Cp@ytagon of this area is
associated with a down-regulation @81-casein synthesis. Thereby, we decided to
evaluate theMaell site located near a Stat5-binding site in fh€as enhancer. This

Maell site was hypomethylated in BPAOQ.6-exposed damsg. (F8B) and
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hypermethylated in BPA52-exposed dams (Fig. 8CkeHaon these finding$-Cas
synthesis should be increased in BPAQO.6-exposeds damil decreased in BPA52-
exposed F1 dams. Additionally, the enrichment ofAEI3n the regulatory region of
casein genes has been shown to enhance their riptiosc rate due to a relaxed
chromatin structure (Rijnkels et al., 2013) (Fig) 8Here, we showed a lower presence
of H3Ac in thep-Cas promoter and enhancer in both BPA-exposedpgreompared
with control animals (Fig. 8B,C). The deacetylatioh H3 histone results in the
compaction of the chromatin structure and, theegfoan reduce the transcription of the
B-Cas gene. Moreover, the histone H3 hypoacetylailzserved in these animals could
be related to the disruption of the anchoring ahifan to the cell surface of the
epithelial cells suggested in the BPA-exposed alsintaking into consideration that the
cooperation between laminin and PRL is necessanyduce histone acetylation in the
B-Cas promoter (Xu et al., 2007Also, histone H3 hypoacetylation could be related t
laminin-ECM-induced changes in the actin cytoskeletas suggested by Le Beyec et
al. (2007); however, no differences in morphologize or cytoskeletal organization
were noticed in mammary epithelial cells betweepeexnental groupsAnother histone
modification associated with gene silencing isdnst H3K27 methylation (Bhan et al.,
2014). In our experiment, in tifeCas promoter, H3K27me3 level was increased only
in BPAO.6-exposed lactating rats whereas inBt@as enhancer it was increased in both
BPA-exposed groups (Fig. 8B and C). The increasdH8K27me3 in thep-Cas
promoter or enhancer could be related to the higz#i2 expression found in BPA-
exposed animals, considering that EZH2 possessetonki H3K27-specific
methyltransferase activity and is a key epigenetgulator (Kuzmichev et al., 2002).
Our results indicate that the modification of thkerarnatin conformation in the

regulatory regions of thp-Cas gene is an important mechanism of BPA actiofi-o
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Cas gene transcription during secretory activatibthe mammary gland. Additionally,
B-Cas exon VIl was also used to evaluate the DNA@ie sind histone modification. In
both BPA-exposed groups, DNAme and histone metioylabf H3K27me3 were
increased in this exon. Conversely, the recruitne#nti3Ac to p-Cas exon VIl was
higher in some of the regions evaluated by Chl&cating an open chromatin structure

in these regions (Fig. 8B,C).

Taken together, our results show that perinatabsue to BPA reduces the expression
of B-Cas through different molecular mechanisms dus@gretory activation in the rat
mammary gland (Fig. 8). Epigenetic modificationsl &m impaired crosstalk between
ECM and lactogenic hormone signaling pathways seeatt synergistically to down-
regulate -Cas expression. These findings underline the laghsitivity to BPA
exposure during then utero and lactation period of the offspring, and thetites
consequences on milk protein synthesis during gagreactivation of the mammary

gland.
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FIGURE LEGENDS

Figure 1. Schematic representation of the experimental pobtosed to study the
effects of perinatalgestation + lactation) exposure to low doses ofAB#h the
mammary glands of F1 females during early lactat@®D: gestation day; LD: lactation

day; PND: postnatal day.

Figure 2. B-Cas expression during early lactatigh) gRT-PCR quantification gi-Cas
MRNA expression in F1 dams on LD2. The bars reptee mean value + SE of 8
animals/group. The samples were normalized to L4®ression and to the control
animals, and a value of 1 was assigned to the @ogtoup (* p<0.05, Mann-Whitney
test). (B) Representative IF images piCas expression in mammary alveoli on LD2.
The cytoplasm and the apical lumen of the alvecddirwere positive fof-Cas (green)
while the nuclei (blue, DAPI +) were negative. OD2, both BPA-exposed groups had
a lower intensity off-Cas staining than the Control group, in accordanté the

results from the mRNA expression. Scale bar @0

Figure 3. PRL signaling pathway and GR expression in the marg glands of BPA-
exposed F1 dams. The mRNA expression level of PRIAR and GR(B) were
guantified during secretory activation. The bargresent the mean value £ SE of 8
animals/group. The samples were normalized to L4®ression and to the control
animals, and a value of 1 was assigned to the @ogtoup (* p<0.05, Mann-Whitney
test). (C) Representative IHC images of pStatba/b expressidhe mammary gland.
Nuclear pStatba/b expression was observed in gieraxental groups. Scale bar = 20

um.

28



643  Figure 4. Expression of laminin receptors in the lactatingnmmary gland of BPA-
644  exposed F1 dams. The mRNA expression levels otbfl(@), ITB1 (B) andDAGL1 (C)
645 were evaluated on LD2. The bars represent the malae + SE of 8 animals/group.
646  The samples were normalized to L19 expression @utldet control animals, and a value

647 of 1 was assigned to the control group (* p<0.0anktWhitney test).

648 Figure 5. Expression of histone modifierenzymes involved in the chromatin
649  conformation of the mammary gland during earlydéon. (A) HDACL, (B) HDAC3

650 and(C) EZH2 mRNA expression was quantified on LD2. Theskrapresent the mean
651 value = SE of 8 animals/group. The samples werenabzed to L19 expression and to
652 the control animals, and a value of 1 was assigonethe control group (* p<0.05,

653  Mann-Whitney test).

654  Figure 6. DNAme and histone modifications analysis in theutatpry regions of-Cas
655 gene during early lactation. Schematic represamtadi thep-Cas promote(A) and
656 enhancer(B), their binding proteins, methylation targeted C@as and of the
657 amplicons used in ChIP assays. The positions of &BA box are indicated. Predicted
658 binding sites for Signal transducer and activatdr toanscription 5 (Statb),
659 CCAAT/enhancer binding protein (C/EBP), and Yin Yah (YY-1) binding sites, half
660 glucocorticoid response elements (Y2 GREs) for gladaoid receptor, octamer
661 binding factor-1 (Oct-1), the E26 transformatioresific (Ets) site and nuclear factor 1
662 (NF-1) binding site are shown as different shaj@s.target sites for digestion by the
663  methylation-sensitive restriction enzynvae 11 (ACGT) are indicated. Methylation-
664  sensitive analysis ¢f-Cas promote(C) and enhancgiD) was carried oubn LD2. The
665 bars represent the mean value + SE of 8 animalgigithe samples were normalized to
666 an internal control expression and to the contnials, and a value of 1 was assigned

667 to the control group (* p<0.05, Mann-Whitney tedtlistone acetylation (H3Ac) was
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determined in different regions of tifeCas promote(E) andp-Cas enhanceiF) by
ChIP assays. Also, histone methylation (H3K27me&3 evaluated in different regions
of thep-Cas promote(G) andp-Cas enhancdH) by ChIP analysis. The bars represent
the mean value = SE of 8 animals/group. The samplm® normalized to INPUT
expression and to the control animals, and a vafug¢ was assigned to the control

group (* p<0.05, Mann-Whitney test).

Figure 7. DNAme and histone modifications analysis in thereXdl of the p-Cas gene.
(A) Map of thep-Cas exon VII.CG target sites for digestion by the methylation-
sensitive restriction enzynistUl (CGCQG) is indicated as well as the amplicons used i
ChIP assay(B) Methylation state level ddstUl site was determined {ixCas exon VIl
on LD2. The bars represent the mean value + SEamfif@als/group. The samples were
normalized to internal control expression and ® ¢bntrol animals, and a value of 1
was assigned to the control group (* p<0.05, Manmiéy test). ChIP assays to
investigatg(C) histone acetylation (H3A@nd(D) histone methylation (H3K27me3) in
B-Cas exon VIl were done on LD2. The bars represeatmean value £ SE of 8
animals/group. The samples were normalized to INRMgression and to the control
animals, and a value of 1 was assigned to the a@ogrtoup (* p<0.05, Mann-Whitney

test).

Figure 8. Bisphenol A regulation of-Cas gene expressio(A) Integration signals
from laminin, PRL and glucocorticoids to induge€as expression in Control F1 dams.
One of the most important signaling pathways thgulate-Cas gene expression is the
activation of PRL-R, that together with lamininaidls the sustained activation of Stat5
that it is necessary for chromatin remodeling ofrmaary-specific gene loci and histone
acetylation inp-Cas promoter. Perinatal exposure to BFA and C) induced a

reduction in the expression of laminin-binding n@ces leading possibly to a transient
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Stat5 activation which is not sufficient to fullyctevate B-Cas gene expression. In
addition, the reduced presence of H3Ad}#€as promoter and enhancer, indicating a
deacetylation of histones, and the increase in E€k{zession could be related to fhe
Cas gene decline in BPA-exposed F1 dams. Besidedé¢lagetylation of histones,
BPAO.6 increased H3K27me3 levels in b@tlCas promoter and enhancer, resulting in
chromatin compaction and, in consequence a distfp@as gene expressi¢B). The
lower GR expression and the increased DNAme and Z8#3 levels inp-Cas
enhancer could also be related with the decregz®eesion off-Cas in BPA52-exposed
dams(C). The dash arrows show the signal transductionwaath altered by perinatal
exposure to BPAa-Dyst: a-dystroglycan;B-Dyst: B-dystroglycan;p-Cas: -Cas; Ac:
histone acetylation; EZH2: enhancer of zeste hog8loGR: glucocorticoids receptor;
HDAC: histone deacetylase; Me: histone methylatiore: DNA methylation; Statb:
signal transducer and activator of transcriptionPRL: prolactin; RPLR: prolactin

receptor.
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Table 1: Primers used for qRT-PCR

Gene Primer sense (%' 3") Primer antisense (% 3)
B-Cas AAACATCCAGCCTATTGCTC CATCTGTTTGTGCTTGGGAA
PRLR AAAGTATCTTGTCCAGACTCGCTG AAACAGATGACAGCAGAGARATG
GR ACAGCATCCCTTTCTCAGCA CTCATTCCAGGGCTTGAGTAC
ITGA6 CTCGTGAGGGCGTCCATAGA TCCACCACGCTATCCCTGA
ITB1 GGCTGAAGACTACCCTATTG GCGGAAGTCTGAAGTAATCC
DAG1 AACCAGCTTGAGGCGTCCAT CTGTTGGAATGCTCACTCGG
HDAC1 CAATGAAGCCTCACCGAATC TTGGTCATCTCCTCAGCGTT
HDAC3 CAACTGGGCTGGTGGTCTAC CGAGGGTGGTACTTGAGCAG
EZH2 GATTTTCCAGCACAAGTCAT AACAGTTTCATCTTCCACCA
L19 AGCCTGTGACTGTCCATTCC TGGCAGTACCCTTCCTCTTC




Table 2: Primers used for methylation-sensitive and ChiRyzes

Gene Primer sense (5’ 3") Primer antisense (3 3")

Analysis of DNA methylation

Internal Control 5 A CTTAGAATGCCCACAGACTTAA CGAGTCTGTTTTACAGCAATGG

Enhancer

Maell Enhancer AAAAGGAAATGTTGCCTGGG TTGGCTGCCTTGT®TCCT
'F',"rtgrr:cf*t'efon”o' TGTCCCCCAGAATTTCTTGG GGATGATGGTCTATCAGACTCTGTG
Maell (a) Promoter TAGGTGAGGTTAAAGCCCCC GGTGAAGGAATGTCCAGG

Maell (b) Promoter TCTTGTCCTCCGCTAAAGGT CTGACTTTCAMMGCCTGTCC
girnnf‘/'l ICO'“”O' ATTCCACAAAACATCCAGCC CATCTGTTTGTGCTTGGGAA

BstUI Exon VI ACCTTCCTCAGTCTCCAGCC GGAAGAGGGGTGCTATTGC

Analysis of histone modification

Enhancer (a) TTTTTTTTTGGCTCAGACCA AACACAGAAGTAAGCABCCTTA
Enhancer (b) TTTCTTAGAAGTCACGTATTGTTGC TGAATTAAGTOGHTGGGCATTCT
Promoter (a) TGTGTACTAGGCTGGAGAGA TCTGGGGGACATTAAMRAG
Promoter (b) TGTCCCCCAGAATTTCTTGG GGATGATGGTCTATCAETCTGTG
Exon VIl (a) ATTCCACAAAACATCCAGCC CATCTGTTTGTGCTTGGAA

Exon VIl (b) ACCTTCCTCAGTCTCCAGCC GGAAGAGGGGTGCTAGGC

Exon VII (c) AACTAGCACCCCTCTTCCAA GGAATGAAGTTGTTGAGGGC
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HIGHLIGHTS

Perinatal BPA exposure decreased -Cas gene expression independently of PRL
signaling

BPA altered the expression of HDAC1, HDAC3 and EZH2 in the lactating
mammary gland

BPA induced acetylation and methylation of histones in the B-Cas gene

BPA induced changesin the DNA methylation status of the -Cas gene



