MAMLD1 Mutations in 46,XY DSD

Table 4. Incidence of exonic polymorphisms p.PSSQS and p.N662S, and relative haplotypes in normal controls and 46,XY DSD

patients.
' OR confidence interval
Haplotype 359-662 Patients, n=70 Controls, n=510 Fisher, p value - OR (p=0.05)
p.359C- p.662A 72.9% (n=51) . 90.6% (n=462) p=0.0001 0.28 0.15-051
p.359T- p.662A 0% 1.5% (n=8) p=0.60 0.42 0.02-7.35
p.359C- p.662G 7.1% (n=5) 0.8% (n=9) p=0.02 428 1.39.13.17
p.359T- p.662G (S-S polymorphism) 20% (n=14) 6% {n=31) p=0.0003 3.86 1.94-7.70

p=0.0001.
doi:10.1371/journal.pone.0032505.t004

Regarding severe 46,XY DSD with uncertain sex, only one
published paper to date has reported three AMAMLDI mutations
(p-E124X, p.Q197X and p.R653X) [15]. It is precisely in this
situation of severe genital malformation that the diagnosis of the
causative mechanism is of clinical interest for medical treatment
(hormone substitution, pubertal follow-up). In order to determine
whether this report was an exceptional observation or of practical
clinical interest, we screened 70 patients with severe 46, XY DSD
of unknown origin. We identified two new mutations of MAMLDI
in patients with severe hypospadias and microphallus (1 stop
codon and | missense mutation). These mutations were associated
with a severe phenotype, and reduced (p.P384L) or abolished
(p.S143X) transactivation function was found in two cases. 46, XY
DSD with normal 4R, SRD5A2 and NR5AIgene sequences can
thus reveal a mutation of MAMLDI. This finding suggests a new
diagnostic investigation for these patients and may be helpful in
genetic counselling if a mutation is identified. It also provides new
insight into the pathophysiology of DSD. Indeed, in the family of
the child bearing the p.S143X mutation, the mother was
heterozygous and two other males on the maternal side of the
family exhibited a consistent phenotype. Unfortunately, the family
declined any further investigation. )

The mechanisms by which these mutations with reduced
transactivation induce DSD are still under investigation. ‘As noted
above, several studies have provided strong evidence of MAMLD!
implication in fetal sex development through modulation of
testosterone production at the time of sex' differentiation, The
plasma testosterone measured in one of our cases was indeed
lowered but it was normal in the other one, as previously reported
in patients with nonsense mutations [15]. Plasma testosterone
evaluation is thus not systemnatically helpful in orienting the
diagnosis of DSD since mutations of the genes implicated in
testosterone production - such as MAMLDI and NR3AI - have
been reported in 46,XY DSD patients with normal plasma
testosterone. These findings, along with the absence of correlation
between the in witro functional analysis and the biological and
clinical phenotype, suggest that the genital malformation is
primarily related to a transient prenatal testicular (Leydig cell)
dysfunction and the resulting compromised testosterone produc-
tion around the critical period of sex differentiation [33]. In the
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postnatal period, the mouse homolog of MAMLD] was indeed
reported to be weakly expressed in the testis at one week of age
and the expression was faint thereafter.
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Severe undervirilization in XY newborns can reveal mutations
of MAMLDI. MAMLDI should be routinely sequenced in these
patients with otherwise normal AR, SRD542 and NR5A1 genes.
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AbStracf

Background/Purpose' The effect of low-dose bisphenol A (BPA) exposure on human reproductive health is still
controversial. To better understand the molecular basis of the effect of BPA on human reproductive health, a genome-wide
screen was p‘erfor,med using human foreskin fibroblast cells (hFFCs) derived from child hypospadias (HS) patients to identify
novel targets of low-dose BPA exposure.

Methodology/Principal Findings: Gene expression profiles of hFFCs were measured after exposure to 10 nM BPA, 0.01 nM
iol (E2) or 1 nM 2,3,78-tetrachlorodibenzo-p-dicxin (TCDD) for 24 h. Differentially expressed genes were
ied using an unpaired Student’s t test with P value cut off at 0.05 and fold change of more than 1.2. These genes were
ted for network generation and pathway analysis using Ingenuity Pathways Analysis, Pathway Express and KegArray.
Sev nty-one genes (42 downregulated and 29 upregulated) were identified as significantly differentially expressed in
response to BPA, among which 43 genes were found to be affected exclusively by BPA compared with E2 and TCDD. Of
jcular interest, real-time PCR analysis revealed that the expression of matrix metallopeptidase 11 (MMP11), a well-known
effector of fevelopment and normal physiology, was found to be inhibited by BPA (0.47-fold and 0.37-fold at 10 nM and
100 nM; respectlvely) Furthermore, study of hFFCs derived from HS and cryptorchidism (CO) patients (n=23 and 11,
respectrvely) indicated that MMP11 expression was significantly lower in the HS group than in the CO group (0.25-fold,
P=0.0027).

Conclusions/Signifi cance: This present study suggests that an involvement of BPA in the etiology of HS might be
=d with the downregulation of MMP11. Further study to elucidate the function of the novel target genes identified
in this study during genital tubercle development might increase our knowledge of the effects of low-dose BPA exposure
on human reproductive health.
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Introduction ’ This concept proposes the existence of*a common underlying
cause for the occurrence of these reproductive and developmental
diseases, and suggests that adverse environmental factors, such as
environmental endocrine disruptors (EEDs) might exert their
etiological effects on a susceptible genetic background.

Bisphenol A (BPA) is one of the world’s highest production-
volume chemicals, with more than six billion pounds produced
worldwide each year [4]. BPA is used extensively in the plastics
produced for food and beverage containers, such as baby bottles,

Hypospadias (HS) is one of the most common congenital
abnormalities with a global prevalence of approximately 0.2-1%
at birth in male infants [1]. The etiology of HS is poorly
understood, and might include genetic, hormonal and environ-
mental factors. It has been hypothesized that testicular cancer,
cryptorchidism (CO) and some cases of HS and impaired
spermatogenesis are symptoms of a single underlying entity that
has been named as the testicular dysgenesis syndrome (T'DS) [2,3].

@ PLoS ONE | www.plosone.org . 1 May 2012 | Volume 7 | Issue 5 | e36711

— 183 —



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 <2.19%x1077 M for in vitro 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 ¢t 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 (»=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.

BPA E2 TCDD

P-value 10:-fold 1.2-fold  1.0-fold 1.2-fold 1.0-fold 1.2-fold

0.05 154 71" 1101 814" 1150 824
0.01 30 W7 18 154 208 156
0.001 7 5 16 1 14 9

*Selected as significant differentially expressed genés 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 L2 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

hI'FCs were maintained in Dulbecco’s Modified Eagle Medium
(DMEM)/Ham’s F-12 (048-29783, Wako, Osaka, Japan) confain-
ing 10% fetal bovine serum (FBS, Mediatech, Herndon, VA, USA)
and grown at 37°C in a 3% CO, 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 (8) “Cell Death, Cellular Growth and Proliferation, Cancer” network. The images were created using the IPA 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 (-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 RINA 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 cRINA 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 8x60K 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).

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 ddtabase of functional interactions that
are drawn from peer-reviewed publications and manually
maintained [18]. For the IPA analysis, the Agilent SurePrint G3
Human GE 8X%60 K Array was used as a reference gene set. The
generated biological networks were ranked by score, which is the
likelihood 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

@ ‘PLoS ONE | www.plosone.org

Table 2. Top five associated network functions of genes differentially expressed in response to BPA, E2 and TCDD generated by
IPA. . o
Chemical Top Functions Score
BPA’ " Endocrine System Disorders, Gastrointestinal Disease, Genetic Disorder ' ' 41
Cell Death, Cellular Growth and Proliferation, Cancer 21
Cellular Growth and Proliferation, Hematological System Development and Function, Cellular Development - 18
Cellular Assembly and Organization, Cellular Function and Maintenance, Cell Cycle 13
Dermatological Diseases and Conditions, Inflammatory Disease 3
E2 Cellular Growth and Proliferation, Skeletal and Muscular System Development and Function, Cell Cycle 4
DNA Replication, Recombination, and Repair, Gene Expression, Cellular Assembly and Organization 41
Cellular Assembly and Organization, Cellular Function and ‘Maintenance, Protein Synthesis 41
Gene Expressiori, Cell Cycle, Cell;To{ell Signaling and Interaction 35
DNA Replication, Recombination, and Repair, Nucleic Acid Metabolism, Small Molecule Biochemistry 33
TCDD Post-Translational Modification, Genetic Disorder, Hematological Disease 49
‘Cell Cycle, Cellular Assembly and Organization, DNA Replication, Recombination, and Repair 47
Celiul@r Assembly and Organization, DNA Replication, Recombination, and Repair, Decreased Levels of Albumin 45
DNA Replication, Recombination, and Repair, Energy Production, Nucleic Acid Metabolism 44
DNA Replication, Recombination, and Repair, Cell Cycle, Cellular Assembly and Organization 37
doi:10,1371/journal.pone.0036711.t002
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Table 3. Top canonical pathways for genes differentially
expressed in response to BPA, E2 and TCDD identified by IPA.
Chemical Top canonical pathway P-Value
BPA’ RAN Signaling 5.31E-02
Endoplasmic Reticulum Stress Pathway 6.34E-02
Leukocyte Extravasation Signaling 1.24E-01
Retinoic acid Mediated Apoptosis 1.54E-01
Signaling
Colorectal Cancer Metastasis Signaling 1.93€6-01
E2 Cell Cycle: G1/S Checkpoint Regulation 1.01E-03
PI3K/AKT Signaling 1.52E-03
Role of NFAT in Regulation of the 1.83E-03
Immune Response
p53 Signaling 3.46E-03
Aryl Hydrocarbon Receptor Signaling 3.63E-03
TCDD - Cell Cycle Control of Chromosomal 1.20E-09
Replication
Role of BRCA1 in DNA Damge Response 1.72E-07
Mismatch Repair in Eukaryotes 247E-05
Hereditary Breast Cancer Signaling 9.45E-04
Role of CHK Proteins in Cell Cycle 1.00E-02
Checkpoint Control
doi:10.1371/journal.pone.003671 1.t063

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. Legg 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_m1 for POMZP3, Hs01094348_ml for WDRS,
Hs00171829_m1 for metallopeptidase 11 (MMPI1; 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 Biosysterns) 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.
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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,
Umea, Sweden) to obtain a gencral 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 10nM 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 4t 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-o (ESRRA), retinoic acid receptor-ot
(RARA) and RAR-related orphan receptor-ot (RORA) and RARA
were found to be significantly differentially expressed in response
to £2 and TCDD, respectively. The summary of dlfferentially
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, L2 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
p\erformed on the data of significanty 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 (PC1), 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 differenty
regulated genes, datasets derived from microarray analysis
representing genes with alteréd 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 S1,52,53.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 (ACER?2, PLSCR], POLRIC, 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, FBXO018, FBXW12, FSIP1, JRKL, LGALS7/

LGALS7B, NEK10, NUDCD1, RAPGEF3, SERPINAL, 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-
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Translational Modification, Genetic Disorder, Hematological
Disease” (Score =49), respectively. Furthermore, top canonical
pathways associated with genes significantly differentally 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=1.01 %1077 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 $2. 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 significahice,
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 cifferentially expressed in
response to BPA, E2 and TCDD using KegArray was illustrated in
Figure S4. o )

Validation by real-time PCR

To validate 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; WDRS3, 145-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 (8 summary of the quantitative data comparing MMP11
expression levels in HS and CO groups.

doi:10.1371/journal.pone.0036711.9004

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 thie 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 MMP11 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 MMPI1 in the
development of HS, we examined the expression levels of MMP11
in hFFCs derived from child HS and CO patients (2=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=0.0027).

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 in zitro 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
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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 pg/kg/day
(approximately 200 nM for in 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
ESR I-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 24A). It should be
noted that this network contains three genes (ZNF222, ZNF224
and ZNTF461) 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, ZEB] 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 ZIP
expression and low-dose BPA exposure regarding the pathogenesis
of HS.

The expression of four of the significantly differentally
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
involved 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
[80,31]. 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 MMP11 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 CO, 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 in 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 MMPI1
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. (d)
“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 S2 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 bottorn 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 83 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” retwork; (B) “Cell Cycle, Cellular Assembly and
Organization, DNA Replication, Recombination, and Repair”
network; (C) “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 S4 ‘““Pathways in cancer” of KEGG was mapped
with genes significantly differentially expressed in
response to BPA (4), E2 (B) and TCDD (C).

(DOCX).

Table S1 Comparison of the gene expression profiles of
hFFCs in response to BPA, E2 and TCDD.

(DOCX)

Table 82 KEGG pathways affectéd kby BPA, E2 and
TCDD identified by Pathway Express.
(DOCX)
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cells [Gordon et al., 2009]. PRS frequently occurs as a component of
known syndromes such as campomelic dysplasia (CD) (OMIM
114290), acampomelic CD (ACD), and Stickler syndrome (OMIM
108300), although PRS can also take place as an isolated
(nonsyrfdromic) form [Holder-Espinasse et al., 2001].
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Pierre Robin sequence (PRS) (OMIM 261800) is a congenital
malformation sequence characterized by micrognathia, glossopto-
sis, and posterior U-shaped cleft palate [Robin, 1934]. The primary

defect of PRS is assumed to be mandibular hypoplasia caused by
impaired chondrogenesis or aberrant proliferation of neural crest
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CD and ACD are caused by dysfunction or dysregulation
of SOX9; multiple intragenic mutations of SOX9 as well as
various types of chromosomal rearrangements around the
coding exons have been identified in patients with CD and ACD
[Meyeretal., 1997; Gordon et al., 2009]. Inaddition to PRS, patients
with CD manifest bowing of the long bones (campomelia), hypo-
plastic scapulae, pelvic malformations, a missing pair of ribs,
clubfeet, and 46,XY gonadal dysgenesis. ACD represents a mild
variant of CD lacking campomelia. Since PRS is present in most
patients with CD and ACD [Gordon et al,, 2009], SOX9 likely
plays a particularly important role in the development of the
mandible,

Recently, molecular defects in the far upstream and the far
downstream region of SOX9 have been identified in patients
with isolated PRS. Jamshidi et al. [2004] and Jakobsen et al.
[2007] identified balanced translocations of t(2;17) in familial
and sporadic PRS cases, respectively, and found that the 17q
breakpoints are located more than 1.0 Mb upstream of SOX9.
Subsequently, Benko et al. [2009] identified variable genomic
abnormalities (translocations, deletions, and a nucleotide
substitution) at a position more than 1.0 Mb apart from SOX9
in two sporadic and five familial cases with PRS. Furthermore,

Benko et al. {2009] showed that the deletions and translocations
included several highly conserved noncoding elements (HCNE)
and the nucleotide substitution abolished the tissue-specific en-
hancer activity of one of these HCNEs (HCNE-F2). These data
provide the first evidence that dysfunction of the very-long-range
enhancer(s) of SOX9 causes isolated PRS. However, there is no
other report of patients with a molecular defect in the far upstream
or the far downstream region of SOX9. Here, we report on a male
patient with a complex genomic rearrangement in the 5’ region of
SOX9. Clinical and molecular analyses of this patient provide
further information on tissue-specific regulation of SOX9.

This Japanese male was born at 38 weeks of gestation after an
uncomplicated pregnancy and delivery. At birth, his length was
48.0 cm (—0.48 SD), weight 2.83 kg (—0.55 SD), and head circum-
ference 32.0 cm (+0 SD). Immediately after birth, he was referred to
our clinic because of respiratory distress and facial anomalies. He
had hypoplastic mandible, cleft palate, and glossoptosis and was
therefore diagnosed ashaving PRS. In addition, he showed bilateral
clubfeet. Campomelia and tibial skin dimples were not observed.

FIG. 1. Rééﬁiéendgrams;
indicated.

the patient at 2 weeks of age

lild hypoplasia of,lefty scapula [white rmm}zand'micmgnathié {a white arrowhead) are
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He manifested normal male external genitalia with bilateral
descended testes. On skeletal survey, dolichocephaly with hypopla-
sia of the facial bone, micrognathia, and hypoplasia of the left
scapula were evident (Fig. 1). The right scapula was unremarkable.
The ischia appeared somewhat broad, and the ischiopubic syn-
chondroses wide; yet, these findings were too mild to be distin-
guishable from the normal range. Other radiological hallmarks in
CD, such as cervical kyphosis, hypoplastic pedicles of the thoracic
spine, and narrow ilia, were not discernible. G-banding chromo-
some analysis showed a normal 46,XY karyotype. Direct sequence
analysis for SOX9detected no mutation in the coding region [Wada
et al., 2009].

During several months after birth, he continually required
medical intervention for respiratory and feeding difficulties. He
underwent a tracheotomy at 8 months of age. He showed no
obvious developmental delay; he was able to stand and walk along
thewall at 1 year of age and was able to indicate his desires and needs
by pointingat 1 year and 7 months of age. On his last examination at
1 year and 7 months of age, he measured 76.3 cm (—1.77 SD) and
weighed 9.2 kg (—1.31 SD). His parents and sister were clinically
normal.

(1 gy e

This study was approved by the Institutional Review Board Com-
mittee at the National Center for Child Health and Development.
After obtaining written informed consent from the parents, a

s

inversion

b

peripheral blood sample was taken from the patient. Parental
samples were not available for molecular analysis.

High-resolution chromosomal banding revealed a karyotype of
46,XY,der(17)inv(17)(q21.31q24.3)del(17)(q24.3q23?) (Fig. 2A).
Fluorescence in situ hybridization (FISH) analysis using RP11-
84E24-BAC containing SOX9and RP11-20N01-BAC on 17q21.31
indicated a paracentric inversion on one of the two chromosome 17
(Fig. 2B and C). Signals for SOX9 were detected on two chromo-
some 17. Comparative genomic hybridization (CGH) analysis
using a human genome oligoarray (1 x 1M format, G4447A,
Agilent Technologies, Palo Alto, CA) indicated a heterozygous
deletion in the SOX9 upstream region (Fig. 3A). In silico analysis
using UCSC genome browser (http://genome.ucsc.edu/; hg 19;
NCBI Build 37) showed that the deletion was 2.99 Mb in physical
length and flanked by the proximal and the distal breakpoints
residing at —4.15 and —1.16 Mb to SOX9, respectively. A total of 18
known genes were located within the deleted region, as assessed
using the Refseq database (Fig. 3A).

A complex genomic rearrangement in the 5 region of SOX9 was
identified in a boy with PRS. The genomic lesion started at a point
1.16 Mb upstream of SOX9 and affected several HCNEs. In partic-
ular, HCNE-F2, previously shown to act as a developmental
enhancer for the craniofacial region [Benko et al., 2009], was deleted
in this patient (Fig. 3B). Thus, the PRS phenotype of this patient

cen cen
normal der (17}
chromosome 17 RE11-
o 20N01
k BAC
. inverted region RP11
20N01
_BAC
T dgeletedregion [l S0OX9
et
normal der(17)

o representaﬂon of the genomlc rearrangement of the patient

chromosome 1 7
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would be ascribed to SOX9 misexpression due to loss of HCNE-F2,
although we cannot exclude the possibility of another hitherto
unidentified cis-regulatory element(s) of SOX9being affected by the
deletion/inversion. In this regard, while the deletion removed 18
genes, clinical features of the patient can be explained by SOX9
dysfunction alone. Moreover, none of the 18 genes, except for
KCNJ2, are known to be involved in mandibular growth. Further-
more, whereas dominant negative mutations of human KCNJ2 as
well as homozygous deletion of mouse Kcnj2 have been shown to
result in cleft palate and micrognathia [Zaritsky et al., 2000; Andel-
finger et al., 2002}, haploinsufficiency of KCNJ2/KcnJ2 has not been
shown to cause such abnormalities. Hence, the patient represents a
novel case with PRS caused by a SOX9 cis-regulatory mutation.
Such submicroscopic genomic rearrangements may also be present
in other patients with isolated PRS. Indeed, only a few genes have
been identified as causative genes for isolated PRS. In this regard, it
is noteworthy that mutations of collagen genes including COL11A2

al., 2005; Velagaleti et al,, 2005; Jakobsen etal,
. 2011]. The white are

ﬁ;dgsgenesis. co, campomelic dy

and COL11A1 have been shown to cause a PRS as a component of
Stickler syndrome without apparent ocular involvement [Vikkula
etal., 1995; Annunen et al., 1999]. Since collagen genes are known to
be direct targets of SOX9 [Gordon et al., 2009], these data suggest
that transactivation of collagen genes by SOX9 is critical for the
development of the mandible.

This patient manifested PRS-compatible craniofacial abnormal-
ities and mild hypoplasia of the left scapula. Nevertheless, he
showed no typical CD/ACD skeletal features. These data indicate
that the genomic rearrangement of the patient disrupted at least one
enhancer for SOX9 that plays a critical role in the development of
the mandible and a small role in the development of the scapula. In
addition, the concept of exclusion mapping implies that tissue-
specific enhancers for long bones, pelvic bones, and ribs are located
within the 1.16 Mb region closest to SOX9, because CD/ACD is
known to be a fully penetrant phenotype in patients with intragenic
mutations of SOX9 [Meyer et al., 1997]. Consistent with this,
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previous studies have suggested that putative loci for CD/ACD are
located within the 1.0 Mb region from SOX9 [Gordon et al., 2009].
Nevertheless, the phenotype of this patient could also be explained
by assuming that there is a global developmental enhancer(s) of
SOX9 in the region more than 1.16 Mb apart from SOX9 and
that the mandible and the scapula are more sensitive to reduced
transcriptional levels of SOX9 than other skeletal tissues [Gordon
et al., 2009]. Indeed, various skeletal changes of the patient such as
clubfeet, borderline broad ischia, and relatively wide ischiopubic
synchondroses, may be related to mildly impaired SOX9 expres-
sion. In this context, it is noteworthy that CD, ACD, and isolated
PRS are currently regarded as a continuum of a disorder caused
by SOX9 abnormalities [Gordon et al.,, 2009]. Thus, this patient
may represent an intermediate phenotype between ACD and
isolated PRS.

This patient had normal male external genitalia, indicating that
the testis-specific enhancer(s) of SOX9is preserved in this patient.
Consistent with this, previous studies on translocation-positive
patients suggested that a testis-specific enhancer(s) islocated within
the 789 kb region closest to SOX9 [Gordon et al., 2009]. Moreover,
animal studies have identified a testis-specific enhancer immedi-
ately upstream of Sox9 [Sekido and Lovell-Badge, 2008]. However,
fairly well preserved masculinization of this patient may be ascribed
to incomplete penetrance of gonadal dysgenesis in SOX9 abnor-
malities, because normal testicular development has been observed
inabout 25% 0f 46,XY individuals witha SOX9intragenic mutation
[Mansour et al., 1995].

To date, various types of cryptic deletions have been identified in
patients with PRS (Fig. 3B). Notably, there is no overlapping region
of deletion that is shared by all PRS cases, although the deletions of
sporadic case 4 and familial case 1 reported by Benko et al. {2009]
are located within the deleted region of the patient described herein.
These results imply that multiple cis-acting elements around SOX9
are required for the appropriate development of the mandible.
Further analysis in a large cohort of PRS patients would enable
us to clarify the precise locations of SOX9 tissue-specific enhancers.
In this regard, array CGH would serve as a powerful tool for
screening of such patients, because it can detect various copy
number alterations in a chromosomal region of several megabases.

In summary, the present study provides a novel example for
long-range cis-regulatory mutations of SOX9. Our findings suggest
that the genomic region more than 1.16 Mb upstream of SOX9
includes at least one cis-acting element that regulates SOX9expres-
sion in the developing mandible, and, to a lesser extent, in the
developing scapula. Further studies will permit the full characteri-
zation of the genomic environment involved in tissue-specific
regulation of SOX9.

£ 275 B

This research was supported by the Grant-in-Aid for Scientific
Research on Innovative Areas (22132004) from the Ministry of
Education, Culture, Sports, Science and Technology (MEXT), by
the Grant-in-Aid for Scientific Research (B) (23390249) from the
Japan Society for the Promotion of Science (JSPS), the Grants for
Research on Intractable Diseases (10103415) (11103332) from the

Ministry of Health, Labor and Welfare and the Grant of National
Center for Child Health and Development (23A-1).

Andelfinger G, Tapper AR, Welch RC, Vanoye CG, George AL Jr, Benson
DW. 2002. KCNJ2 mutation results in Andersen syndrome with sex-
specific cardiac and skeletal muscle phenotypes. Am J Hum Genet
71:663—668.

Annunen S, Korkké J, Czarny M, Warman ML, Brunner HG, Kéiridinen
H, Mulliken JB, Tranebjaerg L, Brooks DG, Cox GF, Cruysberg JR,
Curtis MA, Davenport SL, Friedrich CA, Kaitila I, Krawczynski MR,
Latos-Bielenska A, Mukai S, Olsen BR, Shinno N, Somer M, Vikkula M,
ZlotogoraJ, Prockop DJ, Ala-Kokko L. 1999. Splicing mutations of 54-bp
exons in the COL11ALl gene cause Marshall syndrome, but other muta-
tions cause overlapping Marshall/Stickler phenotypes. Am ] Hum Genet
65:974-983.

Benko S, Fantes JA, Amiel ], Kleinjan D], Thomas S, Ramsay ], Jamshidi N,
Essafi A, Heaney S, Gordon CT, McBride D, Golzio C, Fisher M, Perry P,
Abadie V, Ayuso C, Holder-Espinasse M, Kilpatrick N, Lees MM, Picard
A, Temple IK, Thomas P, Vazquez MP, Vekemans M, Roest Crollius H,
Hastie ND, Munnich A, Etchevers HC, Pelet A, Farlie PG, Fitzpatrick DR,
Lyonnet S. 2009. Highly conserved non-coding elements on either side of
SOX9 associated with Pierre Robin sequence. Nat Genet 41:359-364.

Gordon CT, Tan TY, Benko S, Fitzpatrick D, Lyonnet S, Farlie PG. 2009.
Long-range regulation at the SOX9 locus in development and disease.
] Med Genet 46:649—656.

Hill-Harfe KL, Kaplan L, Stalker HJ, Zori RT, Pop R, Scherer G, Wallace
MR. 2005. Fine mapping of chromosome 17 translocation breakpoints
>or= 900 kb upstream of SOX9 in acampomelic campomelic dysplasia
and a mild, familial skeletal dysplasia. Am J Hum Genet 76:663—671.

Holder-Espinasse M, Abadie V, Cormier-Daire V, Beyler C, Manach Y,
Munnich A, Lyonnet S, Couly G, Amiel J. 2001. Pierre Robin sequence:
A series of 117 consecutive cases. ] Pediatr 139:588-590.

Jakobsen LP, Ullmann R, Christensen SB, Jensen KE, Molsted K, Henriksen
KF, Hansen C, Knudsen MA, Larsen LA, Tommerup N, Timer Z. 2007.
Pierre Robin sequence may be caused by dysregulation of SOX9 and
KCNJ2. ] Med Genet 44:381-386.

Jamshidi N, Macciocca [, Dargaville PA, Thomas P, Kilpatrick N, McKinlay
Gardner R], Farlie PG. 2004. Isolated Robin sequence associated with a
balanced t(2;17) chromosomal translocation. ] Med Genet 41:el.

Lecointre C, Pichon O, Hamel A, Heloury Y, Michel-Calemard L, Morel Y,
David A, Le Caignec C. 2009. Familial acampomelic form of campomelic
dysplasia caused by a 960kb deletion upstream of SOX9. Am J Med Genet
A 149:1183~1189.

Ledig S, Hiort O, Scherer G, Hoffmann M, Wolff G, Morlot S, Kuechler A,
Wieacker P. 2010. Array-CGH analysis in patients with syndromic and
non-syndromic XY gonadal dysgenesis: Evaluation of array CGH as
diagnostic tool and search for new candidate loci. Hum Reprod 25:
2637-2646.

Leipoldt M, Erdel M, Bien-Willner GA, Smyk M, Theurl M, Yatsenko SA,
Lupski JR, Lane AH, Shanske AL, Stankiewicz P, Scherer G. 2007. Two
novel translocation breakpoints upstream of SOX9 define borders of the
proximal and distal breakpoint cluster region in campomelic dysplasia.
Clin Genet 71:67~75.

Mansour S, Hall CM, Pembrey ME, Young ID. 1995. A clinical and genetic
study of campomelic dysplasia. ] Med Genet 32:415—420.

Meyer ], Siidbeck P, Held M, Wagner T, Schmitz ML, Bricarelli FD,
EggermontE, Friedrich U, Haas OA, Kobelt A, Leroy JG, Van Maldergem
L, Michel E, Mitulla B, Pfeiffer RA, Schinzel A, Schmidt H, Scherer G.

— 196 —



AMERICAN JOURNAL OF MEDICAL GENETICS PART A

1534

1997. Mutational analysis of the SOX9 gene in campomelic dysplasia
and autosomal sex reversal: Lack of genotype/phenotype correlations.
Hum Mol Genet 6:91-98.

Pop R, Conz C, Lindenberg KS, Blesson S, Schmalenberger B, Briault S,
Pfeifer D, Scherer G. 2004. Screening of the 1 Mb SOX9 5° control region
by array CGH identifies a large deletion in a case of campomelic dysplasia
with XY sex reversal. ] Med Genet 41:e47.

Robin P. 1934. Glossoptosis due to atresia and hypertrophy of the mandi-
ble. Am J Dis Child 48:541-547.

Sekido R, Lovell-Badge R. 2008. Sex determination involves synergistic
action of SRY and SF1 on a specific Sox9 enhancer. Nature 453:930-934.

Velagaleti GV, Bien-Willner GA, Northup JK, Lockhart LH, Hawkins JC,
Jalal SM, Withers M, Lupski JR, Stankiewicz P. 2005. Position effects due
to chromosome breakpoints that map approximately 900 kb upstream
and approximately 1.3 Mb downstream of SOX9 in two patients with
campomelic dysplasia. Am ] Hum Genet 76:652—662.

Vikkula M, Mariman EC, Lui VC, Zhidkova NI, Tiller GE, Goldring MB,
van Beersum SE, de Waal Malefijt MC, van den Hoogen FH, Ropers HH,

Mayne R, Cheah KSE, Olsen BR, Warman ML, Brunner HG. 1995.
Autosomal dominant and recessive osteochondrodysplasias associated
with the COL11A2 locus. Cell 80:431-437.

WadaY, Nishimura G, Nagai T, Sawai H, Yoshikata M, Miyagawa S, Hanita
T, Sato S, Hasegawa T, Ishikawa S, Ogata T. 2009. Mutation analysis of
SOX9 and single copy number variant analysis of the upstream region in
eight patients with campomelic dysplasia and acampomelic campomelic
dysplasia. Am ] Med Genet A 149:2882-2885.

White S, Ohnesorg T, Notini A, Roeszler K, Hewitt J, Daggag H,
Smith C, Turbitt E, Gustin S, van den Bergen ], Miles D, Western P,
Arboleda V, Schumacher V, Gordon L, Bell K, Bengtsson H,
Speed T, Hutson J, Warne G, Harley V, Koopman P, Vilain E,
Sinclair A. 2011. Copy number variation in patients with disorders
of sex development due to 46,XY gonadal dysgenesis. PLoS One
6:e17793.

Zaritsky JJ, Eckman DM, Wellman GC, Nelson MT, Schwarz TL. 2000.
Targeted disruption of Kir2.1 and Kir2.2 genes reveals the essential role of
the inwardly rectifying K(+) current in K(+)-mediated vasodilation.
Circ Res 87:160—166.

— 197 —



ORIGINAL ARTICLE

Journal of Human Genetics (2012) 57, 449-452
© 2012 The Japan Society of Human Genetics Al rights reserved 1434-5161/12 $32.00

www.nature.com/jhg

Haplotype analysis of ESRZ2 in Japanese patients with

spermatogenic failure

Tsutomu Ogatal?, Maki Fukami?, Rie Yoshida?, Eiko Nagata!, Yasuko Fujisawa!, Atsumi Yoshida® and

Yasunori Yoshimura*

The prevalence of spermatogenic failure (SF) has gradually increased during the past few decades at least in several countries.
Although multiple factors would be involved in this phenomenon, one important factor would be excessive estrogen effects via
estrogen receptors (ERs). Thus, we performed haplotype analysis of ESR2 encoding ERp in 125 Japanese SF patients and 119
age-matched control males, using single nucleotide polymorphisms (SNPs) 1-9 that are widely distributed on the ~ 120-kb
genomic sequence of ESR2. Consequently, a linkage disequilibrium (LD) block was detected in an ~ 60-kb region encompassing
SNPs 2-7 in both groups, and four major estimated haplotypes were identified within the LD block. Furthermore, the most
prevalent ‘TGTAGA' haplotype was found to be significantly associated with SF, with the P-value obtained by the Cochran-
Armitage trend test (0.0029) being lower than that obtained by a 100 000-times permutation test (0.0038) to cope with the
problem of multiple comparisons. The results, in conjunction with our previous data indicating lack of a susceptibility factor on
ESR1 encoding ERe, imply that the specific ‘TGTAGA' haplotype of ESRZ2 raises the susceptibility to the development of SF.
Journal of Human Genetics (2012) 57, 449-452; doi:10.1038/jhg.2012.53; published online 24 May 2012
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INTRODUCTION
Recent studies have indicated a gradual increase in the prevalence of
male genial and reproductive abnormalities during the past few
decades at least in several countries.! Skakkebaek et al.* have coined a
term ‘testicular dysgenesis syndrome’ for this phenomenon. As such
deterioration of male genital and reproductive health is also observed
in many wildlife species,””* it is likely that such adverse changes in
males are inter-related events shared in common by the human and
the wildlife species.”® In this regard, environmental endocrine
disruptors (EEDs) appear to constitute the major factor for this
phenomenon, because EEDs are widely spread in the world." In
particular, exposure to estrogenic EEDs are known to affect male
genital and reproductive health,!*=

The effects of EEDs would primarily be determined by the genetic
susceptibility, together with the dosage of exposed EEDs, character of
exposed EEDs (for example, estrogenic, anti-androgenic and so on),
and the developmental stage of the individuals at the time of EED
exposure.? In this regard, it is known that estrogenic EEDs can bind
to both estrogen receptor (ER)u encoded by ESRI and ERP encoded
by ESR2 with low but variable degrees of affinities.® Thus, it is likely
that genetic susceptibility to estrogenic EEDs is primarily constituted
by genetic variations in ESRI and ESR2.'3

To examine this possibility, we have previously performed haplo-
type analysis of ESRI in Japanese male patients with genial and

reproductive abnormalities as well as in control males, using 15 single
nucleotide polymorphisms (SNPs 1-15) that are widely distributed
throughout the >300-kb genomic sequence of ESR1.% Con-
sequently, we identified an ~50-kb linkage disequilibrium (LD)
block spanning SNPs 10-14 in the 3’ region of ESRI, and found that
homozygosity of a specific ‘AGATA’ haplotype within the LD block
was strongly associated with cryptorchidism (P = 0.0040; odds ratio
(OR)=7.55) and hypospadias (P = 0.000057; OR=13.75)%7 (and
our unpublished updated observation). This finding provides strong
evidence that homozygosity of the specific ESRI haplotype raises the
susceptibility to the development of male genital abnormalities. In
this context, we speculate that this effect via the specific ESRI
haplotype is mediated by EEDs, although there is no direct
evidence yet. Indeed, as ESRI is expressed in Leydig cells producing
testosterone and insulin-like 3,58 it is likely that the specific ESRI
haplotype primarily enhances estrogenic effects in Leydig cells,
compromising their hormonal production capacity.

However, no significant association was found between the specific
‘AGATA haplotype of ESRI and spermatogenic failure (SF).” In this
context, as ESR2 is clearly expressed in various developmental stages
of male germ cells,® it may be possible that the deleterious effects of
estrogenic EEDs on spermatogenesis may primarily be mediated by
ERP. Thus, we carried out haplotype analysis of ESR2 in Japanese
patients with SE
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MATERIALS AND METHODS

Subjects

We studied 125 SF patients aged 32-52 years (median 41.0 years), including 80
SF patients utilized in the previous ESRI haplotype analysis.” The selection
criteria included: (1) azoospermia or severe oligozoospermia (<5 million
sperms per ml) demonstrated by two consecutive analyses of semen obtained
after 4-7 days of abstinence; (2) lack of extragenital anomalies such as
cryptorchidism and hypospadias; (3) hypergonadotropic hypogonadism
indicative of primary testicular dysfunction; (4) no seminal tract
obstruction, varicocele, or retrograde ejaculation; (5) a 46,XY karyotype with
no demonstrable structural or numerical abnormality after examining > 30
lymphocytes; (6) absence of a Y chromosomal microdeletion after examining
36 loci from SRY to DYZI, including multiple Yq loci in the azoospermia factor
regions (AZFa, b, ¢) such as RBMY and DAZ? (7) no significant expansion of
CAG repeat length at exon 1 of AR that is known to raise the susceptibility to
male reproductive abnormalities;!® and (8) lack of a disease episode that could
affect fertility such as mumps orchiditis. For controls, 119 control adult males
with proven fertility aged 24-50years (median 35.5year) were similarly
analyzed with permission. The ages were similar between the SF patients
and control males (Mann-Whitney’s U-test). All the SF patients and control
males were Japanese living in the Tokyo urban area; they were free from
particular residential environments such as the vicinity of chemical factories or
farms, from specific dietary habits deviated to vegetables or animal/fish
proteins, and from intake of drugs with hormonal effects.

SNP analysis
This study was approved by the Institutional Review Board Committees of the
authors, and informed consent was obtained from each subject. We examined
nine SNPs (SNPs 1-9) that were associated with high minor allele frequencies
in the Japanese population (20.3-39.5%) (the NCBI Short Genetic Variations
Database (dbSNP); http://www.nebi.nlm.nih.gov/snp/) and were widely dis-
tributed on the ~ 120-kb ESR2 genomic DNA sequence including an apparent
LD block encompassing exons 1-6 identified in various populations (the
International HapMap Project Database; http://hapmap.ncbi.nlm.nih.gov/)
(Figure 1a). Genotyping was performed by the 5 nuclease assay on an ABI
PRISM 7000 Sequence Detection System (Life Technologies, Carlsbad, CA,
USA),'! using leukocyte genomic DNA of each subject.

Pearson’s 7>-test with one degree of freedom was applied to test whether the
genotyping data are in the Hardy-Weinberg equilibrium. Statistical signifi-
cance of the differences in allele and genotype frequencies was analyzed by

Pearson’s 32-test, using R environment for statistical computing (http://www.r-
project.org/).

Haplotype analysis
Although haplotypes are usually not observed, the haplotypes present in a
subject and the frequencies of the haplotypes in a population can be inferred
using genotype data at separate loci.!? In this regard, the degree of LD can be
expressed as the pairwise |D'| value (the absolute value for the disequilibrium
parameter) that ranges from 0 (complete absence of LD) to 1.0 (complete
presence of LD)," and a chromosomal region associated with high |IY| values
between different loci is defined as a haplotype or an LD block.! In this study,
haplotype inference was performed by the maximum-likelihood method using
expectation maximization algorithm implemented in the software LDSUP-
PORT.!>!® The pairwise |I¥| values were estimated by the method of
Terwilliger and Ott, '* and a haplotype block was determined by the
method of Zhu et al'” using the software developed by Kamatani et al!®
The difference in the frequencies of haplotypes between the SF patients and
the control males was examined using the estimated population haplotype
frequencies by Pearson’s y2-test, and the OR and the 95% confidence interval
(CI) were calculated using the R environment. The association between SF
phenotype and estimated haplotypes was tested using PENHAPLO software in
a dominant mode (comparison of the frequencies of subjects with one risk
haplotype between cases and controls) and in a recessive mode (comparison of
the frequencies of subjects with two risk haplotypes between cases and
controls).!? Furthermore, the association between SF phenotype and
estimated haplotypes was also examined in a dosage-dependent mode
(comparison of the frequencies of subjects with zero, one, and two risk
haplotypes between cases and controls) by the Cochran-Armitage trend
test,2%2! using the R environment. To cope with the problem of multiple
comparisons, the significant level was determined by a 100000-times
permutation test.”>

RESULTS

SNP analysis

The results of SNP analysis are summarized in Table 1. Minor allele
frequencies of the 9 SNPs were 20.446.8% in the SF patients and
27.7-37.3% in control males. The genotype frequencies of SNPs 1-9 were
in accord with the Hardy—Weinberg equilibrium. Low P-values ( <0.05)
were identified for the differences in the allele and genotype frequencies
of SNPs 1, 4, and 5, with stronger association being identified for the
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Figure 1 Schematic representation of £SRZ and its LD maps. (a) Physical positions of ESR2 SNPs 1-9 examined in the present study. The gray and the
white boxes represent coding and untranslated regions, respectively. AF-1, activation function 1 (ligand independent); AF-2: activation function 2 (ligand
dependent); DBD, DNA-binding domain; LBD, ligand-binding domain. (b) Pairwise LD maps. ID'l: an absolute value for the disequilibrium parameter.
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Table 1 Summary of SNP analysis
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Table 2 Summaty of haplotype analysis (SNPs 2-7)

Genotyping data Statistical data Estimated haplotype ~ TGTAGA TACGGA CGCGAG TGCGGA
p— k) ©y O, 0,
Genotype SF CM pvae OR  os%c  SF (n=128) 46.4% 21.2% 26.0% 6.0%
CM (n=119) 32.7% 28.1% 27.3% 11.0%
SNP1 T 78 58 TvysC 0.028 1.59 1.05-2.42  Comparison of estimated haplotype frequency
rs3020444 TC 43 53 TTvsTC+CC 0.032 0.57 0.34-0.95 P-value 0.0028 0.096 0.82 0.070
cc 4 8 TT+TCvsCC 020 218 0.64-7.44 OR 1.77 0.69 0.94 0.52
SNP2 T 68 63 TvsC 074 1.07 0.72-1.56 95% Cl 1.21-2.61 0.44-1.06 061-1.43  0.25-1.05
rs11625778 TC 48 46 TTvsTC+CC 082 094 057-1.56  Association of estimated haplotype with phenoltype
o 9 10 TT+TCvsCC 073  1.18 0.46-3.02 Dominant mode
SNP3 GG 77 59 GvsA 0.059 1.49 0.98-2.25 P-value 0.0063 0.078 0.92 0.031
1517179740 AG 43 52 GGvsAG-+AA 0.059 061 0.37-1.02 OR 2.08 0.63 0.98 0.46
AA 5 8 GG+AGvsAA 0.34 1.73  0.55-5.45 95% Cl 1.23-3.54 0.38-1.05 0.59-1.62 0.22-0.93
SNP4 CC 36 55 CuvsT 0.0022 1.77 1.23-2.56  Recessive mode
rs1256030 cT 61 49 CCvsCT+TT 0.0049 2,13 1.25-3.61 P-value 0.026 0.34 0.55 0.97
T 28 15 CC+CTvsTT 0.045 0.500 0.25-0.99 OR 2.16 0.58 0.75 0.95
SNP5 GG 36 55 GuvsA 0.0022 1.77 1.23-2.56 95% Cl 1.09-4.46 0.17-1.79 0.28-1.96  0.037-24.2
1510148269  AG 61 49 GGvsAG+AA 00049 213 1.25-3.61  Cochran-Armitage’s trend test
AR 28 15 GG+AGvsAA 0.045 0.500 0.25-0.99 P-value 0.0029 0.071 0.75 0.056
SNP6 GG 68 64 GvsA 074 1.07 0.72-1.60 For one haplotype
rs1256049 GA 49 45 GGvsGA+AA 092  0.98 0.59-1.61 OR 1.75 0.67 0.94 0.52
AA 8 10 GG+GAvsAA 055 1.34 0.51-3.52 95% ClI 1.21-2.52  0.44-1.03 0.63-1.39  0.27-1.02
SNP7 AA B8 64 AvsG 074 1.07 0.72-1.60 For two haplotypes
rs1256055 AG 49 45 AAVsAG+GG 092 098 0.59-1.61 OR 3.06 0.45 0.88 0.27
GG 8 10 AA+AGvsGG 055 1.34 0.51-3.52 95% Cl 1.46-6.35 0.19-1.06 0.39-1.93 0.07-1.04
SNP8 AR 59 47 AvsG 021 127 0.87-1.85  pappreviations: Ci, confidence interval; OR, odds ratio; SNP, single nucleotide polymorphism.
rs1256062 AG 54 57 AAvs AG+GG 0.22 0.73 0.44-1.21 SF, 125 patients with spermatogenic failure; CM, 119 control males.
GG 12 15 AA+AGvsGG 045 1.36 0.61-3.04
SNP9 GG 40 45 GvsA 0.12  1.34 0.93-1.92 o oo i }
11152579 GA 53 59 GGvs GA+AA 0.34 129  0.76-2.19 block identified in this study is similar to that reported in the International
AA 26 15 GG-GAvs AA 0087 055 0.28-1.10 HapMap Project. These findings argue for the accuracy of our data.

Abbreviations: Cl, confidence interval; OR, odds ratio; SNP, singie nuclectide polymorphism.
NCB! rs no. is given for each SNP. SF, 125 patients with spermatogenic failure; CM, 119
control males.

allele rather than the genotype frequencies, In particular, the P-values for
allele frequencies of SNPs 4 and 5 were markedly low.

Haplotype analysis

The LD map is shown in Figure 1b, and the results of haplotype
analysis are summarized in Table 2. An ~60-kb LD block spanning
SNPs 2-7 was identified in both the SF patients and control males,
with the |D'| value being >0.9 for all the pairs of SNPs 2-7. Within
the LD block, four major estimated haplotypes were identified,
together with three additional minor haplotypes (‘CGTAGA haplo-
type in a single control male, and ‘TATAGA and ‘CGCGGA’
haplotypes in single SF patients). Notably, the frequency of the most
prevalent “TGTAGA’ haplotype was significantly higher in the SF
patients than in the control males. Furthermore, the ‘TGTAGA’
haplotype was significantly associated with SF phenotype, with the
P-value obtained by the Cochran—Armitage trend test (0.0029) being
lower than the permutation P-value (0.0038). In addition, of the four
major haplotypes, the “TGTAGA’” haplotype alone contained the ‘T’
allele in SNP 4 and the ‘A’ allele in SNP 5, whereas these two alleles
were also identified in two of the three minor haplotypes.

DISCUSSION

The present study revealed the presence of an ~60-kb LD block
encompassing SNPs 2—7 of ESR2 in both the SF patients and control
males. In this regard, the allele frequencies obtained in the control males
are comparable to those registered in the JSNP Database, and the LD

Of the four major estimated haplotypes within the LD block, the
‘TGTAGA haplotype was significantly associated with SE. Indeed,
the P-value obtained by the Cochran—Armitage trend test was below
the permutation P-value. Furthermore, comparison of the P-values
obtained from the three types of analyses for the association between
SF phenotype and estimated haplotypes implies that the specific
‘TGTAGA haplotype compromises spermatogenesis in a dosage-
dependent manner rather than in a simple dominant or recessive
manner. In this regard, as the “T” allele of SNP 4 and the ‘A’ allele of
SNP 5 are almost exclusively present in the “TGTAGA™ haplotype,
genotyping of SNPs 4 and 5 can be utilized for the screening of the
‘TGTAGA’ haplotype.

For ESR2, previous studies have suggested an association between
SF and an Rsal SNP on exon 5 that does not result in amino acid
change (SNP 6 in this study) in Scandinavian and Iranian populations
(P-value: 0.01 and 0.012, respectively).?>* In such studies, as the
frequency of AG genotype relative to GG genotype was higher in SF
patients than in control males (AA genotype was extremely rare), this
would imply that the ‘A" allele of SNP 6 is regarded as a marker for a
hidden true susceptibility factor(s) that is probably in an LD status
with the ‘A’ allele of SNP 6. By contrast, the present study showed no
association of SF with SNP 6 and rather suggests a dosage effect of the
specific haplotype harboring the ‘G’ allele of SNP 6. Thus, the present
data are apparently inconsistent with the previous studies. It might be
possible, however, that the true susceptibility factor(s) is linked with
the specific “TGTAGA’ haplotype in the Japanese population and
resides on a different pattern of haplotype carrying the ‘A’ allele of
SNP 6 in Scandinavian and Iranian populations, because of a
recombination between the true susceptibility factor(s) and SNP 6
in either of the ethnic groups. In addition, there might be population-
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