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this is the first study to combine gene expression data and morphological data to estimate the

mechanistic path of the response during the early embryonic period.
3. Experimental Section
3.1. Selection of Test Chemicals

Twelve chemicals, mostly well-characterized medical drugs, pesticides or plastic materials, which
have been previously tested by traditional in vivo toxicology methods, were used in this study (Table 1).
T3, DEX, E2, DHT and MPA are the agonists of the nuclear receptors, ThRs, GR, ERs, AR and RXRs
respectively and regulate expression of target genes of each receptor. TCDD also is the agonist of a
transcription factor termed AhR [38]. Therefore, these chemicals influence differentiation and
development many tissues including neural tissues. CPM, a well characterized teratogen, is the
inhibitor of sonic hedgehog (Shh) signal [39]. It can inhibit the acquisition of ventral identity in
mESCs-derived neural stem cells [40]. TMD is also well known teratogen of human but not rodents
although the toxicological mechanism remains to be unclear [41]. Human epidemiological studies
suggested the involvement of TMD in the appearance of autism [42,43]. The studies using rats showed
that prenatal exposure to TMD could cause autism-like symptoms in rodents [44]. Prenatal or postnatal
exposure to PCB showed long term effects on brain development and behavior in rat [45]. PMT, BPA
and DEHP have also shown neurotoxicity in animal models [46—48]. Recently, the TestSmart DNT II
meeting to discuss about development of alternative testing methods and models for DNT showed a
list of the candidate chemicals for positive control in DNT [5]. 4 chemicals of our list, TMD, PCB,
PMT and DEHP are involved in the list. Therefore, the choice of chemicals in present study can be adequate.

3.2. Design of Multi-Parametric Profiling Networks Analysis for Detecting Developmental Neuronal
Toxicity of Chemicals That Effects Fetal Programming

To evaluate developmental neurotoxicity of these chemicals, we designed a MPN analysis based on
gene expression and cellular phenotypic data. The process of MPN analysis was composed of 5 steps
(Figure 1). Step 1 involves the exposure of mESCs to chemicals and then the differentiation of mESCs
into neuronal cells. Cells were exposed to chemicals for 2 days during Day 0 to Day 2 when initial EBs
were formed. Gene expression determination using microarray analysis was performed on RNAs that
were sampled immediately after cells were exposed to chemicals. EBs of Day 8 were transferred to
poly-DL-ornithine/laminine-coated 24 wells plate and cultured until Day 20 when cells had adequately
differentiated to neuronal phenotypes. Differentiated neuronal cells were visualized by immunofluorescence
staining. Cell images were acquired automatically using a 10x objective. Gene expression sets selected
from microarray data and morphological data of neuronal cells were collected into the same matrix
(Step 2). Seven gene expression signatures (pluripotent, neural development, axon guidance, autism,
Parkinson’s disease, Alzheimer’s disease and oxidative stress) of biological events and neuronal disease
were selected manually and are shown in Table 2. The genes in autism set were chosen based on some
reviews [49-51]. The gene in pluripotent set were chosen based on Wang et al. [52] and Miiller ef al. [53]
The KEGG pathway database was referred to choose genes in other sets. Sex steroid receptors (ESR1,
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ESR2 and AR) and retinoic acid receptors (RARa, RARP and RARY) were added into the autism set,
Parkinson set, Alzheimer set to consider the gender depending differences and to consider the effects of
neuronal induction by RA in vitro, respectively. Once transition matrices were made from gene
expression and neuronal cell phenotypes, phenotypic networks and MPNs were derived by BNA.
Namely, nodes in the generated GPIN included each of the genes contained in the gene list or each of the
morphologic parameters, such as neural cell count or neurite length (Step 3 and 4). We then applied
PCA to classify the generated MPN for 7 gene-signature sets of each test-chemical. The values of
linkage probability between two nodes in the MPN were used as the parameters in PCA (Step5).

3.3. mESC Culture and Maintenance

mESC (B6G-2) derived from Green mouse FM131, a mouse constantly expressing GFP, were
cultured on deactivated mouse fibroblast cells (RIKEN, Japan). The proliferated cells were replated on
0.1% gelatin coated dishes with DMEM (phenol red free, Invitrogen, Carlsbad, CA, USA) containing
15% FBS (fetal bovine serum, Invitrogen), 100 uM NEAA (Non-essential amino acids, Invitrogen),
100 uM 2-ME (2-mercaptoethanol, Invitrogen) and 1000 U/mL LIF (Leukemia inhibitory factor,
ESGRO, Invitrogen).

3.4. EB Formation from mESC and Chemical Treatment

The microsphere array used in this study is a frame separated type (chip 300, STEM Biomethod
Corporation, Kitakyushu, Japan), which is made of acrylic resin and the surface has been coated with
PDMS resin that is not structured for direct cell adhesion. 1024 wells (diameter 300 pm) were
arranged on the surface of the microsphere array. EB formation was performed in the three dimension
culture based on the microsphere array. After removal of mouse fibroblast cells, aggregated ES cells
were counted and 250 pL cell suspension solution (2 % 10° cells) were put on the microsphere array.
Six hours later, the medium was exchanged for each chemical containing medium and incubation
continued for 48 h. After that, RNA was isolated for gene expression analysis and culture medium was
exchanged for EB medium with add 10 nM retinoic acid for the further morphological analysis. EBs
were cultured for 6 days with EB medium replaced every two days. Eight days after chemical
exposure, aggregated EBs were replated on Ornithine/Laminine coated 24 wells plate (83 EBs/well).
Twenty-four hours later, EB medium was exchanged for neural differentiation medium (DMEM/F12 (1:1),
N2 (x100), and 10 ng/mL bFGF) and EBs were cultured for another 20 days, exchanging the medium
every 3 days. DMSO was used as the primary solvent for all chemicals, and the DMSO solutions were
further diluted in cell culture media for treatments. The final concentrations of DMSO in the media did
not exceed 0.1% (vol/vol). The concentrations of chemicals used in this study were: 1 pM and 100 pM
for BPA; 1 nM and 10 nM for T3, DEX, E2, DHT, PCB and TCDD; 0.1 uM and 10 pM for CPM,
PMT and TMD; 1 uM and 100 uM for MPA and DEHP. The neuronal differentiation parallel to
development in vivo was confirmed by quantitative RT-PCR of stage specific markers, Oct3, Nanog,
Pax6 and Map2 (data not shown).



Int. J. Mol. Sci. 2012, 13 201

3.5. Immunofluorescence

On Day 20, EBs and differentiated cells were immunostained with Mouse anti-MAP2 antibody
(1:200 dilution; Sigma-Aldrich, St. Louis, MO, USA), Mouse anti-GFAP monoclonal antibody (1:200
dilution; Chemicon, GA, USA) and Hoechst 33342 solution (Dojindo, Tokyo, Japan). In brief, cells
were fixed with 4% PFA in PBS for 15 min and then blocked for 30 min in PBT buffer (PBS with 5%
Goat serum and 0.1% Triton). Cells with primary antibodies were incubated overnight at 4 °C. Cells
were washed and blocked in BBT-BSA and then incubated with Alexa—conjugated secondary
antibodies (1:1000 dilution, Alexa Fluor 546, Invitrogen). Hoechst 33342 staining was used for
counter staining.

3.6. Morphological Analysis of mESC, EB and Neuronal Cell Lineages

The immunofluorescence images were acquired using the IN Cell Analyzer 1000 (GE Healthcare,
Buckinghamshire, UK). Each neural cell image was analyzed using image analysis software IN Cell
Developer Tool Box 1.7 (GE Healthcare). The following 10 parameters were measured: number of all
cells (Nuc_count), nucleus area (Nuc_area), the number, area, perimeter and formation of neurospheres
(NS), (NS_count, NS_area, NS_perimeter and NS_formfactor), and the shape of nerve cells and the size
of neural marker positive cells (posi_area, Neurite length, Branch_point and Crossing_point).

3.7. Gene Expression Analysis and Creation of Candidate Gene Sets

Total RNA on Day 2 of cells derived from mESCs were applied to Illumina beads array systems
with the Illumina Mouse WG-6 v1.0 expression beadchip (Illumina, San Diego, CA, USA). The
amounts, purity and integrity of RNA were evaluated by UV spectrophotometry and an Agilent
Bioanalyzer 2100 (Agilent Technologies, Palo Alto, CA, USA). Genes were normalized with
analytical software GeneSpring GX10.02 (Agilent Technologies) [54]. 7 sets of genes were created
with reference to the literature to assess the impact on neural development. These categories were
Pluripotent, Neural development, Axon guidance, Autism, Parkinson’s disease, Alzheimer’s disease,

and Oxidative stress.
3.8. Gene and Morphology Interaction Network Analysis

GPIN was quantified to calculate the posterior probability distribution for the strength of the
linkages based on gene expression, morphological and chemical exposure dose datasets. Briefly, a GPIN
consists of a collection of P nodes, denoted Gi, G, ... Gp, with observed values ny, n, .... np. Define ij
(ij = 1,2, ..., P) as parameters in the log-linear function form describing the linkage from node i to
node j. Mathematically, this is written as:

Eflog(G )= X 1;8,log(g;) (D

i=1,#j

where E[log(G;j)] represents the expectation for the natural logarithm of Gjand I; (i,j = 1,2, ..., P) is an
indicator function that equals 1 if node G; has a link to node Gj, otherwise it equals 0. If a node has a
regulatory effect on node G;, then that node is referred to as a “Parent of node G;” and we refer to it as
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belonging to the set Pa(G;j). The prior distribution for the variance is assumed to be inverse Gamma
and assuming that the natural log of Gj follows a normal distribution with mean and standard
deviation, posterior distributions for each parameter can be estimated. The posterior distributions for
the linkages were derived using Gibbs sampling. Gibbs sampling has no limitation on the number of
possible parents and is easy to cooperate with knowledge information or past experimental results by
taking the information into the prior distribution. The goal of the method is to examine the posterior
distribution of the linkages between genes. In this study, we applied 20 sets of gene expression data
(N = 30) and morphological data (N = 162). Network was used to evaluate the ability of the algorithm
to have higher posterior probability (P-value) at the correct linkage in GPIN. In each simulation, Gibbs
sampling was performed between 33,000 and 48,000 times. The initial Gibbs sampling was considered
to be the burn-in period and was removed in estimating and the last 18,000 to 26,000 iterations were
used to establish. P-value threshold was set to between 0.995 and 1.0 for up-regulation, 0.47 and 1.0
for down-regulation. Three categories were classified out of the12 GPs depending on network structures.

Class 1: Thick and elongated neurons, but with a small amount of neurite branching. Class 1 could be
distinguished from other classes in terms of loading the “Neurite length” parameter on the top of the PN,
such that “Neurite_length” controlled “Branch_point” and “Crossing_point”. The node located towards
the bottom seems to suppress neurite growth. The neurite becomes a parent node, which dominates all
the other parameters in the PN in order to facilitate its own growth. Namely, the branching points and
intersections are increased in parallel with neurite elongation. The parameters of “EB_Area”,
“EB_Perimeter” and “EB_FormFactor” are also related to “Neurite_length”, which perhaps suggests
that neurites have differentiated normally from EBs and that the shape of NSs is not a circle (i.e., NS
becomes flattened during differentiation).

Class 2: Neurite elongation and branching are extensive. In this case, “Branch_point” is located
on the top, suggesting that the “Branch point” controls ‘“Neurite length” and “Crossing_point”.
“Neurite length” is expressed as the total length of all neurites per cell. “Branch_point” becomes the
parent node in this PN because there are many random short neurites and the total length of all the
branching short neurites at their branch points is regarded as the neurite length. Therefore, the promotion
arrow from the branch point tends to be the parameter of neurites. Because there are so many random
branch points, it is very likely that there are many short crossing intersections. Furthermore, since there
are so many branches from the neurites which perhaps did not differentiate from EBs, the parameter of
“Branch_point” might not be related to EB shape. Consequently, the EB shape tends to be round
compared with that of Class 1 EBs.

Class 3: larger NSs and less neurites. Different from classes 1 and 2, “Nuc_count” and “Nuc_area”
are localized at the top in this PN. This suggests that cell proliferation in NSs is more predominant than
neural cell outward migration. Common to these three classes, in case of that differentiated neural cell
expanded outside of EB and neural differentiation related morphological parameters emerged above of
PN. These parameters exert influence on the number of cells and the shape of the EB. Furthermore,
when the differentiation is advanced, the PN tends to become complex. In fact, neural differentiation is
not too advanced like as Class 3, it became the result of locating the parameter related to number of cells
in the high rank from the parameter of the neuronal cell. The parameter concerning the EB is always
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located in the subordinate position of the PN on any PN and this tendency corresponded to the theory
that the shape changed depending on the number of cells and the progression of neuronal differentiation.

3.9. Statistical Analysis

All experiments in this study were performed in triplicate to test the reproducibility of the results.
Statistical analysis was performed by two-tailed Student’s r-test. Relationships were considered
statistically significant with p < 0.05.

4. Conclusions

Our study provides an advanced framework to integrate the gene expression and neuronal cell
phenotypes for target prediction. Thus a combination of BNA and PCA clustering could provide
compound-target prediction efficiency. We believe this method has considerable potential. For
example, new markers could be implemented that enable predictive toxicology of active lead
compounds. Combined with chemical structure knowledge and ligand-target prediction, such
approaches could provide detailed mechanistic insight to help guide medicinal chemists early in the
lead optimization process. Dealing with complexities of predictive toxicology will require
breakthroughs in cellular image analysis, target prediction schemes and data mining. Our integration
analysis of cellular phenotypes with gene expression represents a step forward in solving the DNT for
environmental chemical assessment.
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Introduction This concept proposes the existence of a common underlying

) cause for the occurrence of these reproductive and developmental

Hypospadias (HS) is one of the most common congenital diseases, and suggests that adverse environmental factors, such as

abnormali.ties with a global prevalence c.>f approximately 0.2-1% environmental endocrine disruptors (EEDs) might exert their
at birth in male %nfan.ts [1]. The .etlology of HS is pgorly etiological effects on a susceptible genetic background.

understood, and might include genetic, h01*monal4and environ- Bisphenol A (BPA) is one of the world’s highest production-

mental factors. It has been hypothesized that testicular cancer, volume chemicals, with more than six billion pounds produced

cryptorchidism (GO) and some cases of HS and impaired worldwide each year [4]. BPA is used extensively in the plastics

spermatogenesis are symptoms of a single underlying entity that duced for food and b tai h as baby botil
has been named as the testicular dysgenesis syndrome (TDS) [2,3]. produced for food and beverage contamers, such as baby bottes,

“B). PLoS ONE | www.plosone.org 1 May 2012 | Volume 7 | Issue 5 | 36711



plastic containers and the resin lining of cans [4]. Among the
known estrogen-like EEDs, BPA has received much attention
because it is commonly found in the environment as well as in
human tissues and fluids (1-19.4 nM) [4,5]. BPA has been
detected in 92% of urine samples in a US reference population,
suggesting people may be continuously exposed to this compound
in their daily lives [6]. The US Food and Drug Administration and
Environmental Protection Agency concluded in the 1980s that a
daily dose of 50 pg/kg/day was safe for humans, which is
currently considered as <2.19x1077 M for in zitro cell or organ
culture studies [7]. However, in recent decades, there has been a
heated controversy over the safety of BPA among scientists and
risk assessors.

Recently, exposure to BPA at concentrations detected in
humans has been reported to affect neurological, cardiovascular
and metabolic diseases (such as diabetes), and even cancers [8-12].
However, the effect of low-dose BPA exposure on human
reproductive health is still controversial [13,14]. Li et al. reported
that occupational exposure to BPA has adverse effects on male
sexual dysfunction, which is the first evidence that exposure to
BPA in the workplace could have an adverse effect on male sexual
dysfunction [15]. Jasarevic et al. reported that exposure to BPA at
low doses can affect sexual behaviors, even with no changes in
sexual phenotypes or hormones [16]. Furthermore, Zhang et al.
reported that low-dose BPA exposure could directly disrupt
steroidogenesis in human cells [17]. It seems that exposure to
BPA might affect human reproductive health by complicated
mechanisms that encompass more than just estrogen receptor (ER)
mediated pathways.

In this study, to better understand the molecular basis of the
effects of BPA on human reproductive health, a genome-wide
screen was performed using human foreskin fibroblast cells
(hFFCs) derived from child HS patients to identify novel targets
of low-dose BPA exposure. Furthermore, the effect of BPA on the
global gene expression profile of hFFCs was compared with that of
17B-estradiol  (E2) and  2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), which are representative agonists of ER and aryl
hydrocarbon receptor (AhR) signaling pathways, respectively.

Materials and Methods

Samples

hFFCs from child HS (n=23; median age 2.3 yrs) and CO
(n=11; median age 2.3 yrs) patients undergoing surgical proce-
dures were obtained from the National Research Institute for
Child Health and Development, Japan, during 2007-2009. All
subjects were of Japanese origin and written informed consent was
obtained from the guardians on the behalf of the children
participants involved in this study. This study was approved by the

Table 1. Summary of genes differentially expressed in
response to BPA, E2 and TCDD.

TCDD

BPA E2

0.05 154 71 1101 814 1150 824

0.001 7 5 16 " 14 9

*Selected as significant differentially expressed genes and used for the network
generation and pathway analysis.
doi:10.1371/journal.pone.0036711.t001
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Figure 1. Genetic response of hFFCs to BPA, E2 and TCDD. (4)
Venn-diagrams showing the number of genes that were considered
significantly deregulated among the three treatment groups. (8) PCA
scoreplot from transcript data of three hFFC cultures treated with
DMSO, 10 nM BPA, 0.01 nM E2 and 1 nM TCDD.
doi:10.1371/journal.pone.0036711.g001

Institutional Ethics Committees of the Nagoya City University
Graduate School of Medical Sciences, the National Research
Institute for Child Health and Development and the National
Institute for Environmental Studies.

Chemicals

Dimethyl sulfoxide (DMSO) and E2 were obtained from Sigma
Chemical Co. (St. Louis, MO, USA). BPA was obtained from
Wako Industries (Osaka, Japan) and TCDD was obtained from
Cambridge Isotope Laboratories (Cambridge, MA, USA). DMSO
was used as the primary solvent for all chemicals, and the DMSO
solutions were further diluted in cell culture media for treatments.
The final concentrations of DMSO in media did not exceed 0.1%
(vol/vol).

Cell culture

hFFCs were maintained in Dulbecco’s Modified Eagle Medium
(DMEM)/Ham’s F-12 (048-29785, Wako, Osaka, Japan) contain-
ing 10% fetal bovine serum (FBS, Mediatech, Herndon, VA, USA)
and grown at 37°C in a 5% COy humidified incubator. For
growth under steroid-free conditions, cells were seeded in phenol

red-free DMEM/Ham’s F-12 (045-30665, Wako) containing 5%
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Figure 2. Network associated genes differentially expressed in response to BPA. (4) “"Endocrine System Disorders, Gastrointestinal Disease,
Genetic Disorder” network and (B) “Cell Death, Cellular Growth and Proliferation, Cancer” network. The images were created using the I1PA platform
by overlaying the differentially expressed genes in response to BPA detected by Agilent microarray analysis onto a global molecular network from the
Ingenuity knowledgebase. Red indicates upregulated genes, green indicates downregulated genes, and white indicates genes that were not
annotated in this array but that form part of this network. The bottom numbers indicate the fold changes induced by BPA, and the top numbers are
the P-values between the DMSO control group and the BPA treated group. Direct relationships are exhibited with solid arrows and indirect

relationships with dashed arrows.
doi:10.1371/journal.pone.0036711.g002

charcoal/dextran-treated FBS (Hyclone, Logan, UT, USA). All
culture media contained 100 U/ml penicillin/streptomycin and
2 mmol/L p-glutamine (Mediatech, Herndon, VA, USA).

RNA isolation and DNA microarray analysis

Total RNA was isolated from cultured cells after treatment with
chemicals for 24 h using an RNeasy Kit (Qiagen, Valencia, CA,
USA) in accordance with the manufacturer’s instructions. Quan-
tification and quality assessment of the isolated RNA samples were
performed and verified using an Agilent Bioanalyzer2100 (Agilent
Technologies, Palo Alto, CA, USA) and a NanoDrop spectro-
photometer (NanoDrop products, Wilmington, DE, USA) in
accordance with the manufacturer’s instructions. RNA was
amplified into cRNA and labeled according to the Agilent One-
Color Microarray-Based Gene Expression Analysis protocol
(Agilent Technologies). Samples were then hybridized to
G4851A SurePrint G3 Human GE 8 x60K array slides (60,000
probes, Agilent Technologies). The slides were processed accord-
ing to the manufacturer’s instructions without any modification.
The arrays were scanned using an Agilent Microarray Scanner

(G2565BA, Agilent Technologies).

MIAME

All data are MIAME compliant, and the raw data have been
deposited in the Gene Expression Omnibus (www.ncbinlm.nih.
gov/geo, accession no. GSE35034).

IPA.

Array data analysis

The scanned images were analyzed using the standard
procedures described in the Agilent Feature Extraction software
9.5.3.1 (Agilent Technologies). Data analysis was performed with
GeneSpring GX12.0.2 (Agilent Technologies). Signal intensities
for each probe were normalized to the 75th percentile without
baseline transformation. Genes that were differentially expressed
following chemical treatments were identified by the unpaired
Student’s t test with P values cut off at 0.05 and fold change of
more than 1.2 and were used for the network generation and
pathway analysis.

Network generation and pathway analysis

The Ingenuity Pathways Analysis (IPA) program (Ingenuity
Systems, Mountain View, CA, USA; http://www.ingenuity.com)
was used to identify networks and canonical pathways of genes
differentially expressed in response to BPA, E2 and TCDD. IPA
software uses an extensive database of functional interactions that
are drawn from peer-reviewed publications and manually
maintained [18]. For the IPA analysis, the Agilent SurePrint G3
Human GE 8x60 K Array was used as a reference gene set. The
generated biological networks were ranked by score, which is the
likelthood of a set of genes being found in the networks owing to
random chance, identified by a Fisher’s exact test. The generated
canonical pathways were ranked by P values, which is calculated
using a Fisher’s exact test by comparing the number of user-
specified genes of interest that participate in a given function or
pathway, relative to the total number of occurrences of these genes
in all functional/pathway annotations stored in the Ingenuity

Table 2. Top five associated network functions of genes differentially expressed in response to BPA, E2 and TCDD generated by

Chemical

Top Functions

Cell Death, Cellular Growth and Proliferation, Cancer

DNA Replication, Recombination, and Repair, Ener:

doi:10.1371/journal.pone.0036711.t002

@ PLoS ONE | www.plosone.org

E2 Cellular Growth and Proliferation, Skeletal and Muscular System Devel

Cell Cycle, Cellular Assembly and Organization, DNA Replication, Recombination, and Repair

Score

21

Cellular Assembly and Organization, Cellular Function and Maintenance, Cell Cycle 13

41

Cellular Assembly and Organization, Cellular Function and Maintenance, Protein Synthesis 41

DNA Replication, Recombination, and Repair, Nucleic Acid Metabolism, Small Molecule Biochemistry 33

47

Production, Nucleic Acid Metabolism 44
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Table 3. Top canonical pathways for genes differentially
expressed in response to BPA, E2 and TCDD identified by IPA.

Chemical P-Value

Top canonical pathway

Endoplasmic Reticulum Stress Pathway 6.34E-02

Retinoic acid Mediated Apoptosis 1.54E-01

E2 Cell Cycle: G1/S Checkpoint Regulation 1.01E-03

Roie of NFAT in Reguiation of the 1.83E-03

Immune Response

Role of BRCA1 in DNA Damge Response 1.72E-07

Hereditary Breast Cancer Signaling 9.45E-04

doi:10.1371/journal.pone.0036711.t003

Pathways Knowledge Base [19]. In addition, genes significantly
differentially expressed in response to BPA, E2 and TCDD was
analyzed by Pathway Express (http://vortex.cs.wayne.edu/
projects.htm) and mapped to Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways by KegArray (http://www.kegg.jp/
kegg/download/kegtools.html).

Quantitative real-time reverse-transcription polymerase
chain reaction (RT-PCR)

cDNA was synthesized using a High Capacity RNA-to-cDNA
Kit (Applied Biosystems, Foster City, CA, USA) according to the
manufacturer’s instructions. Real-time PCR was performed using
TagMan® Gene Expression Master Mix (Applied Biosystems) in
accordance with the manufacturer’s instructions. TagMan® Gene
Expression Assays (Applied Biosystems) used in this study were:
Hs02341150_m!l for POMZP3, Hs01094348_ml for WDRS,
Hs00171829_m1 for metallopeptidase 11 (MMPI11; see gene
names in Table S1), and Hs00266705 gl for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). The primers (Forward: 5'-
TGTTGGGGGATAAGGACAAA-3’;  and  Reverse: 5'-
GCAGGCTGTACAGGAACCAT-3') and probe (5'-TAAACT-
CACCTCTGTGGTTGGAACAAT-3) for NEKI10 were de-
signed and synthesized by Hokkaido System Science (Sapporo,
Hokkaido, Japan). The amplification reaction was performed in an
ABI PRISM 7000 Sequence Detector (Applied Biosystems) under
the following cycling conditions: 95°C for 15 min, followed by 40
cycles of 95°C for 15 s and 60°C for 60 s. The gene expression
levels were calculated based on the threshold cycle using Sequence
Detection System Software (Applied Biosystems). Gene expression
was normalized to that of GAPDH and set to 100 for the control
DMSO-treated cells.

@ PLoS ONE | www.plosone.org
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Statistical and multivariate analysis

Quantitative data were expressed as the mean = SEM. A
nonparametric test, the Mann-Whitney U test, was applied to test
for statistical significance. Values of P<<0.05 were considered to
indicate statistical significance. Unsupervised principal component
analysis (PCA) was run in SIMCA-P+ (Version 12.0, Umetrics,
Ume4, Sweden) to obtain a general overview of the variance of
genes differentially expressed in response to BPA, E2 and TCDD.

Results

Gene expression profiles of hFFCs in response to BPA, E2
and TCDD

The gene expression profiles in hFFCs treated with DMSO
control or 10 nM BPA, 0.0l nM E2 or 1 nM TCDD were
determined by Agilent microarray analysis using three biological
replicates. Then, differentially expressed genes in response to BPA,
E2 and TCDD compared with DMSO control were identified by
the unpaired Student’s t test with P values cut off at 0.05 and fold
change of more than 1.2 using GeneSpring GX software. Seventy-
one genes (42 downregulated and 29 upregulated), 814 genes (371
downregulated and 443 upregulated), and 824 genes (344
downregulated and 480 upregulated) were identified to be
significantly differentially expressed in response to BPA, E2, and
TCDD, respectively. No nuclear receptor was found to be
significantly differentially expressed in response to BPA, while
estrogen-related receptor-a (ESRRA), retinoic acid receptor-o
(RARA) and RAR-related orphan receptor-o. (RORA) and RARA
were found to be significantly differentially expressed in response
to E2 and TCDD, respectively. The summary of differentially
expressed genes along with their P values and fold changes is
provided in Table 1.

Differences in the response of hFFCs to BPA, E2 and
TCDD

Comparison of the gene expression profiles of hFFCs in
response to BPA, E2 and TCDD is provided in Figure 1. BPA-
specific responses were found in 43 significantly differentially
expressed genes, compared with responses to E2 and TCDD
(Figure 1A). Seventeen and 10 differentially expressed genes were
found to be common in response to BPA with E2 or TCDD,
respectively. A full list of these genes is summarized in Table S1.

Furthermore, to compare the expression patterns of hFFCs in
response to BPA with that of E2 or TCDD, PCA analysis was
performed on the data of significantly differentially expressed
genes in response to BPA. PCA is a standard technique of pattern
recognition and multivariate data analysis. Of interest, the cells
treated with DMSO, BPA, E2 and TCDD were clearly
distinguished from each other by the PCA score plots
(Figure 1B). According to the first component (PCl), which
represents 33.9% of the total variance, a very clear discrimination
between cells treated with BPA or E2 and those treated with
DMSO or TCDD was observed. However, according to the
second component (PC2), which represents 22.5% of the total
variance, cells treated with BPA or TCDD were clearly
distinguished from those treated with DMSO or E2. It should
be noted that differences in the PCA were identified using an
unsupervised analysis, without any prior information on the
samples. Since all cells were cultured under identical conditions,
the observed discriminations demonstrate that the effect of BPA is
similar to that of E2 according to PC1 but is similar to that of
TCDD according to PC2.
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Figure 3. Validation of POMZP1, WDR3, NEK10 and MMP11 expression. Cells were treated with BPA at 10 nM and 100 nM for 24 h, and
then the expression of POMZP1, WDR3, NEK10 and MMP11 was examined by real-time PCR. *P<<0.05 vs. DMSO control cells.

doi:10.1371/journal.pone.0036711.g003

Network generation and pathway analysis of genes
differentially expressed in response to BPA, E2 and TCDD
To investigate possible biological interactions of differendy
regulated genes, datasets derived from microarray analysis
representing genes with altered expression profiles were imported
into the IPA platform. Network analysis of the biological functions
of the top five IPA-generated networks is summarized in Table 2
and is shown in Figure 2 and Figure S1,52,5S3.The two most highly
populated biological networks entitled “Endocrine System Disor-
ders, Gastrointestinal Disease, Genetic Disorder” (Score =41) and
“Cell Death, Cellular Growth and Proliferation, Cancer”
(Score = 21) were identified with genes differentially expressed in
response to BPA (Figure 2). The networks consisted of genes that
encoded enzymes (ACER2, PLSCR1, POLRI1C, TXNL4B and
UBC), peptidases (MMP11, UCHLS5, USP4, USP36 and USP43),
proteins that regulate transcription (ABCA7, CRTC1, HNF4A,
LOC728622/SKP1, PHB, SF1 and SLC25A6) and translation
(EIF4ENIF1 and TNFRSFI0C), and others (ARHGAP21,
ARRB2, CCDC41, CCDC134, EIF2AK3, EPB4114A, DAZAP2,
EPB41L3, EXD3, FBXO18, FBXW12, FSIP1, JRKL, LGALS7/
LGALS7B, NEK10, NUDCD1, RAPGEF3, SERPINAIL, WDR3,
WNT3A, ZNF222, ZNF224 and ZNF461). The most highly
populated biological networks were identified with genes differen-
tially expressed in response to E2 and TCDD and were entitled
“Cellular Growth and Proliferation, Skeletal and Muscular System
Development and Function, Cell Cycle” (Score =41) and “Post-

@ PLoS ONE | www.plosone.org

Translational Modification, Genetic Disorder, Hematological
Disease” (Score =49), respectively. Furthermore, top canonical
pathways associated with genes significantly differentially ex-
pressed in response to BPA, E2 and TCDD were summarized in
Table 3. The pathway most affected by BPA is “RAN Signaling”
with only borderline significance (P= 0.0531). The pathways most
affected by E2 and TCDD are “Cell Cycle: G1/S Checkpoint
Regulation” and “Cell Cycle Control of Chromosomal Replica-
tion”, respectively (P=1.01x107% and 1.20x107°, respectively).

In addition, a list of top KEGG pathways affected by BPA, E2
and TCDD identified by Pathway Express was summarized in
Table S2. By inputting the list of genes significantly differentially
expressed in response to BPA, E2 and TCDD into Pathway
Express, 12 KEGG pathways, but without statistical significance,
were found to be affected by BPA, while 27 and 9 KEGG
pathways were found to be significantly affected by E2 and
TCDD, respectively. As an example, “Pathways in cancer” of
KEGG mapped with genes significantly differentially expressed in
response to BPA, E2 and TCDD using KegArray was illustrated in
Figure S4.

Validation by real-time PCR

To wvalidate the microarray data and to identify potential
biomarkers for BPA toxicity in hFFCs derived from HS patients,
the expression of the most up- or down-regulated genes

(POMZP3, 1.46-fold; WDR3, 1.45-fold; NEKI10, 0.44-fold;
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Figure 4. Reduced levels of MMP11 expression in hFFCs
derived from child HS patients. Significantly lower MMP11
expression was observed in hFFCs derived from the HS (n=23) group
compared with the CO (n=11) group by TagMan real-time PCR. (A)
Boxplot and (B) summary of the quantitative data comparing MMP11
expression levels in HS and CO groups.

doi:10.1371/journal.pone.0036711.g004

MMP11, 0.41-fold) in response to BPA was validated by real-time
PCR. As the results show in Figure 3, the PCR data showed good
concordance with the microarray data in terms of the expression
direction (up- or down-regulation). A significant increase in the
mRNA levels of POMZP3 and WDR3 and a significant decrease
in the mRNA levels of NEK10 and MMPI11 were observed
following BPA treatments at high and/or low concentrations

(10 nM and 100 nM, respectively).

Comparison of MMP11 expression levels in hFFCs
derived from child HS and CO patients

To further investigate the potential role of MMPI11 in the
development of HS, we examined the expression levels of MMPI 1
in hFFCs derived from child HS and CO patients (=23 and 11,
respectively). As shown Figure 4, the mean MMPI1 expression
level, normalized to GAPDH, in the HS group was 0.0015 and in
the CO group, 0.0058. Significantly lower MMP11 expression
levels were observed in the HS group compared with the CO
group (0.25-fold, P=10.0027).

Discussion

To better understand the molecular basis of the effects of BPA
on human reproductive health, target genes of low-dose BPA
exposure were identified in hFFCs derived from child HS patients
using DNA microarray analysis. Human foreskin tissues obtained
from patients with HS have been used as & vitro models to define
the etiology of HS [20-22]. However, these investigations have not
delineated the relative contribution of environmental factors. To
our knowledge, our study is the first report to use hFFCs to

@ PLoS ONE | www.plosone.org
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investigate the potential effects of BPA on the development of HS.
The concentration of BPA used to treat the cells in our microarray
analysis was 10 nM, which is below the dose of 50 ug/kg/day
(approximately 200 nM for @ vitro cell or organ culture studies)
usually considered as safe for humans [7]. Moreover, this dose is in
the concentration range of 1-19.4 nM that is commonly detected
in human tissues and fluids [4].

In this study, we compared the gene expression profiles of
hFFCs in response to BPA, E2 and TCDD. Using PCA, we found
that the effect of BPA is similar to that of E2 according to PC1 but
is similar to that of TCDD according to PC2. Forty-three genes
were found to be affected exclusively by BPA, underscoring the
concept that the effects observed are ER and AhR-independent
(Figure 1). In our previous study, we examined the estrogenic
activity of BPA in estrogen receptor 1 (ESR1)-positive BG1Luc4E2
human ovarian cancer cells and found that BPA increased the
ESR1-induced luciferase activity in a dose-dependent manner with
a lowest observed effect at 100 nM [23]. Although differences exist
between cell lines, it is possible that the underlying mechanisms of
the endocrine-disrupting effects of BPA at doses lower than the
reference limits might involve pathways other than estrogen
signaling. Indeed, differences in transcript profiles in response to
BPA and E2 have been previously described in ESR1-positive
human cells [24]. Furthermore, amore recent study reported that
BPA might lead to severe malformation during vertebrate
embryogenesis, while no effects were seen with exposure to the
E2 or ER-antagonist ICI 182,780 [25].

It is not unexpected that the largest biological network identified
by IPA analysis with genes differentially expressed in response to
BPA was entitled “Endocrine System Disorders, Gastrointestinal
Disease, Genetic Disorder” (Table 2 and Figure 2A). It should be
noted that this network contains three genes (ZNF222, ZNF224
and ZNF461) that belong to the zinc finger protein (ZFP) family.
ZFPs are among the most abundant proteins in eukaryotic
genomes and play various roles in the regulation of transcription
[26]. The biological function of ZNF222 and ZNF461 remains to
be investigated, but ZNF224 participates in key cellular processes,
such as regulation of cell growth [27]. Previous reports have
revealed that ZNF224 might play a critical role in bladder
carcinogenesis by regulating the apoptosis of bladder cancer cells
[28]. None of these three ZNFs have been previously associated
with the development of HS. However, two other zinc finger box
genes, ZEB1 and ZEB2, have been associated with HS [20,29].
Our data indicate that ZFP-mediated transcriptional activity
might be required for the effect of BPA on human reproduction. It
is known that zinc finger structures are as diverse as their functions
[26]. Therefore, it is likely that further investigations into the
function of ZFPs in transcriptional regulation will provide novel
insights to explain the association we found between ZFP
expression and low-dose BPA exposure regarding the pathogenesis
of HS.

The expression of four of the significanty differentially
expressed genes identified in the microarray analysis was verified
by real-time PCR analysis. Of particular interest, MMP11 (0.47-
fold and 0.37-fold at 10 nM and 100 nM, respectively), which is
mvolved in the “Cell Death, Cellular Growth and Proliferation,
Cancer” network, was shown to be down-regulated (Figures 2B
and 3). The matrix metalloproteinases (MMPs) are zinc-dependent
endopeptidases that are involved in the breakdown of extracellular
matrix (ECM) in normal physiological processes, such as
embryonic development, reproduction, and tissue remodeling, as
well as in disease processes, such as arthritis and metastasis
[30,31]. It is well known that MMP11 is overexpressed in several
human cancers, including breast, cervix, colon, ovary, prostate,
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and stomach cancers [30,32-34]. Several MMPs have been
implicated in ECM degradation associated with tumor growth and
angiogenesis, which is required for a cancer cell to invade a nearby
blood vessel (intravasation) and then to extravasate at a distant
location and invade the distant tissue in order to seed a new
metastatic site [35].

To our knowledge, there have not been any reports of human
congenital genital disorders associated with MMP11. However, it
has been reported that MMPs play a critical role in cell fate and
behavior during many developmental processes [31,36]. Both
genetic analysis using transgenic mice and pharmacogenetic
studies with chemical inhibitors have elucidated that loss of
function of MMPs, in particular MMP11, might induce dysreg-
ulation in cell migration and apoptosis during tissue remodeling or
branching of mammary epithelial cells [37,38]. A more recent
study in the model insect, Trbolium, explored MMP functions in
vivo and found that knockdown of MMPs using genetic interfer-
ence resulted in malformation in tracheal and gut development
during beetle embryogenesis and pupal morphogenesis [39]. It is
known that epithelial seam formation and remodeling during
urethral formation play important roles in the etiology of HS. The
urethral abnormalities seen in HS can be viewed as a failure of
epithelial cell adhesion [40]. Therefore, we hypothesized that
downregulation of MMPI1 expression might decrease cellular
adhesion in the developing male urethra and ventral penile skin,
which might result in the abortive penile development seen in HS.

To further confirm this hypothesis, we compared the expression
levels of MMP11 in hFFCs derived from child HS and CO patients
(n=23 and 11, respectively). In 2001, Skakkebaek and his colleagues
proposed a concept of TDS: impaired development of fetal testes
could lead to increased risks of GO, HS, decreased spermatogenesis
or testicular cancer [2]. However, they have recently changed their
opinion and now suggest that HS is only marginally associated with
TDS [3]. Although much remains to be determined, it is likely that
the molecular etiology of HS and CO is different. CO is the absence
of one or both testes from the scrotum and is the most common
congenital abnormality in boys with a reported prevalence at birth
of approximately 2-9%), according to registry data [41]. Impaired
descent of the testes is thought to be fetal in origin, and if the i utero
development of the testicles is impaired then their production of
insulin-like factor 3 and especially testosterone may be reduced,
which may lead to some degree of CO [3,42]. However, it is likely
that isolated HS may have a different etiological mechanism,
including a congenital developmental problem restricted to the
penis [43]. Rey et al. found that most boys (85%) with isolated HS
had, in general, normal testicular endocrinology in contrast to those
with HS combined with other genital abnormalities [44]. In this
study, only child HS and CO patients without other genital
malformations of syndromes were recruited. Therefore, hFFCs
derived from foreskin tissues of child CO patients might be viewed
as the control group in this study. We found that MMP11
expression in the HS group was significantly lower than in the CO
group (0.25-fold, P=0.0027) (Figure 4). This result is in accordance
with our hypothesis that downregulation of MMP11 expression
might be related with the pathology of HS. Although the urethral
tissue was not directly examined, it is possible that there is also a
potential effect of MMP11 on urethral development.

In summary, the present study examined targets of low-dose
BPA exposure and transcriptome differences in response to BPA,
E2 and TCDD in hFFCs derived from child HS patients using
DNA microarray analysis. Of particular interest, the expression of
MMP11 was found to be downregulated by BPA in a dose-
dependent manner. Furthermore, we also found that MMP11
expression in the HS group was significantly lower than in the CO
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group. Our findings suggested that the involvement of BPA in the
development of HS might relate to downregulation of MMP11
expression. Further study of the novel target genes identified in this
study during genital tubercle development might increase our
knowledge of the molecular basis of the effects of BPA on human
reproductive health.

Supporting Information

Figure S1 Red indicates upregulated genes, green
indicates downregulated genes, and white indicates
genes that were not annotated in this array but form
part of this network. The bottom numbers indicate the fold
changes induced by BPA and the top numbers is the P-values
between DMSO control group and BPA treated group. (4)
“Cellular Growth and Proliferation, Hematological System
Development and Function, Cellular Development” network; (B)
“Cellular Assembly and Organization, Cellular Function and
Maintenance, Cell Cycle” network.

(DOCX)

Figure $2 Red indicates upregulated genes, green
indicates downregulated genes, and white indicates
genes that were not annotated in this array but form
part of this network. The bottom numbers indicate the fold
changes induced by E2 and the top numbers is the P-values
between DMSO control group and E2 treated group. (4)
“Cellular Growth and Proliferation, Skeletal and Muscular System
Development and Function, Cell Cycle” network; (B) “DNA
Replication, Recombination, and Repair, Gene Expression,
Cellular Assembly and Organization” network; (C) “Cellular
Assembly and Organization, Cellular Function and Maintenance,
Protein Synthesis” network; (D) “Gene Expression, Cell Cycle,
Cell-To-Cell Signaling and Interaction” network; (E) “DNA
Replication, Recombination, and Repair, Nucleic Acid Metabo-
lism, Small Molecule Biochemistry” network.

(DOCX)

Figure S3 Red indicates upregulated genes, green
indicates downregulated genes, and white indicates
genes that were not annotated in this array but form
part of this network. The bottom numbers indicate the fold
changes induced by TCDD and the top numbers is the P-values
between DMSO control group and TCDD treated group. (4)
“Post-Translational Modification, Genetic Disorder, Hematolog-
ical Disease” network; (B) “Cell Cycle, Cellular Assembly and
Organization, DNA Replication, Recombination, and Repair”
network; (G} “Cellular Assembly and Organization, DNA
Replication, Recombination, and Repair, Decreased Levels of
Albumin” network; (D) “DNA Replication, Recombination, and
Repair, Energy Production, Nucleic Acid Metabolism” network;
(E) “DNA Replication, Recombination, and Repair, Cell Cycle,
Cellular Assembly and Organization™ network.

(DOCX)

Figure $4 ‘‘Pathways in cancer’ of KEGG was mapped
with genes significantly differentially expressed in
response to BPA (4), E2 (B) and TCDD (C).
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Table S1 Comparison of the gene expression profiles of
hFFCs in response to BPA, E2 and TCDD.
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Table §2 KEGG pathways affected by BPA, E2 and
TCDD identified by Pathway Express.
(DOCX)

May 2012 | Volume 7 | Issue 5 | e36711



Acknowledgments

The authors gratefully acknowledge critical advices of Dr. Jun Kanno
(National Institute of Health Sciences, Japan) and Dr. Yasunobu Aoki
(National Institute for Environmental Studies, Japan).

References

1.

19.

20.

21.

22.

Toppari J, Virtanen HE, Main KM, Skakkebaek NE (2010) Cryptorchidism and
hypospadias as a sign of testicular dysgenesis syndrome (TDS): environmental
connection. Birth Defects Res A Clin Mol Teratol 88: 910-919.

Skakkeback NE, Rajpert-De Meyts E, Main KM (2001) Testicular dysgenesis
syndrome: an increasingly common developmental disorder with environmental
aspects. Hum Reprod 16: 972-978.

Jorgensen N, Meyts ER, Main KM, Skakkeback NE (2010) Testicular dysgenesis
syndrome comprises some but not all cases of hypospadias and impaired
spermatogenesis. Int J Androl 33: 298-303.

Vandenberg LN, Hauser R, Marcus M, Olea N, Welshons WV (2007) Human
exposure to bisphenol A (BPA). Reprod Toxicol 24: 139-177.

Krishnan AV, Stathis P, Permuth SF, Tokes L, Feldman D (1993) Bisphenol-A:
an estrogenic substance is released from polycarbonate flasks during autoclaving.
Endocrinology 132: 2279-2286.

Calafat AM, Kuklenyik Z, Reidy JA, Caudill SP, Ekong J, et al. (2005) Urinary
concentrations of bisphenol A and 4-nonylphenol in a human reference
population. Environ Health Perspect 113: 391-395.

Wetherill YB, Akingbemi BT, Kanno J, McLachlan JA, Nadal A, et al. (2007) In
vitro molecular mechanisms of bisphenol A action. Reprod Toxicol 24:
178-198.

Allard P, Colaiacovo MP (2010) Bisphenol A impairs the double-strand break
repair machinery in the germline and causes chromosome abnormalities. Proc
Natl Acad Sci U S A 107: 20405-20410.

Leranth C, Hajszan T, Szigeti-Buck K, Bober J, MacLusky NJ (2008) Bisphenol
A prevents the synaptogenic response to estradiol in hippocampus and prefrontal
cortex of ovariectomized nonhuman primates. Proc Natl Acad Sci U S A 105:
14187-14191.

. Lang IA, Galloway TS, Scarlett A, Henley WE, Depledge M, et al. (2008)

Association of urinary bisphenol A concentration with medical disorders and
laboratory abnormalities in adults. JAMA 300: 1303-1310.

. Wei], Lin Y, LiY, Ying C, Chen J, et al. (2011) Perinatal exposure to bisphenol

A at reference dose predisposes offspring to metabolic syndrome in adult rats on
a high-fat diet. Endocrinology 152: 3049-3061.

. Qin XY, Fukuda T, Yang L, Zaha H, Akanuma H, et al. (2012) Effects of

bisphenol A exposure on the proliferation and senescence of normal human
mammary epithelial cells. Cancer Biol Ther 13.

. Sharpe RM (2010) Is it time to end concerns over the estrogenic effects of

bisphenol A? Toxicol Sci 114: 1-4.

. Welshons WV, Nagel SC, vom Saal FS (2006) Large effects from small

exposures. III. Endocrine mechanisms mediating effects of bisphenol A at levels
of human exposure. Endocrinology 147: $56-69.

. Li D, Zhou Z, Qing D, He Y, Wu T, et al. (2010) Occupational exposure to

bisphenol-A (BPA) and the risk of self-reported male sexual dysfunction. Hum
Reprod 25: 519-527.

. Jasarevic E, Sieli PT, Twellman EE, Welsh TH, Jr., Schachtman TR, et al.

(2011) Disruption of adult expression of sexually selected traits by developmental
exposure to bisphenol A. Proc Natl Acad Sci U S A 108: 11715-11720.

. Zhang X, Chang H, Wiseman S, He Y, Higley E, et al. (2011) Bisphenol A )

disrupts steroidogenesis in human H295R cells. Toxicol Sci 121: 320-327.

. Calvano SE, Xiao W, Richards DR, Felciano RM, Baker HV, et al. (2005) A

network-based analysis of systemic inflammation in humans. Nature 437:
1032-1037.

Bronner IF, Bochdanovits Z, Rizzu P, Kamphorst W, Ravid R, et al. (2009)
Comprehensive mRNA  expression profiling distinguishes tauopathies and
identifies shared molecular pathways. PLoS One 4: ¢6826.

Qiao L, Tasian GE, Zhang H, Cunha GR, Baskin L (2011) ZEB1 is estrogen
responsive in vitro in human foreskin cells and is over expressed in penile skin in
patients with severe hypospadias. J Urol 185: 1888-1893.

Vottero A, Minari R, Viani I, Tassi F, Bonatti F, et al. (2011) Evidence for
epigenetic abnormalities of the androgen receptor gene in foreskin from children
with hypospadias. ] Clin Endocrinol Metab 96: E1953-1962.

Wang Z, Liu BC, Lin GT, Lin CS, Lue TF, et al. (2007) Up-regulation of
estrogen responsive genes in hypospadias: microarray analysis. J Urol 177:
1939-1946.

@ PLoS ONE | www.plosone.org

Novel Targets of Low-Dose Bisphenol A

Author Contributions

Conceived and designed the experiments: TF J. Yoshinaga J. Yonemoto

‘MF TO HS. Performed the experiments: XYQ HZ HA QZ. Analyzed the

data: XYQ). Contributed reagents/materials/analysis tools: YK K. Mizuno
KU K. Muroya MM KK YH MF TO. Wrote the paper: XYQ HS.

23. Qin XY, Zaha H, Nagano R, Yoshinaga J, Yonemoto J, et al. (2011)
Xenoestrogens down-regulate aryl-hydrocarbon receptor nuclear translocator 2
mRNA expression in human breast cancer cells via an estrogen receptor alpha-
dependent mechanism. Toxicol Lett 206: 152-157.

24. Singleton DW, Feng Y, Yang ], Puga A, Lee AV, ct al. (2006) Gene expression
profiling reveals novel regulation by bisphenol-A in estrogen receptor-alpha-
positive human cells. Environ Res 100: 86-92.

25. Gibert Y, Sassi-Messai S, Fini JB, Bernard L, Zalko D, et al. (2011) Bisphenol A
induces otolith malformations during vertebrate embryogenesis. BMC Dev Biol
11 4.

26. Laity JH, Lee BM, Wright PE (2001) Zinc finger proteins: new insights into
structural and functional diversity. Curr Opin Struct Biol 11: 39-46.

27. Lupo A, Cesaro E, Montano G, Izzo P, Costanzo P (2011) ZNF224: Structure
and role of a multifunctional KRAB-ZFP protein. Int ] Biochem Cell Biol 43:
470-473.

28. Harada Y, Kanchira M, Fujisawa Y, Takata R, Shuin T, et al. (2010) Cell-
permeable peptide DEPDCI1-ZNF224 interferes with transcriptional repression
and oncogenicity in bladder cancer cells. Cancer Res 70: 5829--5839.

29. Garavelli L, Cerruti-Mainardi P, Virdis R, Pedori S, Pastore G, et al. (2005)
Genitourinary anomalies in Mowat-Wilson syndrome with deletion/mutation in
the zinc finger homeo box 1B gene (ZFHX1B). Report of three Italian cases with
hypospadias and review. Horm Res 63: 187-192.

30. Peruzzi D, Mori F, Conforti A, Lazzaro D, De Rinaldis E, et al. (2009) MMP11:
a novel target antigen for cancer immunotherapy. Clin Cancer Res 15:
41044113,

31. VuTH, Werb Z (2000) Matrix metalloproteinases: effectors of development and
normal physiology. Genes Dev 14: 2123-2133.

32. Valdivia A, Peralta R, Matute-Gonzalez M, Garcia Cebada JM, Casasola I, et
al. (2011) Co-expression of metalloproteinases 11 and 12 in cervical scrapes cells
from cervical precursor lesions. Int J Clin Exp Pathol 4: 674-682.

33. McCord LA, Li F, Rosewell KL, Brannstrom M, Curry TE, Jr. (2011) Ovarian
Expression and Regulation of the Stromelysins During the Periovulatory Period
in the Human and the Rat. Biol Reprod.

34. Desmedt C, Majjaj S, Kheddoumi N, Singhal SK, Haibe-Kains B, et al. (2012)
Characterization and Clinical Evaluation of CD10+ Stroma Cells in the Breast
Cancer Microenvironment. Clin Cancer Res 18: 1004-1014.

35. Roy R, Yang J, Moses MA (2009) Matrix metalloproteinases as novel
biomarkers and potential therapeutic targets in human cancer. J Clin Oncol
27: 5287-5297.

36. Wei L, Shi YB (2005) Matrix metalloproteinase stromelysin-3 in development
and pathogenesis. Histol Histopathol 20: 177-185.

37. Ishizuya-Oka A, Li Q, Amano T, Damjanovski S, Ueda S, et al. (2000)
Requirement for matrix metalloproteinase stromelysin-3 in cell migration and
apoptosis during tissue remodeling in Xenopus laevis. J Cell Biol 150:
1177-1188.

38. Simian M, Hirai Y, Navre M, Werb Z, Lochter A, et al. (2001) The interplay of
matrix metalloproteinases, morphogens and growth factors is necessary for
branching of mammary epithelial cells. Development 128: 3117-3131.

39. Kunorr E, Schmidtberg H, Vilcinskas A, Altincicek B (2009) MMPs regulate both
development and immunity in the tribolium model insect. PLoS One 4: e4751.

40. Baskin LS, Erol A, Jegathcesan P, Li Y, Liu W, et al. (2001) Urecthral seam
formation and hypospadias. Cell Tissue Res 305: 379-387.

41. Virtanen HE, Bjerknes R, Cortes D, Jorgensen N, Rajpert-De Meyts E, et al.
(2007) Cryptorchidism: classification, prevalence and long-term consequences.
Acta Paediatr 96: 611-616.

42. Kojima Y, Mizuno K, Kohri K, Hayashi Y (2009) Advances in molecular
genetics of cryptorchidism. Urology 74: 571-578.

43. Kojima Y, Kohri K, Hayashi Y (2010) Genetic pathway of external genitalia
formation and molecular etiology of hypospadias. ] Pediatr Urol 6: 346-354.

44. Rey RA, Codner E, Iniguez G, Bedecarras P, Trigo R, et al. (2005) Low risk of
impaired testicular Sertoli and Leydig cell functions in boys with isolated
hypospadias. J Clin Endocrinol Metab 90: 6035~6040.

May 2012 | Volume 7 | Issue 5 | e36711



Cancer Biology & Therapy 1315, 296-306; March 2012, © 2012 Landes Biosclence

Effects of bisphenol A exposure
on the proliferation and senescence
of normal human mammary epithelial cells

Xian-Yang Qin,"** Tomokazu Fukuda,?* Linging Yang,"* Hiroko Zaha,' Hiromi Akanuma,' Qin Zeng,' Jun Yoshinaga?
and Hideko Sone'*

'Health Risk Research Section; National Institute for Environmental Studies; Tsukuba, Japan; 2Department of Environmental Studies; Graduate School of Frontier Science;
University of Tokyo; Kashiwa, Japan; *Laboratory of Animal Breeding and Genetics; Graduate School of Agricultural Science; Tohoku University; Sendai, Japan;
“Shenzhen Center for Disease Control and Prevention; Guangdong, China

fThese authors contributed equally to this work.

Keywords: bisphenol A, cell growth, breast cancer, HMEC, methylation, cyclin E, p16

Introduction

Among the known estrogen-like compounds, bisphenol A
(BPA) has received a great deal of attention, because it is com-
monly found in the environment, as well as in human tissues
and fluids.”? BPA has been detected in 92% of urine samples
(0.4-149 pg/L) in a U.S. reference population, suggesting people
may be continuously exposed to this compound in their daily
lives.>* Epidemiology studies have highlighted the correlation
between BPA exposure and human cancers’ Animal studies
have also shown that these low levels of BPA exposure may alter
developmental programs of sensitive end organs during critical
stages of early development, and increase mammary cancer risk
in mouse models of breast cancer.®’

The underlying mechanism involved in the carcinogenic
activity of BPA has been studied in several animal and cell mod-
els. Betancourt et al.® demonstrated that changes in mammary
gland protein expression of signaling pathways such as in the
cell cycle, apoptosis, differentiation and migration are consistent
with increased susceptibility for cancer development in rats pre-
natally exposed to BPA. Ptak et al.? also reported that exposure
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to environmental relevant concentrations of BPA can affect the
cellular proliferation and expression of genes involved in the cell
cycle and apoptosis in human ovarian cancer cells. However,
studies with human breast cancer cells have yielded conflicting
data,’*'* and the molecular mechanisms by which exposure to
BPA at the early passage can affect breast cells at later passages are
still unknown.!® Furthermore, to our knowledge, there are a lack
of data concerning the action of BPA on gene expression involved
in cell proliferation and apoptosis in normal human mammary
endothelial cells (HMEC).

There is general consensus that accumulation of cellu-
lar damage is the initiating event of both cancer and aging.¥
Tumorigenesis is fuelled by the accumulation of genetic and epi-
genetic damage. Similarly, aging occurs, at least in part, because
of an accumulation of macromolecular damage, which initially
affects cellular proteins, lipids and DNA, but eventually impairs
tissue regeneration. Accordingly, those mechanisms that protect
cells from damage could, in principle, protect against cancer and
aging simultaneously.”” In this regard, one potential mechanism
by which estrogenic agents such as BPA may promote carcino-
genesis might include increased DNA damage.'® DNA damage
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induced by 17B-estradiol (E2) is more than 1,000 times greater
than that of BPA.'® However, when BPA is compared with
E2, a difference in biological effects is observed. For example,
Bouskine et al. reported that the human testicular seminoma
cell-promoting effect of BPA is mediated through two signaling
pathways of estrogen receptors and G-protein-coupled receptors
(GPCRs). The GPCR pathway is not activated by stimulation
of E2. Therefore, it is likely that the effects of BPA are based
on estrogenic activities, but are not identical to those of E2.
To further elucidate the biological effects of BPA on the mam-
mary gland, gene expression profiling has also been performed
using in vivo animal models.”® The resulting data indicated that
a high dose of BPA induces changes in genes related to differ-
entiation, suggesting that this compound may have an adverse
effect on developmental processes in the mammary gland.®
However, although gene expression profiles are very informa-
tive in terms of detecting expression changes in target organs, it
is difficult to precisely determine the corresponding molecular
mechanisms in various differentiated cells such as ductal epi-
thelial, stromal and acinar cells in the in vivo system. To avoid
issues of complexity when using in vivo systems, gene expression
profiling has been performed using cultured cells treated with
several environmental carcinogens.” In a similar manner, gene
expression profiling following BPA exposure was performed
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in an earlier study using MCF-7 human breast cancer cells.?®
However, since MCF-7 cells are immortalized, they already har-
bor chromosomal abnormalities that are frequently observed in
human malignant lesions.

In the current study, we evaluated the potential carcinogenic
activity of BPA in HMEC, which are derived from normal
human mammary epithelium, and therefore contain a normal
karyotype.??® The long-term effects of BPA exposure at “low
doses” were focused on in this study, with a low dose currently
considered as < 2.19 x 107 M for in vitro cell or organ culture
studies.**® We examined the effect of BPA exposure at early
passage on proliferation, senescence, gene expression and DNA
methylation in HMEC at later passages.

Results

Effects of BPA exposure on the proliferation of HMEC. An
important aspect of our experimental design was to expose
HMEC to BPA for 7 d at passage 8 and then examine its effects
at later passages. Exposure to BPA and E2 enhanced cell prolif
eration of HMEC and increasing effects were still evident until
passage 16, even after removing BPA and E2 from the cell culture
medium from passage 9 (Fig. 1A). We statistically evaluated the
differences in the speed of cell proliferation at the time points of
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