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

Recently, exposure to BPA at concentrations detected in
humans has been reported to affect neurclogical, cardiovascular
and metabolic diseases (such as diabetes), and even cancers |8 12].
However, the effect of low-dose BPA exposure on human
reproductive health is still controversial [13,14]. Li et al. reported
that occupational exposure to BPA has adverse effects on male
sexual dysfunction, which is the first evidence that exposure to
BPA in the workplace could have an adverse effect on male sexual
dysfunction [13]. Jasarevic e 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 direcdy disrupt
steroldogenesis 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
(hFFGs) derived from child HS patients to identify novel targets
of low-dose BPA exposure. Furthermore, the effect of BPA on the
global gene expression profile of hFFCs was compared with that of
17B-estradiol  (E2) and  2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), which are representative agonists of ER and aryl
hydrocarbon receptor (AhR) signaling pathways, respectively.

Materials and Methods

Samples

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

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

TCDD
1.0-fold 1.2-fold

BPA E2

0.05 154 71" 1101 814" 1150 824"
001 30 a7 198 sa 208 156
0.001 7 5 16 11 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. (A)
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 Lthics 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

hFFCs were maintained in Dulbecco’s Modified Eagle Medium
(DMEM)/Ham’s I-12 (048-29785, Wako, Osaka, Japan) contain-
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 T-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/streptomyein 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 RNA samples were
performed and verified using an Agilent Bioanalyzer2100 (Agilent
Technologies, Palo Alto, CA, USA) and a NanoDrop spectro-
photometer {(NanoDrop products, Wilmington, DE, USA} in
accordance with the manufacturer’s instructions. RNA was
amplified into cRNA and labeled according to the Agilent One-
Color Microarray-Based Gene Expression Analysis protocol
(Agilent Technologies). Samples were then hybridized to
G4851A SurePrint G3 Human GE 8x60K array slides (60,000
probes, Agilent Technologies). 'T'he slides were processed accord-
ing to the manufacturer’s instructions without any modification.
The arrays were scanned using an Agilent Microarray Scanner
(G2565BA, Agilent Technologies).

MIAME -

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

IPA,

Array data analysis

The scanned images were analyzed using the standard
procedures described in the Agilent Feature Extraction software
9.5.3.1 {Agilent T'echnologies). Data analysis was performed with
GeneSpring GX12.0.2 (Agilent Technologies). Signal intensities
for cach 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://wwiw.ingenuity.com)
was used to identify networks and canonical pathways of genes
differentially expressed in response to BPA, E2 and TCDD. IPA
software uses an extensive database of functional interactions that
are drawn from peer-reviewed publications and manually
maintained (18]. For the IPA analysis, the Agilent SurePrint G3
Human GE 8%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

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

Chemical

Top Functions

Score

doi10.1371/journal.pone.0036711.1002
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Table 3. Top canonical pathways for genes differentially
expressed in response to BPA, E2 and TCDD identified by IPA.
Ch I Top | pathway P-Value
- 531802
Endoplasmic Reticulum Stress Pathway 634802
Leukocyte Exravasation Signaling 124801
Retinoic acid Mediated Apoptosis 1.54E-01
Signaling
: ' Colorectal Cancer Metastasis Signafing 193801
£2 Cell C cle: GUS Checkpoint Regulation 1.01E-03
' ignaling 152603
Raie of NFAT in Regulation of the 1.83E-03
fmmune Response
p53 Signaling : 346503
Aryl Hydr&éarbon Receptor Signaling 3.63E-03
%‘CD i e il S
Role of BRCA1 in DNA Damge Response 1.726-07
 Mismatch Repai tes 2A7E-05
ereditary Breast C 9.45€-04
100E0Z
doi:10.1 371/§aurnai.pone.003671 1 1063

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

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

¢DNA 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 Biosysterns) in
accordance with the manufacturer’s instructions. TagMan® Gene
Expression Assays (Applied Biosystems) used in this study were:
Hs02341150_m] for POMZP3, Hs01094348_ml for WDRS3,
Hs00171829_m1 for metallopeptidase 11 (MMPI1I; 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 (3'-TAAACT-
CACCTCTGTGGTTGGAACAAT-3") for NEKI0 were de-
signed and synthesized by Hokkaido System Science (Sapporo,
Hokkaido, Japan). The amplification reaction was performed in an
ABI PRISM 7000 Sequence Detector (Applied Biosystems) under
the following cycling conditions: 95°C for 15 min, followed by 40
cycles of 95°C for 15 s and 60°C for 60 s. The gene expression
levels were calculated based on the threshold cycle using Sequence
Detection System Software (Applied Biosystems). Gene expression
was normalized to that of GAPDH and set to 100 for the control
DMSO-treated cells.
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Statistical and multivariate analysis

Quantitative data were expressed as the mean * SEM. A
nonparametric test, the Mann-Whimey U test, was applied to test
for statistical significance. Values of £<0.05 were considered to
indicate statistical significance. Unsupervised principal component
analysis (PCA} was run in SIMCA-P+ (Version 12.0, Umetrics,
Umed, 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 10 nM BPA, 0.0l nM E2 or | 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 2 values cut off at 0.05 and fold
change of more than 1.2 using GeneSpring GX software. Seventy-
one genes (42 downregulated and 29 upregulated), 814 genes (371
downregulated and 443 upregulated), and 824 genes (344
downregulated and 480 upregulated) were identified to be
significantly differentially expressed in response to BPA, E2, and
TCDD, respectively. No nuclear receptor was found to be
significantly differentially expressed in response to BPA, while
estrogen-related receptor-o. (ESRRA), retinoic acid receptor-a
(RARA) and RAR-related orphan receptor-a (RORA) and RARA
were found to be significantly differentially expressed in response
to L2 and TCDD, respectively. The summary of differentially
expressed genes along with their P values and fold changes is
provided in Table 1.

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

Comparison of the gene expression profiles of hFFCs in
response to BPA, L2 and TCDD is provided in Iigure 1. BPA-
specific responses were found in 43 significantly differentially
expressed genes, compared with responses to E2 and TCDD
(Figure 1A). Seventeen and 10 differentially expressed genes were
found to be common in response to BPA with E2 or TCDD,
respectively. A full list of these genes is summarized in Table S1.

Furthermore, to compare the expression patterns of hFFCs in
response to BPA with that of E2 or TCDD, PCA analysis was
performed on the data of significantly differentially expressed
genes in response to BPA. PCA is a standard technique of pattern
recognition and multvariate 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 (PCLj, 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. Hovsever, 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. DMSQO control cells.

doi:10.137 1/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 altered expression profiles were imported
into the IPA platform. Network analysis of the biological functions
of the top five IPA-generated networks is summarized in Table 2
and is shown in Figure 2 and Figure S1,52,53.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 (ACER2, PLSCR1, POLRIC, TXNL4B and
UBC), peptidases (MMP11, UCHL3, USP4, USP36 and USP43),
proteins that regulate transcription (ABCA7, CRTC1, HNF4A,
LOC728622/SKP1, PHB, SF1 and SLC25A6) and translation
(EIF4ENIF1 and TNFRSF10C), and others (ARHGAP21,
ARRB2, CCDC41, CCDC134, EIF2AKS, EPB4114A, DAZAP?,
EPB41L3, EXD3, FBXO18, FBXW12, FSIP1, JRKL, LGALS7/
LGALS7B, NEK10, NUDCD1, RAPGEF3, SERPINAL, WDRS3,
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 entided -

“Cellular Growth and Proliferation, Skeletal and Muscular System
Development and Function, Cell Cycle” {Score =41} and “Post-

@ PLoS ONE | www.plosone.org

Translational Modification, Genetic Disorder, Hematological
Disease” (Score =49), respectively. Furthermore, top canonical
pathways associated with genes significantly differentially ex-
pressed in response to BPA, L2 and TCDD were summarized in
Table 3. The pathway most affected by BPA is “RAN Signaling”
with only borderline significance (P=0.05331). The pathways most
affected by L2 and TCDD are “Cell Cycle: G1/S Checkpoint
Regulation” and “Cell Cycle Control of Chromosomal Replica-
tion”, respectively (P=1.01x107" and 1.20x1077, respectively).

In addition, a list of top KEGG pathways affected by BPA, E2
and TCDD identfied by Pathway Express was summarized in
Table S2. By inputting the list of genes significantly differentially
expressed In response to BPA, E2 and TCDD into Pathway
Express, 12 KEGG pathways, but without statistical significance,
were found to be affected by BPA, while 27 and 9 KEGG
pathways were found to be significantly affected by E2 and
TCDD, respectively. As an example, “Pathways in cancer” of
KEGG mapped with genes significantly cifferentially expressed in
response 1o BPA, E2 and TCDD using KegArray was illustrated in
Figure S4. \

Validation by real-time PCR

To validate the microarray data and to identify potential
biomarkers for BPA toxicity in hF'FCs derived from HS patients,
the expression of the most up- or down-regulated genes
(POMZP3, 146-fold; WDR3, 1.45-fold; NEKI0, 0.44-fold;
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Figure 4. Reduced levels of MMP11 expression in hFFCs
derived from child HS patients. Significantly lower MMP11
expression was observed in hFFCs derived from the HS (n=23) group
compared with the CO (n=11) group by TagMan real-time PCR. (A)
Boxplot and (B summary of the quantitative data comparing MMP11
expression levels in HS and CO groups.

doi:10.1371/journal.pone.0036711.g004

MMP11, 0.41-fold) in response to BPA was validated by real-time
PCR. As the results show in Figure 3, the PCR data showed good
concordance with the microarray data in terms of the expression
direction {up- or down-regulation). A significant increase in the
mRNA levels of POMZP3 and WDRS3 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 MMPIl in the
development of HS, we examined the expression levels of MMP11
in hFFCs derived from child HS and CO patients (n= 23 and 11,
respectively). As shown Iigure 4, the mean MMPI11 expression
level, normalized to GAPDH, in the HS group was 0.0015 and in
the CO group, 0.0038. Significantly lower MMPIL1 expression
levels were observed in the HS group compared with the CO
group (0.25-fold, =0.0027).

Discussion

T'o 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 vitro models to define
the etiology of HS [20-22]. However, these investigations have not
delineated the relative contribution of environmental factors. To
our knowledge, our study is the first report to use hFFCs to
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Novel Targets of Low-Dose Bisphenol A

nvestigate the potential effects of BPA on the development of HS.
‘T'he 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 witro 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 thart is commonly detected
in human ussues and fluids [4].

In this study, we compared the gene expression profiles of
hILFCs in response to BPA, E2 and TCDD. Using PCA, we found
that the effect of BPA is similar to that of L2 according to PC1 but
is similar 1o 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 1-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 L2 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 1CIL 182,780 [23].

It is not unexpected that the largest biological network identified
by IPA analysis with genes differentially expressed in response to
BPA was entitded “Endocrine System Disorders, Gastrointestinal
Disease, Genetic Disorder” {Lable 2 and IFigure 2A). It should be
noted that this network contains three genes (ZNIF222, ZNF224
and ZNI461) that belong to the zinc finger protein (ZFP) family.
Z¥Ps are among the most abundant proteins in cukaryotic
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 ZNI224 might play a critical role in bladder
carcinogenesis by regulating the apoptosis of bladder cancer cells
[28]. None of these three ZNIs have been previously associated
with the development of HS. However, two other zine finger box
gencs, ZEBI 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 ZI'Ps in mranscriptional regulation will provide novel
insights o 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 differentially
expressed genes identified in the microarray analysis was verified
by real-time PCR analysis. Of particular interest, MMP11 (0.47-
fold and 0.37-fold at 10 nM and 100 nM, respectively}, which is
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 discase processes, such as arthritis and metastasis
[30,31]. It is well known that MMP11 is overexpressed in several
human cancers, including breast, cervix, colon, ovary, prostate,
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and stomach cancers [30,32-34]. Several MMPs have been
mplicated 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, Tribolium, explored MMP functions in
viwo 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 i wlero
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, hIFFCs
derived from foreskin tissues of child CO patients might be viewed
as the control group in this study. We found that MMP11
expression in the HS group was significantly lower than in the CO
group (0.25-fold, P=0.0027) (Figure 4). This result is in accordance
with our hypothesis that downregulation of MMPI11 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 hFFGs derived from child HS patients using

DNA microarray analysis. Of particular interest, the expression of
MMPI1 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 1dentified in this
study during genital tbercle development might increase our
knowledge of the molecular basis of the effects of BPA on human
reproductive health.

Supporting Information

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

(DOCX)

Figure 82 Red indicates upregulated genes, green
indicates downregulated gemes, and white indicates
genes that were not annotated in this array but form
part of this network. The bottom numbers indicate the fold
changes induced by E2 and the top numbers is the P-values
between DMSO control group and E2 treated group. (4)
“Cellular Growth and Proliferation, Skeletal and Muscular System
Development and Function, Cell Cycle” network; (B) “DNA
Replication, Recombination, and Repair, Gene Expression,
Cellular Assembly and Organization” network; (€) “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.
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Figure 83 Red indicates upregulated gemes, 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, Hemétolog—
ical Disease” newwork; (B) “Cell Cycle, Cellular Assembly and
Organization, DNA Replication, Recombination, and Repair”
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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,
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Background: Few studies have investigated the relationship between myocardial tissue Doppler parameters
and fetal size adjusted for gestational age and its trend has been controversial.

Aims: To investigate fetal cardiac function before birth using tissue Doppler imaging (TDI: indicated by the
prime symbol (’)) in low-risk term pregnancies by comparing the TDI parameters with gestational age-

Key;‘,"” de: ) specific birth weight percentiles and z scores.

Cardiac function Study design and measurernents

Birth weight - A . . . . . . .

2 score Interventricular septum, left and right ventricular myocardial peak early diastolic (E’), late diastolic (A’) and
Pregnancy systolic ($') velocities, E’//A’ ratios, myocardial performance index (MPI') and umbilical artery pulsatility
Fetus index were measured within three days before birth in 76 low-risk term pregnancies, including appropriate
Placenta for gestational age (AGA, n=50), small for gestational age (SGA, n=10), and large for gestational age (LGA,
Ultrasound n=16) subjects.

Results: Myocardial peak velocities showed higher in the LGA and lower in the SGA compared with the AGA
group, and All S positively correlated with birth weight (r=0.51-0.57). All z scores of S’ demonstrated a
positive correlation with birth weight z score (Spearman r=0.45-0.53). MPI’ was significantly higher in
the SGA and lower in the LGA compared with the AGA group. All MPI’ negatively correlated with birth weight
(r=-—0.55to —0.65). All z scores of MPI’ showed a negative correlation with birth weight z score (Spearman
r=—040to —0.56).
Conclusions: Fetal myocardial peak velocities and MPY’ physiologically changed in proportion to body size adjusted
for gestational age in low-risk term pregnancies.

© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction velocities and higher MPI' values than normally grown fetuses, suggest-

ing a higher sensitivity of TDI for detecting subclinical cardiac dysfunc-
tion in growth-restricted fetuses {6.7]

Tissue Doppler imaging (TDI: indicated by the prime symbol (")) is

an echocardiographic technique that uses Doppler principles to mea-
sure velaocities and time intervals of myocardial motion in systole and
diastole. TDI-derived myocardial peak velocities and myocardial perfor-
mance index (MP!') have been established as sensitive markers for
early identification of heart failure observed in twin-to-twin transfusion
syndrome, congenital heart defects or hydrops fetalis { 1,2}. In addition,
several studies have demonstrated the presence of echocardiographic
and biochemical signs of subclinical cardiac dysfunction in some cases
of fetal growth restriction [3-5]. Comas et al. have proposed that
growth-restricted fetuses have significantly lower myocardial peak

* Corresponding author at: Department of Pediatrics, Hamamatsu University School
of Medicine, 1-20-1 Handayama, Higashi-ku, Hamamatsu 431-3192, japan. Tel.: + 81
53 435 2312; fax: +81 53 435 2311.

E-mail address: sekii@hama-med.acjp (K Sekii).

0378-3782/$ - see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/f.earthumdev.2011.12.014

Association between fetal myocardial tissue Doppler parameters
and gestational age has been investigated in the second and third tri-
mesters of pregnancy {8]. Chan et al. proposed that fetal myocardial
peak velocities increased with advancing gestational age and fetal
cardiac function becomes increasingly mature in utero life during
pregnancy |91 Since fetal weight gradually increases with gestational
age, these results indicate that the velocities increase in proportion to
fetal weight as gestation proceeds. In normally grown fetuses, myo-
cardial peak velocities positively correlate with estimated fetal
weight independent of gestational age {10G].

According to a recent opinion, Rasmussen has pointed out a possible
clinical pitfall of using fetal weight-specific standards for myocardial tis-
sue Doppler parameters in that it ignores information on gestational age
{11L If investigators assess the TDI parameters only based on fetal
weight-specific reference charts without including gestational age, cardi-
ac output in a growth-restricted fetus would simply mean a comparison
with fetuses of the same size at earlier gestation. Similarly, cardiac output
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in an overgrown fetus would imply a comparison with fetuses at later
gestation.

As far as we know, few studies have investigated the relationship
between the TDI parameters and body size adjusted for gestational
age, which is a percentile- and z score-based method of standardiza-
tion for comparing body size measurements at each gestational age,
although many fetal echocardiographic studies have only used the
gestational age-specific percentile and z score to match or compare
baseline measurements of body size between fetuses with normal
and pathological conditions, such as maternal preeclampsia, fetal
growth restriction and fetal heart failure {1,2,6,7,12}. In the present
study, we measured fetal cardiac function using TDI within three
days before birth in low-risk term pregnancies and compared the
TDI parameters with gestational age, birth weight, gestational age-
specific birth weight percentiles and z scores {13,14].

2. Methods
2.1. Study population

In this retrospective observational study, Japanese women with
singleton pregnancies delivered at the Maternal-Fetal and Neonatal
Care Center of Hamamatsu University School of Medicine between
july 2010 and june 2011 were eligible. Gestational age was deter-
mined by ultrasound measurement of the fetal crown-rump length
in the first-trimester. Normal fetal anatomy was confirmed by ultra-
sonography. Maternal and perinatal characteristics of the mother's
age, parity, mode of delivery (vaginal or elective cesarean section), ges-
tational age at birth, birth weight, neonatal sex, Apgar score and umbil-
ical artery pH were recorded. Gestational age-specific birth weight z
score (hereafter, ‘birth weight z score’) in SD units was calculated by
the LMS method [13] in each case with Japanese gestational age-
specific reference for birth weight [ 14]. The LMS method uses three pa-
rameters (L for the power in the Box—Cox transformation, M for the me-
dian, and S for the generalized coefficient of variation) to determine
gestational age- and sex-specific z-scores for neonatal birth weight.
After delivery, the placenta was weighed before trimming (the total pla-
centa with the umbilical cord and membrane were weighed on digital
scales).

Inclusion criteria for the study were live-birth singleton pregnancy
between 37 and 41 weeks of gestation at birth without fetal malforma-
tions or hydrops fetalis. Ultrasound examination was carried out within
three days before birth in all cases. Exclusion criteria included the fol-
lowing: women in active labor or rupture of membrane before fetal
2chocardiography, gestational or pre-gestational diabetes, preeclamp-
sia [ 15], maternal disease (chronic hypertension, autoimmune disease),
serological evidence of intrauterine infection, treatment with tocolytic
drugs, uncertain gestational age, and cases in which not all echocardio-
zraphic parameters were recorded.

The study protocol was approved by the ethics committee of the
Hamamatsu University School of Medicine. All participants gave
written informed consent before voluntary enrolment.

2.2. Ultrasound examination

We used an HD11 XE ultrasound machine (Philips, Andover, MA,
JSA) equipped with a S8-3 Sector Array Transducer (3.0-8.0 MHz)
‘or tissue Doppler echocardiography and a C5-2 Curved Array Trans-
ucer (2.0-5.0 MHz) to measure Doppler flow velocity of the umbili-
-al artery. Image acquisition was performed by the same investigator
‘K. S.). Participants were examined in the supine or lateral decubitus
Jositions, and the maximum duration for the ultrasonography was
imited to 15 min in each case. All recordings were obtained in the ab-
sence of fetal movements and breathing movements, when the fetal
1eart rate was between 120 and 160 bpm. Fetal heart rate was calcu-
ated from the time interval between the onsets of the myocardial

shortening velocity waveform during the ventricular systole in three
consecutive cardiac cycles measured by TDI. The ultrasound beam
was focused in the direction of the umpilical artery blood flow or
the longitudinal myocardial wall motion as parallel as possible, and
kept at an angle of less than 30°. No angle correction was used.
Doppler flow velocity waveforms of the umbilical artery were
obtained from a free-floating loop of the umbilical cord. The monitor
sweep speed was set at 35 mm/s and the filter was set at 100 Hz. The
Doppler sample volume was set at 2.5 mm. Placental vascular imped-
ance was assessed by calculating the umbilical artery pulsatility index
(PI) values [3], After obtaining a constant sequence of more than ten
cycles, the average value of three consecutive cycles was used for fur-
ther analysis. ‘
The TDI program was set to pulsed-wave Doppler mode. Ventricular
myocardial velocities were measured from the basal or apical four-
chamber view. The monitor sweep speed was set at 100 mm/s and
the wall filter was set at the lowest selection. A 2.9-mm Doppler sample
volume was placed at the level of the interventricular septum, the later-
al mitral annulus (left ventricular wall) and the lateral tricuspid annulus
(right ventricular wall). The myocardial peak velocities during early di-
astole (E’), late diastole with atrial contraction (A’), and systole in the
ejection phase (S’) were measured and the E’/A’ ratio was calculated.

" Time interval measurements were performed as follows: the time inter-

val (a) was measured between the end of the A’ wave and the onset of
the E’ wave. The time interval (b) was measured between the onset and
the end of the S’ wave. The septum, left and right MPI’ values were calcu-
lated as: (a— b)/b. Each parameter was obtained from three consecutive
cardiac cycles and the average value was used for further analysis [2].

2.3. Statistical analysis

The PASW statistics 18 (SPSS Inc., Chicago, IL, USA) were used for
data analysis. All continuous variables were expressed as mean + SD
or median (min-max). Categorical data were given as counts (per-
centages). Pearson's correlation was used to assess the relationship
between continuous variables. Spearman rank correlation was used
to evaluate the relationship between z scores of myocardial tissue
Doppler parameters and birth weight z score. Z scores (SD scores)
of the TDI parameters were calculated using the following formula:
z=(V—My)/SDy, where V=measured TDI parameter, My =mean
value for the TDI parameter and SDy=SD for that TDI parameter.
My and SDy were calculated based on data from the study population.

To identify the relationship between echocardiographic parame-
ters and gestational age-specific birth weight percentile groups, the
study population was classified into three groups according to the
Japanese gestational age-specific reference for birth weight based on
the nationwide population {14] as follows: small for gestational age
(SGA: birth weight is below the 10th percentile at gestational age),
appropriate for gestational age (AGA: birth weight is between the
10th and 90th percentile at gestational age), or large for gestational
age (LGA: birth weight is above the 90th percentile at gestational
age). The statistical difference was determined by two-sided Stu-
dent's t test. If the variables were not normally distributed, the
Mann-Whitney's U test was chosen. The Chi-square test and Fisher's
exact test were used for qualitative categorical analysis. p<0.05 was
considered statistically significant.

3. Results
3.1. Characteristics of the study population

As a result of the exclusions, the present study included a total of
76 women with a singleton pregnancy. Seventy-six neonates were
classified into three groups according to the Japanese gestational
age-specific reference for birth weight [14] as follows: AGA group
(n=50), SGA group (n=10) and LGA group (n=16). Table 1
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Table 1
Maternal, fetal, and perinatal characteristics of the study population classified into three groups according to Japanese gestational age-specific reference for birth weight {14].
Total (n=76) AGA (n=750) SGA (n=10) LCA (n=16) P value! P value?

Maternal age (years) 334448 336447 344447 320452 0.66 022
Primiparous woman (n (%)) 22 (28.9) 17 (34.0) 1(10.0) 4(25.0) 0.13 0.50
Gestational age at ultrasound (weeks) 383£1.1 384+13 379406 38.0+1.0 0.33 020
Gestational age at birth (weeks) 3854+ 1.1 386+ 1.3 38.1+£06 3824+1.0 0.34 0.17
Interval between ultrasound and birth (days) 1(0-3) 1(0-3) 1.5 (1-3) 1(1-2) 0.55 0.76
Cesarean delivery (n (%)) 45 (59.2) 27 (54.0} 7 (70.0) 11 (68.8) 0.35 030
Male neonate (n (%)) 38 (50.0) 27 (54.0) 4 (40.0) 7 (43.8) 042 0.48
Five-minute Apgar score 9(8-10) 9 (8-10) 9{9-10) 9(9-10) 0.57 0.93
Umbilical artery pH 7.29+0.06 7.30+0.06 7.274+0.07 7.29+£0.07 0.20 0.71
Birth weight (g) 2890 + 406 2903 +233 2139+ 186 32894271 <0.001 <0.001
Birth weight z score 0.21+13 0.18+0.70 —221+0.64 1.74 £ 0.60 <0.001 <0.001
Placental weight (g) 5424110 534475 385481 658 + 81 <0.001 <0.001

Values are mean +SD, n (%) or median {min-max). SGA: small-for-gestational age; AGA: appropriate-for-gestational age; LGA: large-for-gestational age; P value! = AGA versus

SGA; P value? = AGA versus LGA. Significant p values (< 0.05) are given in bold type.

shows maternal, fetal and perinatal characteristics of each group.
These were similar among the three groups with the exception of
birth weight, birth weight z score and placental weight, which
showed significant differences between groups (p<0.001,
respectively).

3.2. Ultrasound examination

Fetal heart rate at ultrasound examination showed similar values
in all three groups (137 £ 8 bpm in the AGA group, 13647 bpm in
the SGA group and 138 4 12 bpm in the LGA group).

Umbilical artery Doppler recordings showed no absent or reversed
end-diastolic flow velocity waveforms in all three groups. Umbilical
artery PI values were 0.87+£0.13 in the AGA group, 1.004+0.22 in
the SGA group and 0.834+0.12 in the LGA group. The SGA group
showed higher umbilical artery PI values than the AGA group
(p<0.01). No differences were seen in umbilical artery PI values be-
tween the AGA and LGA groups. Umbilical artery Pl demonstrated a
negative correlation with birth weight and placental weight (n=76,
r=—0.34 and r= —0.30, respectively; p<0.01).

Table 2 shows tissue Doppler parameters for all three ventricular
walls in each group. Septum and left myocardial peak velocities ex-
cept for left A’ values were significantly higher in the LGA group
and lower in the SGA group as compared with the AGA group. Right
E’, A’ and §' values demonstrated lower in the SGA group than
those in the AGA group. Right S’ values were significantly higher in

the LGA group than those in the AGA group. Septum, left and right
MPI’ values showed significantly higher in the SGA group than
those in the AGA group (p<0.001, respectively). Septum and left
MPI’ values were lower in the LGA group than those in the AGA
group (septum; p<0.001 and left; p<0.01). In contrast, septum, left
and right E’/A’ ratios showed similar values among the three groups.

We also examined the Pearson's correlation coefficients between
tissue Doppler parameters and perinatal characteristics in the study
population (Table 3). In all three ventricular walls, significant positive
correlations were observed between E’ values and birth weight and
placental weight. All A’ values positively correlated with birth weight.
Septum and right A’ values showed a weak positive correlation with
placental weight. All S’ values showed positive correlations with
birth weight and placental weight (r=0.51-0.57 and r=0.37-0.53,
respectively; p<0.001). Septum, left and right MPI’ values demon-
strated a significant negative correlation with birth weight and pla-
cental weight (r=-0.55 to —0.65 and r=-0.54 to —0.76,
respectively; p<0.001). There were no significant correlations be-
tween septum, left and right E’/A’ ratios and perinatal characteristics.

The relationship between z scores of the TDI parameters and birth
weight z score was investigated in the study population with the
Spearman rank correlation test. Figs. 1-3 show scatter plots of sep-
tum, left and right E’ (a), A’ (b), S’ (¢} and MPl" (d) z scores plotted
against birth weight z score. In all three ventricular walls, z scores
of myocardial peak velocities positively correlated with birth weight
z score. Significant positive correlatioris were observed between all

Table 2
Tissue Doppler parameters in the study population classified into three groups according to Japanese gestational age-specific reference for birth weight i 141,
Total (n=76) AGA (n=50) SGA (n=10) LGA (n=16) P value' P value?

Interventricular septum
E’ (cm) 52412 52+1.0 43412 58+£13 <0.05 <0.05
A" (cm) 67417 66+1.6 55+£1.0 744+£1.7 <0.05 <0.05
S’ (cm) 49407 49406 43405 54406 <0.01 <0.05
E'/A’ 0.814+0.22 0.814+0.19 0.79+0.23 0.82+0.28 0.81 0.88
MPI’ 0.50 £ 0.07 0.51+0.05 0.614+0.05 0.4440.06 <0.001 <0.001

Left ventricle
E’ (cm) 70+14 7.0+1.0 59415 77420 <0.01 <0.05
A’ (cm) 80421 78420 70+£1.2 93420 0.23 <0.05
$ (cm) 65409 6.6+0.8 56405 7.0+£09 <0.001 <0.05
E'/A 0914022 0.93+0.23 0.85+0.20 0.85+0.20 0.29 0.21
MPI 0.51+£0.07 0.51+0.06 0.60+0.06 047 £0.06 <0.001 <0.01

Right ventricle
E’ (cm) 83419 85+19 6.7+1.1 89+ 18 <0.01 0.38
A’ (cm) 1044£23 104+£22 89+1.5 112426 <0.05 0.22
S’ (cm) 69+£09 6.9+09 60+£06 7.6+0.7 <0.01 <0.01
E'/A 0.82+0.17 0.83+£0.17 0.76+0.15 0.82+0.18 0.23 0.75
MPI 0.53+£0.07 0.52+0.06 0.61::0.06 0.49 +0.06 <0.001 0.09

Values are the mean+ SD. AGA: appropriate-for-gestational age; SGA: small-for-gestational age; LGA: large-for-gestational age; E': myocardial peak velocity in early diastole; A"
myocardial peak velocity during atrial contraction; S: myocardial peak velocity in systole; MPI': myocardial performance index measured by tissue Doppler imaging; P
value? = AGA versus SGA; P value? = AGA versus LGA, Significant p values (< 0.05) are given in bold type.
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Table 3
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Pearson's correlation coefficient between tissue Doppler parameters and perinatal characteristics in the study population (n=76).

Interventricular septum Left ventricle

Right ventricle

GA at ultrasound ~ Birth weight  Placental weight ~ GA at ultrasound ~ Birth weight  Placental weight ~ GA at ultrasound  Birth weight  Placental weight
E’ 0.10 0417 0.31% -0.01 0287 0.24* 0.07 0.347 0.25*
A 0.15 0357 0.33% 0.09 0.25" 0.15 0.04 0.357 0.24*
s 0.19 0.57% 0.53% 0.20 0.51% 037% 018 051F 0.40%
E/A —011 0.04 —0.03 —0.10 0.03 0.08 0.04 0.04 0.06
MPI'  —020 —0.65% —0.761 -0.10 —0.59% —0.70% —0.18 —0.55% ~0.541

GA: gestational age; E": myocardial peak velocity in early diastole; A': myocardial peak velocity during atrial contraction; $': myocardial peak velocity in systole; MPI': myocardial

performance index measured by tissue Doppler imaging. *p<0.05; Tp<0.01; tp<0.001.

S’ z scores and birth weight z score (Spearman rho=0.45-0.53,
p<0.001). Septum, left and right MPI' z scores showed a significant
negative correlation with birth weight z score (Spearman rho=
—0.40 to —0.56, p<0.001). In contrast, there were no correlations
between birth weight z score and septum (Spearman rho=0.03,
p=0.83), left (Spearman rho=0.04, p=0.73), or right (Spearman
rho= —0.08, p=0.48) E’/A’ ratio z scores.

4. Discussion

In the present study, we compared fetal myocardial tissue Doppler
parameters within three days before birth with both gestational age-
specific birth weight percentile groups and birth weight z scores,
according to the recent opinion of Rasmussen {11]. As far as we
know, the present study is the first to assess the relationships be-
tween the TDI parameters and birth weight adjusted for gestational
age in low-risk term pregnancies. The results suggest significant dif-
ferences between the percentile groups in myocardial peak velocities
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and MPI". Z scores of the TDI parameters show a significant correla-
tion with birth weight z score. These findings indicate that myocardial
peak velocities and MPI' vary according to body size adjusted for ges-
tational age in term fetuses.

Myocardial peak velocities showed higher in the LGA group and
lower in the SGA group as compared with the AGA group, and the ve-
locities positively correlated with birth weight (Tables 2, 3). Similar
tendencies were seen in the relationship between z scores of the ve-
locities and birth weight z score (Figs. 1-3). The findings support the
proposal that fetal myocardial peak velocities positively correlate
with fetal body size [10] and SGA fetuses have lower myocardial
peak velocities than normally grown fetuses {7]. In addition, several
studies of adult hearts may give clues to the mechanistic background
of the findings. Myocardial peak velocities have a tendency to in-
crease in healthy adults with large left ventricular mass and/or cavity
size {16-18]. Anatomical assessment indicated that the reference
values for fetal cardiac weight linearly increased in proportion to ac-
tual body weight throughout the second and third trimesters [19-211.
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Fig. 1. Relationship between z scores of interventricular septum myocardial tissue Doppler parameters and birth weight z score in the study population (n = 76). There were pos-
itive correlations between (a) septum E’ z score (Spearman rho=0.34, p<0.01), (b) septum A’ z score (Spearman rho=0.32, p<0.01) and (c) septum S’ z score (Spearman
rho=0.53, p<0.001) and birth weight z score. There were negative correlations between (d) septum MP!’ z score and birth weight z score (Spearman rho = —0.56, p<0.001).
E': myocardial peak velocity in early diastole; A’: myocardial peak velocity during atrial contraction; S’: myocardial peak velocity in systole; MPI’: myocardial performance

index measured by tissue Doppler imaging.
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Fig. 2. Relationship between z scores of left ventricular myocardial tissue Doppler parameters and birth weight z score in the study population (n=76). There were positive cor-
relations between (a) left E’ z score (Spearman rho=0.31, p<0.01), (b) left A’ z score (Spearman rho=0.29, p<0.05) and (c) left S’ z score (Spearman rho =045, p<0.001) and
birth weight z score. There were negative correlations between (d) left MPI’ z score and birth weight z score (Spearman rho= —0.53, p<0.001). E": myocardial peak velocity in early
diastole; A": myocardial peak velocity during atrial contraction; S’: myocardial peak velocity in systole; MP!’: myocardial performance index measured by tissue Doppler imaging.

Miyague and Ghidini showed that AGA, as well as SGA, fetuses have a
positive correlation between estimated fetal weight and ultrasound
measurement of heart circumference and area [22]. It is plausible
that the variations in myocardial peak velocities represent the physio-
logical difference in fetal cardiac size or fetal body size based on gesta-
tional age.

The MPI’ showed significantly higher in the SGA group and lower
in the LGA group as compared with the AGA group and negatively
correlated with birth weight (Tables 2, 3). Moreover, a strong nega-
tive correlation was observed between MPI' z score and birth weight
z score (Figs. 1-3). These results indicate that MPI’ decrease in pro-
portion to body size adjusted for gestational age. The findings support
the view that SGA fetuses have higher MPI’ than normally grown fe-
tuses at term gestation, although Comas et al. have proposed that the
differences in MPl’ between normal and SGA fetuses are due to the
presence of subclinical cardiac dysfunction in SGA fetuses {7|. Inter-
estingly, it was reported that MPI’ values were independent of body
size in healthy infants, children and adolescents {23,24]. At present,
we have no clear explanation regarding the discrepancy.

Several investigators have proposed that the undesirable changes
in the TDI parameters observed in growth-restricted fetuses indicate
the presence of subclinical cardiac dysfunction {&-8]. However, our
findings support the hypothesis that the relatively low myocardial
peak velocities with high MPI” in SGA fetuses may lead to overestima-
tion in the presence of subclinical cardiac dysfunction. On the con-
trary, the relatively high myocardial peak velocities with low MPI’
in LGA fetuses may lead to underestimation. Indeed, at 0-24 and
96-120 h after birth, septum, and left and right MPI’ values were in
the normal range of cardiac function in the three groups, and there
were no significant differences in the MPI' between the groups
(unpublished observations). Since few studies have explored the

relationship between myocardial tissue Doppler parameters and fetal
size adjusted for gestational age, it would be useful to establish cut-off
values for the TDI parameters based on fetal size in each gestational age.

In the present study, the umbilical artery PI showed a weak nega-
tive correlation with birth weight and placental weight (r=-0.34
and r=-0.34, respectively). In contrast, the MPI’ had a strong nega-
tive correlation with birth weight as well as placental weight (r=
—0.55 to —0.65 and r = —0.54 to —0.76, respectively). The placenta
is one of the largest fetal organs {21]. Approximately one third of fetal
cardiac output flows reach the placental vascular bed in preterm and
term pregnant sheep [25,26], suggesting a considerable contribution
of the feto-placental unit to fetal cardiac function. In an experimental
maodel of pathophysiological status of placenta, Acharya et al. demon-
strated that embolization of ovine placenta did not affect fetal cardiac
output and umbilical artery PI [27]. However, the present study sug-
gests that the entire size of placental vascular bed could affect fetal
cardiac function at least in physiological status. Therefore, further
studies are in progress concerning a possible association between
physiological changes in the placental vascular bed and fetal cardiac
function.

Our data suggest that myocardial tissue Doppler parameters have no
significant correlations with gestational age in low-risk term pregnan-
cies. The findings, especially E’, A’ and S’ values, are inconsistent with
the proposal that myocardial peak velocities positively correlated with
gestational age between mid-gestation and term {9,10}. The discrepan-
cy may be explained by the fact that the present study was composed of
only term fetuses. Exclusion of preterm fetuses from the study popula-
tion may diminish the correlation between the TDI parameters and ges-
tational age at ultrasound.

There are some limitations to the present study. First, we did not
estimate the fetal weight at the ultrasound examination, and could
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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 ERa, 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 ef 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.!*-5

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)a 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 ESR2.1

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,>% 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 DYZ1, including multiple Yq loci in the azoospermia factor
regions (AZFa, b, c) 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.ncbi.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 2-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 x*-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 || 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 || 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.!5!6 The pairwise |[’| values were estimated by the method of
Terwilliger and Ott, 2 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 >-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%?! 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 20.4-46.8% 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

a SNP2 SNP4 SNP6 SNP8
(rs11625778) (rs1286030) (rs1256049) {rs1256062)
SHP1 SNP3 SNPS SNP7 SNPg
(1s3020444) 17179740} | (18101 48269) (rs1258055) | (rs1152579)
o ’ﬁz?xbi'aaeﬁ?raakg‘ 02kb | 12.9kb ¥ sgkb,1osxbf‘2ks
gbNA —} : {] [—] (~120 kb)
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Figure 1 Schematic representation of ESR2 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. |D'l: an absolute value for the disequilibrium parameter.

Journal of Human Genetics

- 102 —
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Table 2 Summary of haplotype analysis (SNPs 2-7)

Genotyping data Statistical data Estimated haplotype ~ TGTAGA TACGGA CGCGAG TGCGGA
SF (n1=125) 46.4% 21.2% 26.0% 6.0%
cM P-val OR  95%Cl
Genotype SF aue ° CM (n=119) 32.7% 28.1% 27.3% 11.0%
SNP1 T 78 58 TvsC 0.028 1.59 1.05-2.42  Comparison of estimated haplotype frequency
1s3020444 TC 43 53 TTvsTC+CC 0.032 057 0.34-0.95 P-value 0.0028 0.096 0.82 0.070
cC 4 8 TT+TCwsCC 020 218 0.64-7.44 OR 1.77 0.69 0.94 0.52
SNP2 T 68 63 TvsC 0.74 1.07 0.72-1.56 95% Cl 1.21-2.61 0.44-1.06 0.61-1.43 0.25-1.05
1s11625778 TC 48 46 TTvsTC+CC 0.82 094 0.57-1.56  Association of estimated haplotype with phenotype
cc 9 10 TT+TCvwsCC 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 GGvs AG+AA 0.059 061 0.37-1.02 OR 2.08 0.63 0.98 0.46
AA 5 8 GG+AGvsAA 0.34 173  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 CusT 0.0022 1.77 1.23-2.56  Recessive mode
151256030 CT 61 49 CCvsCT+TT 0.0049 2.13 1.25-3.61 P-value 0.026 0.34 0.55 0.97
TT 28 15 CC+CTvsTT 0.045 0500 0.25-0.99 OR 2.16 0.58 0.75 0.95
SNP5 GG 36 55 GvsA 0.0022 1.77 1.23-2.56 95% Ci 1.09-4.46 0.17-1.79 0.28-1.96 0.037-24.2
1s10148269 AG 61 49 GGvs AG+AA 0.0049 2.13 1.25-3.61  Cochran-Armitage’s trend test
AA 28 15 GG+AGvs AA 0.045 0500 0.25-0.99 P-value 0.0029 0.071 0.75 0.056
SNP6 GG 68 64 GvsA 0.74 1.07 0.72-1.60  For one haplotype
151256049 GA 49 45 GGvsGA+AA 092 098 0.59-1.61 OR 1.75 0.67 0.94 0.52
AA 8 10 GG-+GAvs AA 0.55 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 68 64 AvsG 074 1.07 0.72-1.60  For two haplotypes
rs1256055 AG 49 45 AAvs AG+GG 092 0098 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 AA 59 47 AvsG 021 1.27 0.87-1.85  apbreviations: 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 045 136 0.61-3.04
SNP9 GG 40 45 GusA 012 134 0.93-1.92 o o ) )
151152579 GA 50 59 GGvs GALAA 034 129 0.76-2.19 block identified in this study is similar to that reported in the International
AA 26 15 GG+GAvsAA 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, single nucleotide polymorphism.
NCBI 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 |IY| 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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specific susceptibility factors, and false positive results might be
obtained in association studies with multiple comparisons. This
matter awaits further studies.

One may argue that although the present study indicates an
association of the specific ESR2 haplotype with SE there is no direct
evidence for estrogenic EEDs being involved in the development of SE.
Indeed, it may be possible that an interaction between the specific
ESR2 haplotype and endogenous estrogens rather than estrogenic
EEDs actually underlie the development of SE. However, estrogenic
effects of EEDs are known to be primarily mediated by ER.1
In addition, as all the SF patients and the control males examined
in this study were apparently free from high exposure to EEDs, the
amount of exposed EEDs would be similar between the two groups of
subjects. Thus, although further studies such as the investigation of
subjects with a high risk of EEDs exposure (for example, workers at
chemical factories) are necessary, our results would suggest that the
specific ESR2 haplotype constitutes a susceptibility factor for the
development of SF in response to estrogenic EEDs in males who live
in an ordinary condition with no high risk of EEDs exposure.

Several points should be made with respect to the present study.
First, the number of subjects analyzed remains rather small. Second, the
true susceptibility factor(s) on the specific haplotype remains to be
identified, although the specific “TGTAGA’ haplotype would facilitate
the development of SF by enhancing the ERP signaling. Third, it
remains possible that another susceptibility factor(s) is present on
ESR2. In particular, as only a few of SNPs were examined in non-LD
block regions, a different susceptibility factor(s) may be present on the
non-LD block regions of ESR2. Fourth, several patients may have some
unidentified pathologic cause(s) for SF such as single gene disorders.
Fifth, there may be some unknown minor genetic and environmental
differences between the patients and the control males. In this context,
as SF becomes discernible in adulthood, such minor differences, if they
exist, may exert unfavorable influences on spermatogenic function
for a long time, leading to SE This may explain why the OR obtained
in this study remained low, in contrast to the high ORs identified
in cryptorchidism (7.55) and hypospadias (13.75)%7 (and our
unpublished updated observation) which develop during the fetal
life. Sixth, although it is known that EEDs also exert anti-androgenic
effects and influence aromatization,?>2 these have not been examined
in this study. Lastly, it remains to be determined whether similar results
can be reproduced in other case—control studies.

Despite the above caveats, this study provides a useful clue to
clarify the genetic susceptibility to estrogenic EEDs. In summary, we
propose that the specific ESR2 haplotype raises the susceptibility to
the development of SF in response to estrogenic EEDs. Further studies
including similar haplotype analyses in different ethnic groups from
both developed and developing countries will serve to clarify the
relative importance of the dosage of exposed EEDs and the genetic
heterogeneity obtained in the process of natural human selection, in
the presumably EEDs-related phenomenon such as SE
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PRKAR1A Mutation Affecting cAMP-Mediated G
Protein-Coupled Receptor Signaling in a Patient with
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Context: Acrodysostosis is a rare autosomal dominant disorder characterized by short stature,
peculiar facial appearance with nasal hypoplasia, and short metacarpotarsals and phalanges with
cone-shaped epiphyses. Recently, mutations of PRKARTA and PDE4D downstream of GNAS on the
cAMP-mediated G protein-coupled receptor (GPCR) signaling cascade have been identified in
acrodysostosis with and without hormone resistance, although functional studies have been per-
formed only for p.R368X of PRKARTA.

Obijective: Our objective was to report a novel PRKARTA mutation and its functional consequence
in a Japanese female patient with acrodysostosis and hormone resistance.

Patient: This patient had acrodysostosis-compatible clinical features such as short stature and
brachydactyly and mildly elevated serum PTH and TSH values.

Results: Although no abnormality was detected in GNASand PDE4D, a novel de novo heterozygous
missense mutation (p.T239A) was identified at the cAMP-binding domain A of PRKARTA. Western
blot analysis using primary antibodies for the phosphorylated cAMP-responsive element (CRE)-
binding protein showed markedly reduced CRE-binding protein phosphorylation in the forskolin-
stimulated lymphoblastoid cell lines of this patient. CRE-luciferase reporter assays indicated sig-
nificantly impaired response of protein kinase A to cAMP in the HEK293 cells expressing the mutant

p.T239A protein.

Conclusions: The results indicate that acrodysostosis with hormone resistance is caused by a
heterozygous mutation at the cAMP-binding domain A of PRKARTA because of impaired cAMP-
mediated GPCR signaling. Because GNAS, PRKARTA, and PDE4D are involved in the GPCR signal
transduction cascade and have some different characters, this would explain the phenotypic sim-
ilarity and difference in patients with GNAS, PRKARTA, and PDE4D mutations. (J Clin Endocrinol

Metab 97: E1808-E1813, 2012)

Acrodysostosis is a rare autosomal dominant disorder
characterized by short stature, peculiar facial appear-
ance with nasal hypoplasia, short metacarpotarsals and pha-
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langes with cone-shaped epiphyses, and variable degrees of
mental retardation (1, 2). Recent studies have shown that
acrodysostosis is caused by mutations of PRKAR1A (protein

Abbreviations: AHO, Albright’s hereditary osteodystrophy; CRE, cAMP-responsive ele-
ment, CREB, CRE-binding; DMR, differentially methylated regions; GNAS, stimulatory G
protein «-subunit; GPCR, G protein-coupled receptor; PDE4D, phosphodiesterase 4D,
cAMP-specific; PHP-la, pseudohypoparathyroidism type la; PKA, protein kinase A;
PRKARTA, protein kinase, CAMP-dependent, regulatory type 1,e; Rle, type 1a regulatory
subunit.
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