ments [ELISA assay (direct or extraction method) or
RIAY, and (c) consistently good overall general condi-
tion. Any subjects with abnormal physical findings
were excluded. The control infants were without neu-
rologic and endocrinologic abnormalities, and none of
the subjects received antenatal or perinatal glucocorti-
coid before urine sampling. Table 1 shows characteris-
tics of the study subjects.

Spot urine samples were randomly collected for
the study and kept at —20 °C until analysis. We studied
each infant for urinary steroid profile by GC-MS/
selected ion monitoring (GC-MS-SIM), as .reported
{8 ) with minor modification. In brief, 0.05- to 0.2-mL
urine samples were subjected enzymatic hydrolysisand
organic solvent extraction and methyloxime-
trimethylsilyl derivatized, and the derivative was sub-
jected to GC-MS-SIM analysis, GC-MS-SIM analysis
was performed on an HP589011 GC with an HP-Ultral
used silica column (25 m X 0.2 nm X 0.33 um} cou-
pled to an HP5971MS (Agilent Technologies). We
quantified each steroid with stigmasterol as the internal
standard. The turnaround time of the assay is 2 days.

We measured Pt and the cortiso] metabolites -
tetrahydrocortisone and 5 B-tetrahydrocortisone (sum
of these metabolites termed TIHEs) and calculated the
ratio of Pt to the cortisol metabolites (PU/THEs) (5, 9)
to differentiate C21OHD and PORD from TH170HP
and controls, P was considered to be equal to 0.001 mg/g
creatinine for calculation in infants whose Ptl was under
the detection limit (<0001 mg/g creatinine). We mea-
sured metabolites of 3 steroids, namely debydroepi-
androsterone (DHEA), androstenedione {AD4}, and
118-hvdroxyandrostenedione (11OHAD4), and cal-
culated the sum of DHEA metabolites (DHEA, andro-
stenediol, 16a-hydroxy-DHEA, 16 8-hydroxy-DHEA,
16-oxo-androstenediol, and androstenetriol}, the
sum of AD4 metabolites (androsterone and etio-
cholanolone) (8, 10}, and the 1 1OHAD4 metabolite
{11HA). (118-Hydroxyetiocholanolone could not be
measured in newborns, as described (8).) The above
sum of DHEA metabolites have been reported to in-
clude approximately 70% of DHEA metabolites in

"newborns {11 ). The above sum of AD4 metabolites are
defined as androgen metabolites because, whereas
these 2 steroids are metabolites of AI34, they are also
the metabolites of testosterone and dihydrotestoster-
one in boys. Androgen metabolites are analyzed sepa-
rately by sex, since male androgen metabolites in this
age group are increased from testicular-derived andro-
sterone and etiocholanclone.

We measured urinary creatinine by IATRO-LQ
CRE {(A)II (Mitsubishi Chemical Medience Co.) and
expressed urinary steroid concentration relative to uri-
nary creatinine {mg/g creatinine}.
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Fig. 2. Urinary (A) Ptl and PtI/THEs (B) in infants with
C210HD, PORD, TH170HP, and controls.

Dashed lines show cutoff: P4, 0.1 mglg creatinine; Ptl/
THEs, 0.020. 4, C210HD; @, PORD; [, TH170KP; @,
control. An arrow points to the patient with C210HD at a
lower Pt value than the cutoff. N.d., not detected.

Statistical analysis of DHEA, androgen, and
110HAD4 metabolites was carried out by Mann-
Whitney U-test between C210HD and PORD. A P
value of <20.05 was considered statistically significant.

Results

DIFFERENTIATION OF C210HD AND PORD FROM THITOHP

AND CONTROLS .

Pig. 2 shows the results of urinary Ptl and Pt/THEs. Pd
{median {range} mg/g creatinine| was 10 {0.079--36} in
C210HD, 1.5 (0.42-2.6) in PORD, 0.006 (=0.001-
(.086) in TH17QHP, and <<0.001 {<0.001-0.064)} in
controls. Pt/ THEs was 2,5 (0.14~15) in C210HD, (.18
{0.051-0.23) in PORD, 0.00083 (0.00010-0.011) in
THI17OHP, and 0.00038 (0.000068~0.0083) in con-
trols. Ptl differentiated C210HD and PORD from
TH170HP and controls with 96.9% (95% CI 91.6%-
97.4%) sensitivity and 100% (99.8%-100%) specificity
with cutoff 0.1 mg/g creatinine. All patients with
TH170HP and controls showed Ptl concentrations be-
low the cutoff. An 8-day-old patient with C210HD
whose birth weight was 1628 g had a lower Pt value
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than the cutoff (Fig, 2A, arrow). Ptl/THEs differenti-
ated C210HD and PORD from THI7OHP and con-
trol with 100% (95.1%-100%) diagnostic sensitivity
and 100% {99.8%—100%) diagnostic specificity with
the 0.020 cutoff,

DISCRIMINATION BETWEEN C210HD AND PORD

Fig. 3 shows the results of urinary metabolites of 17,20-
lyase products (mg/g creatinine} in C210HD and
PORD. DHEA metabolites were 97 (11-503) in
C210HD and 4.0 (0.15-17) in PORD. Androgen me-
tabolites were, for boys, 1.1 (0.18-36) in C210HD and
0.19{0.17-0.41) in PORD, and for girls, 1.1 (0,26-9.9)
in C2IOHD and 0.16 {0.016-1.4} in PORD.
110HAD4 metabolite was 3.0 {0.61-24) in C210HD
and 0.077 (0.022-0.22) in PORD. All metabolites of
17,20-lyase products showed significant differences be-
tween C210HD and PORD {DHEA metabolites, P <
0.001; androgen metabolites {male), P = 0.006; andro-
gen metabolites (female), P = 0.039; 11OHAD4 me-
tabolite, P << 0.001). 11OHAD4 metabolite (11HA)
discriminated between C210HD and PORD with
100% (94.2%-100%) diagnostic sensitivity and 100%
(81.4%—100%) diagnostic specificity with the 0.35
my/g creatinine cutoff. Urinary DHEA and androgen

metabolites showed overlap between C210MHD and
PORD.

Discussion

We estzblished a 2-step biochemical differential di-
agnosis for C210HD and PORD by urinary steroid
profile. First, by using a specific cutoff of the ratio of
Pt} to THESs, we were able to differentiate C210HD
and PORD from THI7OHP and controls, Second,
by using a specific cutoff of 11HA, we were able to
distinguish between C210HD and PORD. Although
a distinctive steroid excretion pattern in C21OHD
and PORD had been reported (3, 5, 6}, no clear cut-
off of urinary steroid metabolites was reported in
any ages to discriminate between C21O0HD and
PORD. To the best of our knowledge, this is the first
report of a cutoff for biochemical differential diag-
nosis of C210HD and PORD in infants. As for
TH170HP, an adequate observation period and
timing for repeat blood test are as yet unknown. It is
difficult to differentiate between C2ZIOHD and
PORD by current standard hormonal testing and
clinical observation (3, 4). This 2-step method can
diagnose TH170HP, C210HD, and PORD by 1 as-
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say with a noninvasive spot urine sample while in-
fants have increased concentrations of serum
170HP.

Increased Pt and PU/THEs in C210HD and
PORD must reflect the impaired activity of 21-
hydroxylase. We showed that a specific cutoff of Ptl/
THEs differentiated C210HD and PORD from
TH170HP and controls with no overlap. In patients
with C210HD, impaired activity of 21-hydroxylase led
to an increase in the precursor steroid 170HP. As a
result, Ptl, which is a metabolite of 21DOF, was in-
creased. Because the activity of 21-hydroxylase in pa-
tients with PORD was impaired by less electron supply
{from POR, increased Ptl was reasonable.

Decreased 11HA in PORD must reflect the im-
paired activity of 17,20-lvase. The reason is unclear why
the urinary 110HAD4 metabolite was the only 1
among other metabolites of 17,20-lyase products that
showed a difference between C21OHD and PORD, but
the reason is probably that 110HAD4 is of purely ad-
renal origin. DHEA metabolites showed tiny overlap
between C210HD and PORD that may derive from
unexpectedly low DHEA metabolites in 3 patients with
C210HD. On the 1 hand, androgen metabolites
showed a clear overlap that can be explained by andro-
gen production in the backdoor pathway {Fig. 1,
dashed arrow), which is proven in the tammar wallaby
(12) and postulated in the human newborn {13). An-
drosterone can be derived not only from AD4 and di-

_ hydrotestosterone in the conventional pathway but
also from 5a-pregnane-3o,17q-diol-20-one in the

backdoor pathway (12, 13). In PORD, androsterone
could increase during early infancy (13), resulting in
overlap in androgen metabolites.

One may argue that PD, the ratio of PD to 17,20-
lyase metabolites {e.g., 111A, DHEA metabolites), or
the ratio of 17 a-hydroxypregnenolone metabolite to
DHEA metabolites (13} is discriminatory {Fig. 1).
Unfortunately, the measurement of PD is sometimes

problematic in our GC-MS method in newborns

and we cannot calculate the concentration or the
ratio. We have reported that the ratio of 17a-
hydroxypregnenolone metabolites to DHEA metabo-
lites discriminated 22 patients with PORD from
healthy infants (13 ), whereas this ratio could not dis-
criminate C2]OHD and PORD completely in this co-
hort {data not shown},

This study had 4 limitations. First, nonclassic
210HD was not included in study subjects. Nondassic
210HD is known to have lower blood [7OHP than
C210HD {14, 15,. Thus, it is conceivable that these
individuals have lower PtI/THEs and 11HA than
C210HD. Further studies are required to determine if
the same cutoff can discriminate between nonclassic
210HD and PORD. Second, the total number of af-

6 Clinical Chemistry 58:4 (2012}

fected infants, and specifically the number of very-low-
birthweight infants (only 2}, was limited in this study.
Infants born with very low birthweight should have
less hepatic enzyme activities such as 58-reductase,
3a-hydroxysteroid  dehydrogenase, and  20c-
hydroxysteroid dehvdrogenase, leading to less conver-
sion of 21DOF 1o Pil. Indeed, 1 patient with C210HD
who was born with low birthweight had a lower Ptl
value than the cutoff. The third limitation is the ran-
dom time at which urine samples were collected, al-
though it is known that steroid metabolism starts to
show diurnal variation around 2-3 months ofage (16 ).
We unintentionally proved that we could use the urine
sample whenever it is collected. As for the fourth limi-
tation, our data in Japanese infants may not apply to
other ethnic populations. Enzymatic residual activity in
PORD has been reported to differ depending on genotype
{17]. The common mutation was R457H in Japanese
PORD (7, 18) and AZ87P in whites (19). R457H has
1%6~39% supporting activity for 17e-hydroxylase and vir-
tually no activity for 17,20-lyase compared to wild type,
whereas AZ87P has 40% activity for 17a-hydroxylase and
about 20% for 17,20-lyase (17, 19, 20 ). In fact, all subjects
with PORD were Japanese with homozygous or heterozy-
gous R457H mutation {Table 2. For PORD cohorts with
higher 17,20-lyase activity (i.e.,, A287F), 11HA might not
be as useful. Thus other cutoffs may be required for
non-fapanese.

In conclusion, we demonstrated a 2-step bio-
chemical differential diagnosis for C210HD and
PORD by urinary steroid metabolites such as P,
THES, and 11HA. We believe that this 2-step biochem-
ical diagnosis would be valuable for Japanese infants
whaose clinical differential diagnosis is difficuls.
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Dear Editor,

The clinical course of fetal hydrothorax is highly variable
between individuals, and its prenatal management varies
from wailing and close observation to therapeutic inter-
vention in utero or the termination of pregnancy. To date,
the management of fetal hydrothorax has depended on the
gestational age. rate of progression, and development of
hydrops | 1-3], partly because no appropriate indicator for
clinical intervention is available before the onset of non-
immune hydrops fetalis (NIHF).

Tissue Doppler imaging (TDI) has been shown 1o be
useful in assessing the cardiac function of fetuses with a
normal [4] as well as pathological condition such as
hydrops fetalis {5, 6]. So far, fow studies have investigated
the longitudinal cardiac function in fetal hydrothorax by
TDT until hydropic change. and it has yet 1o be clarified
whether serial TDI can provide clinical information con-
cerning the indication for clinical intervention, We serially
evaluated the fetal cardize function with TDI in a case of
fetal hydrothorax.

A 26-year-old primigravida woman was referred to our
outpatient clinic for the evaluation of left unilateral fetal
hydrothorax at 31 weeks and 6 days of gestation. An
ultrasound scan digitally recorded at 25 weeks’ gestation
did not show hydrothorax. Serological examination showed
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no evidence of intrauterine infection, rhesus isoimmuni-
zation, or other red cell antibodies, Normal fetal anatomy
and growth were confirmed by serial ultrasound scans. No
other maternal or fetal complications were noted before
admission. On admission at 32 weeks and 2 days of ges-
tation, the unilateral lesion had proceeded to become
bilateral. Betamethasone was administered maternally to
promote fetal lung maturity. We conservatively managed
the patient and closely evaluated fetal well-being and
cardiac function in the fetus using fetal heart rate moni-
toring, the biophysical profile, umbilical artery Doppler
velocimetry, and conventional pulsed-Doppler and tissue
Doppler echocardiography to determine the appropriate
timing of pregnancy termination for postnatal care, because
of the institutional treatment strategy for fetal hydrothorax,
whereby therapeutic intervention in utero, thoracocentesis,
or pleuro-amniotic shunt. should be considered hefore
32 weeks of gestation.

During the first 3 days after admission, myocardial TDI
parameters consistently increased with the gradual accu-
nulation of pleural fluid and subcutaneous tissue thicken-
ing from 4 to 7 mm, although there were no apparent
changes in conventional pulsed-Doppler parameters
(Fig. 1), the biophysical profile, or fetal heart rate moni-
toring, and both ventricles were normal in size without
mitral or tricuspid regurgitation.

The myocardial TDI parameters observed at 32 weeks
and 4 days of gestation were even higher than the 95th
percentile of the gestational age-based reference ranges for
myocardial TD! indices {7]. We considered that the dere-
rioration of the TDI parameters suggested the presence of
subclinical or clinical cardiac dysfunciion that could pro-
ceed to the development of NIHF, and so we decided to
terminate the pregnancy. At 32 weeks and 4 days of ges-
tation. a male infant weighing 1,920 g was delivered by
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Fig. 1 Longitudinal changes in
cardiac tissue Doppler and
conventional pulsed-Doppler
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emergency cesarean section, with Apgar scores of 6 and 8
at 1 and 5 min, respectively, The infant, with a structurally
normal heart and moderate subcutaneous edema, became
stable in responsc (o intensive postnatal care, and myo-
cardial TDI parameters gradually improved in the early
neonatal period (Fig. 1). We considered that the timing of
delivery for neonatal intervention had been appropriate,
because intensive postnatal management  successtully
improved his cardiac function and clinical condition after
birth,

The present case indicates that the deteriorated TDI
parameters might be used as predictive indicators for the
development of NIHF, and serial TDI may be a useful
approach for making a decision regarding the timing of
clinical intervention in pregnancics complicated by fetal
hydrothorax. We suggest establishing a prospective cohort
study with TDI evaluation, which may help us develop a
new method of management for fetal hydrothorax.
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Abstract

More than 50% of children with severe 46,XY disorders of sex development (DSD) do not have a definitive eticlogical
diagnosis, Besides gonadal dysgenesis, defects in androgen biosynthesis, and abnormalities in androgen sensitivity, the
Mastermind-like domain containing 1 {MAMLD?) gene, which was identified as critical for the development of male
genitaliz, may be implicated. The present study investigated whether MAMLD? is implicated in cases of severe 46,XY DSD
and whether routine sequencing of MAMLDT should be performed in these patients. Seventy children with severe non-
syndromic 46XY DSD of unknown etiology were studied. One hundrad and fifty healthy individuals were included as
controls. Direct sequencing of the MAMLDT, AR, SRD5AZ and NR5AT genes was performed, The transactivation function of
the variant MAMLD1 proteins was quantified by the luciferase method. Two new mutations were identified: p.5143X
{c.428C=A} in a patient with scrotal hypospadias with microphafius and p.P384L {c.1151C>T) in a patient with penile
hypospadias with microphallus. The in vitro functional study confirmed no residual transactivating function of the p.5143X
mutant and a significantly reduced transactivation function of the p.P384L protein {p=0.0032). The p.P3595, p.NE625 and
p.H347Q variants are also reported with particularly high frequency of the p359T- p.662G haplotype in the DSD
patients. Severe undervirifization in XY newborns can reveal mutations of MAMLDI. MAMLDIT should be routinely
sequenced in these patients with otherwise normal AR, SRD5A2 and NR5ATgenes.
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Introduction The etiologies of 46,XY DSD are usually gonadal dysgenesis
. . . _ {defect in SRY and downstream geaes such as SOX9, WTJ, NRSAS
The disorders of sex development (DS} comprise a variety of [6,7], etc., defects in androgen hissynthesis and, more frequently,

anomalies defined by congenital conditons in which chromosom-
al, gonadal, or anatomical sex is atypical. The prevalence of the
46, XY disorders of sex development (46, XY DSD) is difficudt 10
determine with accuracy because of the heterogeneity in the
clinical presentation and the ctologies. The estimated incidence of
severe 48, XY DSTY with uncertain sex is 2.2 per 10,000 births [1},
and for a minor form of 46, XY DSD with isolated and non-severe
hypospadias, the incidence is estimated at 1 in 2530-400 births [2].
Two independent surveiilance systems in the United Stares, the
nationwide Birth Defects Manitoring Program (BDMP) and the

abuormalities in androgen sensitivity. Unfortunately, more than
50% of childeen with severs 46 XY DSD presentdng with
uncertain sex do not have a definitive clinical diagnosis [8], For
instance, an AR mene defect 35 identified in less than 10% of the
cases (9],

In addition o these well classified causes, & recent candidate
gene was identified a3 eritical for the development of male
genitalia: the Mastermind-like domain containing 1 (MAMLDI)
gene {formerly CXorf6), This gene was discovered during studies o
5 - wsporsible for Xl . ; v
Metropolitan Adanla'Gox‘lgeniml Def’ﬁcm’ Prggravm zj?vL&Gl?P}, i;l;;f";k;e xiitfh rzzgjmtl:}.cp;ii;g;fn}]zzs%m }?ggbu.lézgzg?aixa)
reported a neer doubling i the hypospadias rate in comparison ) 1
with the immediately preceding decades [3]. Althouph recent
studies have guestioned this reported rise and provide conflicling
data [4,3], the elucidation of the pathophysiology of these genital
malformations remains challenging, .

abserved to be deleted in patients with both the myopathy and
external genital malformations [10,11,12], Polymorphisms of
MAMIDI have heen reported in patients with isclated hypospa-
dias, the less severe form of 26, XY DSD, but these varianis usually
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Figure 1. Electrochromatograms and pedigrees of the three patients with AM4AILD7 mutations. The black squares indicate patients with
posterior hypospadias. All mutant sequences were controlled by wildtype (WT) DNA, Regarding case 1's family, only the members -3 and -4 were
genotyped, as the other members in the pedigree declined genetic testing.
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do not affect the transactivation of the protein [13,14]. Conversely,
severe 46, XY DSD with uncertain sex has heen sparsely studied.
To date, only one study has focused on these patients: Fukami
etal. identified three nonsense mutations in four individuals fom a
group of 166 patients [13]. The aim of the present study was to
determine whether MAMLDI is frequently implicated in newborns
and children with severe 46,XY DSD with uncertain sex and
whether MAMLD! should be routinely sequenced in these
paticats.

Materials and Methods

Patients and controls

Two hundred and twenty individuals were included in this study.
Sevenry children presented with non-syndromic 46,XY DSD of
unknown etivlogy, According to the Quigley classification [16], 8
patients exhibited a stage 2 phenotype; 32 patients, stage 3; 20
patients, stage 4 3 patients, stage 3; and 3 patients, stage 6, One
hundred and fifty healthy individuals were included as controls.
Controls were chosen among patients without wrinary, genital, or
endocrine disease, or any other congenital malformation, For
instance, paticnts with acute appendicitis or operated on for
circumcision  without phimosis were included, This study was
approved by the Institutional Review Board (CPP-Montpellier, ID
RCB No. 2008-A00781-54). Written consent was obtained from the
parents, carers or guardians on behalf of the pardcipating minors.

@ PLoS ONE | www.plosone.org

When a mutation was identifled, other family members were
examined if possible, The patients and contrals were Caucasian.

DNA extraction
DNA was extracted from peripheral blood wsing & QlAamp
DNA bload minikic {Qagen, Courtaboeuf, France),

Mutational analysis of MAMLD1

Direet sequencing of MAMLDI coding exons and their fanking
splice sizes was performed in all patients and controls using primers
as previously described [17], The 3730x1 DNA Analyzer (Applicd
Biosystems, Foster City, CA, USA) was used. Sequencing reactions
were repeated twice with at least twe different PCR products, The
DNA sequences were compared with the sequences of nornmal
conteols and the reference genemes from the ensemblorg database
{Ensembl: ENSGG0000013619) and the genebank database {MIM;
300120, NUBI Gene 1D: 10046). It is notable that the number of
the cDNA and amine acids has been changed recently because of
the recognition of a novel MAMELOY start codon. This report
describes MAMLDI cDNA and arnino acids according to the new
systermn.

Molecular analysis of androgen sensitivity

A molecular analysis of the androgen receptor (:IR) and 5 alpha
recuctase type 2 [SRDIAR genes was performed in all patients.
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Table 1. Clinical and hormonal data of patients with mutated MAMLDT,

SAMLDT Mutations in 46,XY DSD

Case 1

Micraphalius
Testis position
Testis size inernal=1-2 ml)

Serstal appearance

Yes, 26 mm
Intra-scrotai
Normz!

Ventral transposition, Sifid Scrotiem

Raral and urinary tract structure Normal
Extragenital phenotype Normazl
Growth

Eirth height, cm (505} 51 0)

Birth welght, Kg (505 3.5340 (D)
Serurn hormone level

Time of measurmaent {yrmo) 90

Testosterone {ng/mit {1-3 ng/ml) 1.78

LH U (1-12 Wy ]

FSH (LR {310 Uil 08

ArH 336 ng/mi

Inhikin NA

Patient Case 2
MAMLDT mutation ps143x £P3BAL
Previous medicel history Mone Matarnal diabetes
Genital phenstypa
Urathral meatus Seratal Perile posterior
Age T exam {yrmo) 1] [+34]

Yes, 20 mm with cuvature
Intra-scrotal

MNormal

Bifid Scrotum

Normal

Normal

50.5 {+0)
3,750 {+0.5}

03

Q.07

03

0.8

18 ngfmb
<15 ngimi*

Stk standard deviation. ND: not determined. HA: not availzble, DHT: gihvdrotestosterona, OMEA: dibydroepiandrsosterane, Perentheses indicate the dandard deviation
for height and weight and the normal range for hormone serum levels. Testes of 1-2 mi can be regarded as normal, as recently reported by Shibata et al. {34

doi:tQI37 joumal pone032305.00

Exons 1-8 of the 4R gene were amplified by PCR using sets of
primers and reactions previously described [18], Molecular
analysis of the SRDSA2 gene (exons 1-3) was performed as
previously reported [19]. PCRs were verified for correct length on
agarose gel, purified with Qlaquick PCR columns {Diagen), and
sequenced with the ABI Prism Big Dye tenminator sequencing kit
NE5d was sequenced in $6,XY DSD children with low plasma
testosterone as previcusly published [6,20].

Homology study

Ensernbl.org detected the purative homologs of the human
MAMID] gene and alignments were made with the ClustalW
software at hrepe/ Swwav.ebiac.ok/ Tools/msa/ custalw2/.

Structure prediction

The potential impact of variants was first predicted using X m-
stiteo tools for secondary structure, tertiary structure and prediction
of the consequences of amine acid changes.

The secondary structure for wildeype and variants was predicted
using JPred software [21] (hup//www.compbic.dundee.as.uk/
www-jpred/ The relative accessibility of amine acids was studiad
with Newswrf software [22] (http://www.chs.dmdk/services/
NetSusfP/). The three-dimensional structure was predicted by
the Protein Homology/analogY Recognition Engine (Phyreln-
gine} from the Structural Bioinformatics Group, Imperial College,
London, at hetpowww.shg.bioicacuk/phyrew/. This tool can

~ detect remote homologous proteins with similar rersiary structures,

@ PLOS ONE | www.plosone.org

*it is notabie that anti-mullerizn harmene and inhibin were lowered in one case, MAMLDT &s indeed reported 1o be exprassed in Sartoli cells, as well [15),

based on multiple sequence profiles with structure-based profiles
231

The fwmctdonal consequences of amino acid changes were
predicted using four algorithms. Polyphen {(Harvard, USA) (24,251,
Panther {26], S# (University of British Columbiz) [27] and SNP-3D
{University of Maryland) [28] were used, respectively, at hope//
genetics bwhiharvard.edu/pphy, hepe/ Swwaw pantherdb.org/ tools/
csupScorelormyjsp., hup://siftjoviorg/, sand hipd//vwwwsnpsid.
org/modules php?name=Search&op=advanced%20search.  These
algorithms are based on the alignment of onthologous and/or
paralogous protein sequences and/or structural constraints,

Transactivation analysis of MAMLD]1

The wansactivation function of the variant MAMLD] proteins
was analyzed by the luciferase method [291. We used the
previcusly reported luciferase reporter wvector containing the
prometer sequence of mouse haiey/enlancer of split 3 (Hes3)
{(~2,715~+261 bp) [30] and expression vectors containing ¢DNAs
for wildtype MAMLDI, p.S143X and p.P384L. [29]. Mouse Leydig
turnor (MLTCI) cells (ATCC, CRL-2063) seeded in 12-well dishes
(0.5-1.0%107 cells/well) were transiently transfected using Lipo-
fectamine 2000 {Invitrogen) with 0.6 pg of luciferase reporter
vector andd 0.6 pg of expression vertor for wildeype or variant
MAMIDI, together with 20 ng of pRL-CMV vector (Promega}
used as an internal contrel. As a contrel for the expression vectors,
an emply counterpart vector was transfected. Luciferase assays
perfarmned with 2 Lumat LBO307 (Berthold) 48 hours after
transfectinn were repeated (hres limes.
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Wild type MAMLD1

{detall}

MAMLDT Mutations in 46,XY DSD

143X MAMLD1

pP384L MAMLD1
(defgis) : :

Figure 2. Tertiary structure prediction of the wildtype protein (left column} and with the mutants. 31 structure was predictad at Protein
Hamologyfanalog¥ Recognition Engine (PhyraEngine) from the Structural Bisinformatics Group, mperial College, London, at httpiwweesbg.bio.c.ac,
ukiphyre~—/. The plain arrows show the changes in the shape of the protein betwesn the wildtype and p.P3g4L.

doi10.137 1/journal.pone.0032505.5002

Statistical methods

Hapletype  frequen
controls using the ¢ tost
The odds ratio (OR) was also consid ix
intervals method: OR— CI =t MORES b)) papnan
and ensemblorg were used to exclude linkage disequilibrium.
Regarding the transactivation analysis of MAMLDI, the results are
expressed using the mean and SD, and statistical significance was
determined by the ttest

between cases and
andd the Misher test on SPSS 16.0 software,
with the logiz confidence

ies Wers C(SP.“"!‘(’.E]

fut

Results

Mutations of MAMLD1 and functional analyses

Among the 70 newborns and children with 46, XY DSD, two
new mutations were identified in two warelated padents: p.8143X
{c42BC=A) and p.P3B4L [2.1151C>T) (Fig. 1). The clinical and
genetic data are sutmmarized in Tabde 1 None of these musations
was noted n the control group. The sequences of the AR, SRO542
and MRIA! genes were normal in these patients.

. PLoS ONE | www,plosone.org

a- The p.SI43X muration was predicted to cause a short and
truncated protein. The i sifio prediction showed profoundly
modified accessibillty and 3D structure. Relative
surface aceessibility and ahsolute surface accessibility of the Jast
amino acid changed from 0.248 to 0.834 and from 29124 w
97721, respectively. PhyreFngine predicted the loss of any
functional site without a residual consensus  sequence no
homolegous sequence over 5% through whole genome) (Fig. 2).
The i vitre functional study confirmed no residual transactivating
function of the mutant (Fig. 3}, Interestingly, 2 maternal uncle and
a maternal cousin of the index case both exhibited severe
hypospadias {not available for genede testing). The mother was
indeed heterozygous for the mutation (Fig. 1

- The pP384L mutation was found in a patient with posterior
penile hypospadias and microphailus. No eryptrochidism was
noted. The secondary structure was predicted to be changed in the
next four aming acids. The relative and absolute accessibilides of
the amino acid were modified from 0.27 w0 0,33 and from 39.07 1o
63.23, respectively, The 31 structure prediction of the mutated
protein was significantly changed (Fig. 2. All four & silico

amino acikd
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Figure 3. Transactivation function of the variants of the .

MAMLD1 protein analyzed by the luciferase method. The
activity is evaluated for pHes3-luc vector.
dei:10.137 1joumal.pone£032505.9003

algorithms predicted affected protein fmetion {Table 9y with =
conserved aming acid throughout species {Table 3% Functional
studies confirmed the significantly reduced transactivaton fune-
tion of the p.P384L protein with 60% residual activity when
compared with the wildiype protein, p= 0.0032 (Fig, 3}

Polymorphisms of MAMLD1

We dentified three polymarphisms of MAMLDI in our series:
pP338S (. 1073C>T, 41813406, pNG6G62S (e 1985A>C,
r:2073043) and p.H347Q) {c. 1041C=A, rsb2641609], Regarding
the p. P3398 and p.N662S polymorphisms, 14 patients exhibited
double polymorphisme (S3-5 haplotype} and five had the pIN3598
palymorphism. The phenotypes of the patients with the 5.8
haplotype were as follows: penile posterior hypospadias and
cryptorchidism in three cases, hypospadias and microphallus in
five cases (anterior n=1, penile posterior n=2 and scrotal
hypospadias n=12), and cryprorchidism and microphallus i six
cases {biateral cryptorchidism n=235, unilateral cryptorchidism
1= 1), Using hapmap and ensembl.org, no lnkage disequilibrivm
was found for these two variznes. In previous studies, we and
others found thar the §-8 haplotype was present in only 6/150
controls (4.0%) and 23/ 380 controls (6.4%) [13,14]. By combining
the published series for controls {matched patients and controls),
we determined that the incidence of the 8-8 haplotype was higher
in the DSD patients (20%, n=70 vs. 6%, n=510, p=10003}
{OR =386, Cl from 1.94 to 7.70, p =0.05}. Haplotypes and their
relative frequencies in each group of patients are summarized In
Table 4.

The pH347Q variant, previoudy reported as a polymeorphism
especially in sub-Saharan populations (rs62641609, hap/ /M,
ensembl.org/ Homo_sapiens/ Variation /Summary? r=X:149538386-
148639386,v=rs6264160%vdb=variationpd = 16740729), was idensd-
fied n & patient with posteror hypospadias and microphadlus (25 mm
length at birth).

@ PLoS ONE | www.plosone.crg

(v

WMAMLDT Mutations in 46 XY DSD

Table 2. Pradiction of affected protein function using four
algorithms,

pP384L

Algorithm
Polyphen Probably damaging
score =096 (sensitivity: 0.7%; specificity: 0.93)
Sift Affect protein fundtion
St score = 0.04
Fanther Probability of delsteripus effect=042
{subPSEC scare= ~2.7)
SNPS3D Ozlaterious

[svm score= —1,75)

Referenzes and online access are indicated in the text Mathersatical calculation
of the significance of each score is avallable online,
ceint 137 1 foumel pone 00325051002

Discussion

MAMIDIT & a good candidate to explore in patients with
uncxplained 46,XY DSD, as ¥ has been shown o be expressed in
fetal Levdig cells around the eritical period for sex development
{151 The transient knockdown of MAMLDI mRNA expression
results in significantly reduced testosterone production iIn mouse
Leydig wumor cells {29]. MAMLDS is further coexpressed with
steroidogenic factor (NR3AT), which regulates the transcription of
genes ivolved in sex development, and an NR5A Trarger site was
found within the MAMELDI gene [29,31], ALIMLDI thus seems o
have an important rele in modulating testosterone production
during sex development and I involved in the 46, XY disorders of
sex development [32].

Regarding the minar forms of 46, XY DSD with isolated and
non-severe. hypospadias, mutational sodies of MAMLD! Have
identified several polymorphisms in this gene, We reported the
following variaats in patients with isolared hypospadias: p.P35985,
p. V3054, pNEEIS and p.604ins3Q) [13,17], all of which were
recently confirmed as polymorphisms  [14]. The p.QB02K
mutation was also found in one patient with posterior hypospadias
and was predicted to aflect the splicing process. An assoeiation
berween isolated hypospadias and the rare haplotype p.P3395-
0-INGG2S s also suspected [13,14]

Table 3, Homology study showed that this aminc acid was
highly conserved through species for the ¢.1041C>A and
¢.1151C>T mutations.

MSSNTLEGSTLRESLNALLSSMTSSSNAAL
MESNTLAGSTLRGEPNALLSSMTSSSNAAL

Patiant

Human-MAKMLDL

Fig M3SSELPGSTLRGSPGALLSSGARSSSSAL
Horse MESENLEGSTLGEEPNALLSSMVSGSSAAL
Chimpanzes MSSHNTLEGSTLRESPNALLSSMTSSSNAAL
Mousza

Rabbit

Dog

Cat

doi 10137 Vjeumal pone 00325055003
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patients.

MAMLDT Mutations in 46 XY DSD

Table 4. Incidence of exonic polymorphisms p.P359S and p.Nea2s, and relative haplotypes in normal contrels and 46,XY DSD

OR confidence interval

Haplotype 359-662 Patients, n=70 Controls, n=510 Fisher, p value OR (p=0.03}
£.359C- p.863A 719% {n=51} 90.6% (n = 452) 2=0.0001 028 0.15-0.51
p.3597- p.662A i 158 (n=B) p =05 042 0.02-7.35
p.359C- p.66IG 7.4% n=5) 0.8% (n=9) a=002 4.28 1391317
p3597- p.862G (55 polymorphism)  20% (n=14) B% - {n=31} p=00003 3.86 1.94-7.70

£=00001.
dol:10.137 Vjoumal pone.0032505.1004

Regarding severe 46,XY DS8D with uncertain sex, only one
published paper to date has reported three MAAMI D] murations
P.E124X, $.0Q197X and pRE3IX) [13]. It is precisely 1 this
situation of severs genital malformation that the diagnesis 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 MAMED?
in patients with severe hypospadias and microphallus {1 stop
codon and 1 missense rnwation). These mutations were associated
with & severe phenotype, and reduced {p.P384L) or abolished
(p-8143X) transactivation function was found in two cases. 46,XY
DSD with normal AR, SRDSA? and MR3dlgene sequences can
thus reveal a mutation of MAMLDI, This finding suggests a new
dizgnostic investigation for these patients and may be helpfil in
genetic counselling i & mutation is identified. It also provides new
insight into the pathophysiology of DSD. Indeed, in the family of
the child bearing the pSI3X 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 D3D are stdl under investigation. ‘As noted
abaove, several studies have provided strong evidence of MAMLDT
implication in feral sex development through modulation of
testosterene 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 s thus not systematically helpful in orientng the
diagnosis of D8I since mutations of the genes implicatsd in
testosterone production - such as MAMEID! and NRIAT - have
been reported in 46 XY DSD patients with normal plasma
testosterone. These findings, along with the absence of correlation
between the & zitw finctional analysis and the biolagical and
clinical phenotype, suggest that the genital malformation is
primarily related to a transient prenatal testicular {Leydig cell)
dysfunction and the resulting compromised testosterone produce
tion around the critical period of sex differentiation [33]. In the
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Cantrols are combined with the published series {matched for ethnicity of patients and contrals) [13] [14L The -square test was pedosmec. When combining all
patients with the p.Be2G polvmorphism whatever the p359 aliele, this p.662G was significantly more freguent in 48XY D3D petients: 27.1% {n= 19} vs. 6.8% (n=43),

pastnatal period, the mouse homolog of MAMLDI was indeed
reparted to be weakly expressed in the testis at one week of age
and the expression was fain: thereafter.

We also report a high incidence of the rare haplotype p.P3598-
pINGE2S in our seres, The pP339S (which was designated
P2BES in the previous report) variant was first reporrsd in a
patient with hypospadias but it was absent in his brother and
nephew with the same phenotype [13], The p.NG62S (which wag
designated p.P389S in the previcus report) variant was found in
hypospadiac  patients but was also reported in 2 normal
population, although with low incldence [13]. We and others
have found that the S-8 haplotype is associated with a minor form
of DSD, Le., isolated hypospadias [14], but the i gitro fanctional
sty of the p.P359S-p.NGEIS MAMLDT variant was inconchisive
with unchanged transactivation function [13]. In the present
study, we show that the combination of these alleles was present in
as much as 13% of patients with severe 46,XY D3I This is
significanty higher than in the controls jcombining the series,
13% (=701 vs, 10.7% {2=510), p=0.0003]. Again, a transient
testosterone production failure during prenatal development may
bave contributed to the underviriization of the external genitalia,
bt how this haplotype can be present in normal, mild and severe
phenotypes remains to be elucidated.

Severe undesvirilization in XY newbarns can reveal mutations
of MAMLDI. MAMLDY should be routinely sequenced in these
patients with otherwise normal AR, SRD5A2 and NRFAT genes.
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Abstract

Background/Purpose: The effect of low-dose bisphenol A (BPA} exposure on human reproductive health is still
controversial. To better understand the moleculzr basis of the effect of BPA on human reproductive health, a genome-wide
screen was performed 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 nht
17f-estradiol {E2) or 1 nM 2,378 tetrachlorodibenze-p-dioxin {TCDD} for 24 h. Differentially expressed genes were
identified using an unpaired Student’s t test with £ value cut off at 0.05 and fold change of more than 1.2, These genes were
selected for network generation and pathway analysis using Ingenuity Pathways Analysis, Pathway Express and KegArray.
Seventy-one genes {42 downregulated and 29 upregulated) were identified as significantly differentially expressed in
response to BPA, among which 43 genes were found 1o be affected exclusively by BPA compared with E2 and TCOD. Of
particular interest, real-time PCR analysis revealed that the exprassion of matrix metailopeptidase 11 (MMP11), a well-known
effector of development and normal physiology, was found to be inhibited by BPA (0.47-fold and 0.37-fold at 10 nM and
100 nM, respectively), Furthermore, study of hFFCs derived from HS and cryptorchidism (CO) patients {(n=23 and 11,
respectively] indicated that MMP11 expression was significantly lower in the HS group than in the CO group (0.25-fold,
P=0.0027).

Conclusions/Significance: This present study suggests that an involvement of BPA in the etiology of HS might be
associated 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 tha effects of low-dose BPA exposure
on human reproductive health,
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Introduction "This concept proposes the cxistence of a common underlying
. . . cause for the ocourrence of these reproductive and developmental
HYPC‘SQ%(]%&S fHS} is one ol the most COTITLOn congenilal  gisennes and suggests that adverse environmental factors, such as
abnormalitics with a global prevalence of approximately 0.2-1%  uironmental endocrine disruptors (EEDs) might exert their
at birth in male infants [1]. The eticlogy of HS i paorly etiological effects on a susceptible genetic background.
wndesstood, and might include genetic, hormounal and enviren- Bisphenal A [BPA) is one of the world’s highest production-

mental factors. It has been hypothesized that testicular cancer,
eryptorchidism  (CO) and some cases of HS and impaired
spermatogenesis are symptoms of & single underlying eatity that
has been named as the testicular dysgenesis syndrome {FDS) [2,5].

volume chemicals, with more than six billion p:}unds produced
worldwide each year [4]. BPA is used extensively in the plastics
produced for food and beverage containers, such as baby botdes,
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plastic containers and the resin lining of cans [4]. Among the
known estrogen-like EEDs, BPA has received much attention
because It s 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 populatian,
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 by the 1880s thar 2
daily dese of a0 pg/kg/day was sale for humans, which is
currently considered as <02.1%x1077 M for i vitw ccll or argan
culture studies [7]. However, i recent decades, there has been a
heated controversy over the safety of BPA among sclentists and
risk assessors,

Recently, exposure o BPA at concentrations detected in
humans has been reported to affect neurclogical, cardiovascular
and metabolic diseases {such as diabetes), and even cancers [§-12].
Howsver, the effect of lowedose BPA exposurs o1 human
repraductive health is still controversial [13,14]. Li ef a/. reported
that occupational exposure o BPA has adverse effects on male
sexual dysfunction, which is the first evidence that exposure to
BPA in the werkplace could have an adverse effect on male sexual
dysfunction [13], Jasarevie of ol reported that exposure to BPA at
low doses can affect sexual behaviors, even with no changes in
sexunl phenotypes or hormones {161, Furthermore, Zhang of ol
reported  thar low-dose BPA exposure could direcdy disrupt
sterpidogenesis in human cells [177. It seemns that exposure 1o
BPA might affect human reproductive health by complicated
mechunisms 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 ceils
(WFFCs} derived from child HS patients o idensly 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
17P-estradiol  (£2)  and  2,3,7 B-tewachlorodibenzo-p-dioxin
(TCDD), which are representative agonists of ER and aryl
hydrocarbon receptor {AhR] signaling pathways, respectively.

Materials and Methods

Samples

hEFCs from child HS {r=23; median age 2.3 yrs) and CO
=11 median age 2.3 yrs) patents undergoing surgical proce-
dures were obtained from the National Research Institute for
Child Health and Development, Japan, daring 2007-2009. Al
subjects were of Japanese origin and written informed consent was
obtained from the guardians on the bebalfl of the children
participants invslved 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

Pvalue 1.0-fold 1.2-fold 1.0-fold 1.24fcld 1.0-fold 1.2-fold

0.05 154 71 110 a4’ 115D B24
0.01 30 17 198 154 208 158
0.001 7 5 1% 11 14 9

*Selezted as significant differentially expressed genes and used for the natwork
generation and pathway analysis,
dol10.137 1 fournal pone. 003671 11001
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Figure 1. Genetic response of hFFCs to BPA, E2 and TCDD, [4)
Yenn-diagrams showing the number of genes that were considered
significantly deregulated among the three treatment groups, (8) PCA
scoreplot from transcript data of three BFFC cultures treated with
DMSQ, 10 nM BBEA, 0.01 nM E2 and 1 nd TCDD.
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Institutional Ethics Commirees of the Nagoya City University
Graduate School of Medical Sciences, the National Research
Institute for Child Health and Development and the National
Instituee for Enviconmental Stadies.

Chemicals

Dimnethy! sulfoxide (DMSO) und B2 were obtained from Sigma
Chemical Co. (St Lounis, MO, USA)Y BPA was obtained from
Wako [ndustries {Osaka, Japan) and TCDD was oblained from
Cambridge Isotope Laborarories {Cambeidge, MA, USAL DMSOQ
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%
fval/vell, '

Cell culture

hFFCs were maintained in Dulbecco’s Modified Eagle Medium
(DMEMY/Ham’s F-12 (048-29785, Wake, Ouaka, Japan) contain-
ing 10% fetal bovine serum (FBS, Mediatech, Herndon, VA USA)
and grown at 37°C in a 3% CO; humidified ncubator. For
growth under steroid-free conditions, cells were seeded in phenol
red-free DMEM Ham's F-12 {043-30665, Wakao) 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 craated using the (PA platform
by overlaying the differentially expressed genes in response to BPA detected by Agilent microarray analysis onto a global molecular network from the
Inganuity knowledgebase. Red indicates upreguiated genes, green indicates downregulated genes, and white indicates genes that were not
annotated in this array but that form part of this netwerk. The bottom numbers indicate the fold changes induced by BPA, and the top numbaers are
the P-values between the DMSQ control group and the BPA trested group. Direct relationships are exhibited with solid arrows and indirect

relationships with dashed arrows.
doi10.137 1/journal.pone0036711.g002

charcoal/dextrar-treated FBS (Myclane, Logan, UT, USAL All
culture media contained 100 U/ml peniciilin/streptomyein and
2 mmol/L ;-glutamine {Mediatech, Herndon, VA, USAYL

RNA isofation and DNA microarray analysis

Total RNA was isolated from cultured cells afller treatment with
chemicals for 24 h using an RNeasy Kit {Qiagen, Valencia, CA,
USBA) in accordance with the manufacturer’s nstructions. Qluan-
tification and quality assessment of the isolated RNA samples were
performed and verified using an Agilent Bioanalyzer2100 {Agilen:
Technologies, Palo Alro, CA, USA} and a NanoDrop speciro-
photometer (NanoDrop products, Wilmngton, DE, USA} in
accordance with the manufacturer’s instructions, RNA was
amplified into ¢RINA and labeled according 1o the Agilent One-
Color  Microarray-Based CGene Expression Analysis pretocol
{Agilent  Technologies). Samples were then hybridized to
G4851A SurePrint G5 Human GE 8xG0K array slides {60,000
probes, Agilent Techuologies). The slides were processed accord-
ing to the manufacturer’s instructions without any modification,
The arrays were scanned using an Agilent Microarray Scanner
{G2363BA, Agilent Technologies),

MIAME -

All data are MIAME compliant, and the raw data have been
deposited in the Gene Expression Omuibus (www.nebinlm.nih,
gov/geo, accession no. GSEI5034).

Array data analysis ‘

The scenned 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 nommalized to the 73th pereendle withour
hazeling transformarion. Genes that were differentially expressed
following chemical treatiments were identified by the unpaived
Stdent’s t test with P values cut off at 0.05 and fold change of
more than 1.2 and were used for the neswork generation and
pathway analysis.

Network generation and pathway analysis

The Ingeruity Pathways Analysis (IPA} program {Ingenuiry
Systens, Mountain View, CA, USA; http://www.ingenuity.com)
was used o identify networks and caponical pathways of genes
differentially expressed in response to BPA, I12 and TCDD. [PA
soflware 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 8%60 K Array was used as a reference gene set. The
generated biological networks were ranked by score, which is the
likelihood of 2 set of genes being found in the networks owing to
random chance, identified by a Fisher's exact rest, The generated
canonical pathways were ranked by P values, which is calculared
using a Fisher's exact lest by comparing the number of user-
specified genes of interest that participate in a given function or
pathway, relative to the totl number of occurrences of these genes
i all fusetional/pathway annotations stored in the Iagenuity

HED. 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, .
Chemical Top Functions Score
BFA Endecrine Systeny Disorders, Gastrointestinal Disease, Ganetic Disorder ) 41
Cell Death, Cellular Growth and Froliferation, Cancer 2
Celiular Growth and Proliferation, Hematological System Developmaent and Function, Cellular Develapment 18
Celizlar Assembly and Organization, Cellufar Function and Maintznance, Celi Cycle 13
Dermatologicat Diseates and Canditions, Inflammatory Disease 3
EX Celilar Growth and Proliferation, Skelatal and Muscular System Osvelopment and Function, Cell Cycle 41
DNA Replication, Recombination, and Repair, Gens Expression, Cellular Assembly and Organization 41
Celiular Assembly =nd Organization, Cellular Function ard Maintenance, Protein Synthesis 41
Gens Expresséon, Cell Cycle, Celi-To-Cell Signaling and interaction 35
ONA Replication, Recombination, and Repair, Nuclsic Acid Metabolizm, Small Molecule Blochemistry 33
TCoD Post-Transhational Medification, Genetie Disorder, Hamatclogical Dizease 45
Celi Tycle, Cellular Assernbly and Organization, DNA Replication, Recombination, and Repair 47
Celiular Assembily 2nd Organization, DNA Replication, Recembination, and Bepair, Decreased Levels of Albumin 45
ONA Replication, Recombination, and Repalr, Energy Froduction, Nucleic Acid ietzbolism 44
ONA Replication, Recembination, and Repair, Celi Cycle, Cellular Assembly and Qrganization 37
doi:19.137 Vijsurnalporne 00367 1 11002
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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 tanonical pathway P-Value
BPA fAN Signaling 5.31E-02
Endoplasmic Reticulum Stress Pathway B.34E-02
Leukocyte Extravasaticn Signaling 1.24E-01
Retineic acid Medisted Apoptosis 154801
Signaling
Colarectal Cancer Metastasis Signzling 1.83E6-01
E2 Cell Cycle; G1/5 Checkpalnt Regulation 1.0VED3
PI3KAAKT Signaling 1.52E03
Fole of NFAT in Regulation of the 183603
Immine Response
p33 Signaling 346E-03
Aryl Hydrocarbon Receptor Signaling 3.63E-03
TCOD Cell Cycle Contrel of Chromasamal 1.20E-03
Replication
Fale of BRCAL in DNA Damge Responie 192607
Mismatch Repair in Eukaryates 2ATEUS
Hereditary Breast Cancer Signaling 945E-04
Fole of CHK Proteins in Cell Cycle 1.008-02
Checkpaint Contral
daii1.1 37 joumalpone 003671 i.thS

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

Quantitative real-time reverse-transcription pelymerase
chain reaction (RT-FCR)

cIINA 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 (Applicd Bicsysterns) in
accordance with the manufacturer’s instructions, TagMan® Gene
Lxpression Assays (Applied Biosystems) used in this study were:
Hs02341150_m] for POMZP3, Hs01094348 m! for WDRS,
HsD017182%_m1 for metallopeptidase 11 {MMP11; see gene
nares in Table 51}, and Hs00266705 gl for glyceraldehyde-3-
phosphare dehydrogenase (GAPDH), The primers {Forward: 5'-
TGTTGGGGGATAAGGACAAA-3;  and  Reverse:  5'-
GCAGGOTGTACAGGAACCAT-3") and probe [3-TAAACT-
CACCTCTGTGGTTGGAACAAT-3") for NEKIO were de-
signed and synthesized by Hokkaido System Science {Sapporo,
Hakkaido, Japan). The amplification reaction was performed in an
ABI PRISM 7000 Sequence Detector (Applied Biosystems) under
the fallowing cycling conditions: 95°C for 15 min, followed by 40
cycles of 95°C for 13 s and 60°C for 60 5. The gene expression
levels were caleulated based on the threshold eycle using Sequence
Detection System Software {Applisd Biosystems), Gene expression
was normalized to that of GAPDH and set to 100 for the coniral
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-Whimney U test, was applied to test
for stasistical significance. Values of P<0.05 were considered to
indicate statistical significance, Unsupervised principal compoenent
analysis {PCA} was run in SIMCA-P+ [Version 12.0, Umetrics,
imed, Sweden) o obiain & general overview of the variance of
genes diffirentally expressed in response w BPA, B2 and TCDD.

Results

Gene expression profiles of hFFCs in response to BPA, £2
and TCDD

The gene expression profiles in hFFCs weated with DMSO
control or 10 oM BPA, 0.0f nM E2 or 1nM TCDD were
deternsined 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 Swudent’s t test with P vales cut off 2t 0.05 and fold
change of more than 1.2 using GeneSpring GX seftware. Seventy-
ane genes (42 downregulated and 29 upregulated), 814 genes (371
downregulated and 443 upregulaed), and 824 genes (324
downregulated and 480 wpregulated] were identified to be
significantly differentially expressed in response to BPA, E2, and
TCDD, respectively. No nuclear receptor was found w be
significantly differersially expressed i response to BPA, while
estrogen-related receptor-a {ESRRA) retinoie acid receptor-ot
(RARA) and RAR-related orphan receptor-o (RORA) and RARA
were found ta be significantly differentially expressed in response
to K2 and TCDD, respectively, The summary of differentially
expressed genes along with their £ values and fold changes is
provided in Table 1.

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

Comparisen of the gene expression profiles of hFICs in
response to BPA, B# and TCDD is provided in Figure 1, BPA-
specific responses were found in 43 significandy differentiaily
expressed genes, compared with responses to L2 and TCDD
{Figure 1A) Seventeen and 10 differentially expressed genes were
found to be cormumon in response o BPA with E2 or TCDD,
respectively. A full list of these gengs Is summarized in Table S1.

Furthermare, to compare the expression patterns of hFFCs in
response to BPA with that of E2 ar TCDD, PCA analysis was
performed on the data of significanty differendally exprassed
genes in response ta BPA. PCA is a standard lechnique of pattern
recognition and multivariate data analysis. OF interest, the cells
treated with DMSQ, BPA, E? and TCDD were clearly
distinguished from cach ather by the PCA score plots
{Figure 1B). According to the first component (PCL), which
represents 33.9% of the total variance, a very clear discrimimation
between cells treated with BPA or E2 and those 1reated with
DMSO or TCHD was observed, However, according to the
second component [PC2), which represents 22.5% of the total
variance, cells treated with BPA or TCDD were deady
distinguished from those treated with DMSO or E2. It should
be noted that differences in the PCA were identified using an
unsupervised analysis, withoul any prior information on the
sarnples, Since all cells were cultured under identical conditions,
the observed discriminarions demonstrate that the effect of BPA is
similar to that of E2 according 1o PCI but is similar to that of
TCDD according o PC2.
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Figure 3. Validation of POMZP1, WDR3, NEK10 and MMP11 expression. Celis were treated with BPA at 10 nb and 100 nM for 24 h, and
then the expression of POMZF1, WDR3, NEK10 and MMP11 was examined by real-time PCR, *P<0.05 vs. DMSO contrel cells,
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Network generation and pathway analysis of genes
differentially expressed in response to BPA, E2 and TCOD
Te investigate possible biological interactions of differenty
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-generuted networks is swnrnarized in Table 2
and is shown in Figure 2 and Figure 81,582,585 The two most highly
populated biclogical networks entitled “Exdocrine Systerns Disor-
ders, Gastreintestinal Disease, Genetic Disorder” {Score =414 and
“Cell Death, Cellular Growth and Proliferation, Cancer”
{Score = 21} ivere identified with genes differentially cxpressed in
response to BPA {Figure 23, The nesworks consisted of genes that
encoded enzymes (ACER2, PLSCRI, POLRIC, TXNLAB and
UBC), peptidases (MMP1 1, UCHLS, USP4, USP36 and USP43),
proteins that regulate transcription (ABCA7, CRTC1, HNT4A,
LOC728622/SKP1, PHB, SF1 and SLC25A6) and translation
(EIF4ENIFI and TNFRSFIOC), and others {ARHGAP2I,
ARRBZ, CCDC41, CCDC134, EIFZAKS, EPBL1EAA, DAZAPZ,
EPB41L3, EXD3, FBXO18, FBXWI1Z, FSIPL, JRKL, LGALS7/
LGALSYB, NEK10, NUDCDI, RAPGEFS, SERPINAL WDR3,
WNT3A, ZNF222, ZNFZ24 and ZNF461), The most highly
populated biological nerworks were idendified with genes differen-

tally expressed in response o 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.nrg

Transiztional  Modification, Genetic Disorder, Hematological
Disease” {Score =4y respectively. Furthermare, 1op canonical
pathways associated with genes significantly differentially ex-
pressed in response 1o BPA, E2 and TCDD were swnmarized in
Table 3. The pathway most affected by BPA Is “RAN Signaling”
with only borderline significance (P= 0.0331), The pathways most
affected by L2 and TCDD are “Cell Cycle: G178 Checkpoing
Regulation” and “Cell Cycle Control of Chromosomal Replica-
tion™, respectively (P= 1012107 and 1.20%107%, respectively).

In addition, 2 st of top KEGG pathways affected by BPA, E2
and TCDD identified by Pathway Express was summerized in
Table 82, By inputting the list of genes significanty differentially
expressed m response to BPA, E2 and TCDID imte Pathway
Express, 12 KEGG pathways, bur without statistical significance,
were found 1o be affected by BPA, while 27 and 9 KEGG
pathways were found to be significandy 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 dlustrated in
Figure $4. '

Validation by real-time PCR

Te wvelidate the microarray data and to dentfy potental
biomarkers for BPA toxicity in hFFCs derived from HS patients,
the expression of the most up- or dewn-regulated genes
(POMZPS, 1.46-fold; WDRS, 1.45old; NEKI1G, 0.44-fold;
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Figure 4. Reduced levels of MMP11 expression in hFFCs
derived from child HS patients. Significantly lower MMP13
expression was observed in hFFCs derived from the HS {n=23) group
compared with the CO (n=11} group by TegMan real-time PCR. (A)
Boxplot and (B summary of the quantitative data comparing MMP11
expression tevels in HS and CO groups.
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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 iy 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 NEKIO and MMP11 were observed
following BPA treamnentss at ligh andfor low concentrations
(10 nM and 100 aM, respectively).

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

To further mvestigate the potental role of MMPLIL in the
development of HS, we cxamined the expression levels of MMPL1
in h¥FCs derived from child HS and CO patients (n=23 and 11,
respectively), As shown Figure 4, \he mean MMP11 expression
level, normalized o GAPDH, in the HS group was 0.0013 and in
the CO group, 0.0038. Significanty lower MMPI1 cxpression
levels were observed o the HS group compared with the CO
group (0.23-fold, £=0.0027),

Discussion

To better understand the molecular basis of the effects of BPA
on human reproductive health, trget genes of low-dose BPA
exposure were identified in hFFCs derived from child HS patients
wsing DNA microarray analysis, Human foreskin tissues obtained
from patients with HS have been used as & wire models to define
the eticlogy of HS [20-22]. However, these nvestigations have not
defineated the relative contribution of environmental factors, To
our knowledge, our study is the first report 1o 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 mdcroarray
apalysis was 10 nM, which is below the dose of 30 pg/lg/day
{approximately 200 oM for @ wio cell or organ culture studies)
vsually considered as safe for humans [7]. Moreover, this dose s in
the concenration range of 1-12.4 nM that is commonly detected
in humnan tissues and fluids (4],

In this study, we compared the gene cxpression profiles of
hFFCs in response to BPA, E2 and TCDD. Using PUA, we found
that the effect of BPA Is similar to that of E2 according to PCL but
is similar to that of TCDD according to PGP, Forty-three genes
were found to be affected exclusively by BPA, underscoring the
concept that the effects observed are ER and AhR-independent
iFigure 11 In our previous study, we examined the estrogenic
activity of BPA in estrogen receptor 1 {ESR1}-positive BG1LucdE2
human ovarian cancer cells and found that BPA increased the
ESR I-induced huciferase activily in a dose-dependent manner with
a lowest observed effect at 100 nM [28]. Although differences exist
between cell lines, it is possible that the underlying mechanisms of
the endoerine-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 E? have been previously described in ESR1-positive
human cells [24). Furthermore, amore recent study reported that
BPA might lead w severs malformation during vertebrale
embryogenesis, while no effects were seen with exposure to the
E2 or ER-antagonist ICT 182,780 {25].

It is not unexpected that the largest biological network identificd
by 1PA 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 (ANF222, ZNF224
and ANF461) that belong to the 2ine {inger protein (ZFP) family.
ZFPs are among the most abundant proteins in eukaryotic
genomes and play various roles in the regulation of transeription
{26}, The biologieal function of ZNF222 and ZNT461 remains Lo
be investigated, but ZNF224 participates in key cellular processes,
such as regulagon of cell growth [27]. Previous reports have
revealed that ZNF224 might play a critical role in bladder
carcinogenesis by vegulating the apoptosis of bladder cancer cells
[28]. None of these three ZINFs have been previously associated
with the development of HS, However, two other zine finger box
genes, ZEBL and ZEB2, have been associated with HS [20,29],
Our data indicate that ZFP-mediated transcriptional activity
might be required for the cffect of BPA on human reproduction. It
is known that zinc finger structures are as diverse as their functions
[28]. Therefore, it is likely that further Investigations into the
functien of ZFPs in transcriptional regulation will provide novel
insights to explain the assotiation we found hewween ZFP
expression and low-dose BPA exposure regarding the pathogenesis
of HS.

The expression of four of the significandy  differentially
expressed genes identified in the microarray analysis was verified
by real-time PCR analysis. Of particular interest, MMP11 (0.47-
fold and 2.37-fold at 10 nM and 100 oM, respectively), which’is
nvelved i the “Cell Death, Cellular Growth and Proliferation,
Cancer” network, was shown to be down-regulated (Figures 2B
and 31, The matrix metalioproteinases (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 dissase processes, such as arthrits and metastasis
130,317, It is well known that MMPL] is overexpressed n several
human eancers, including breast, cervix, colon, ovary, prostate,
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