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Fig.1. Phenotypic characterization of AR knockout female mice. (a) Diagram of the wild-type Ar genomic locus (+), floxed AR L3 allele (L3), and AR allele (L-)
obtained after Cre-mediated excision of exon 1. K, Kpnl; E, EcoRl; H, Hindlll; B, BamHI. LoxP sites are indicated by arrowheads. The targeting vector consisted
of a 7.6-kb 5" homologous region containing exon 1, a 1.3-kb 3" homologous region, a single loxP site, and the neo cassette with two loxP sites. (b) Detection
of the Y chromosome-specific Sry gene in AR~/ mice by PCR. (c) Absence of AR protein in AR™/~ mice ovaries by Western blot analysis using a specific C-terminal
antibody. (d) Normal weight gain in AR™/~ females. (e) Histology of pituitary, uterus, and bone tissues in AR~ and AR™/~ females at 8 weeks of age. (f) Female
reproductive organs were macroscopically normal in AR~'~ mice. (g) Serum hormone levels at the proestrus stage in AR™/~ mice were not significantly altered.
Serum 17p-estradiol, progesterone, testosterone, luteinizing hormone (LH), and follicle-stimulating hormone (FSH) levels in AR™/* (n = 13) and AR™" (n = 10)
females at 8-10 weeks of age are shown. (h) Lobuloalveolar development is impaired in AR~ mammary glands. Whole mount of inguinal mammary glands
(Left) and its higher magnification (Right) were prepared on day 3 of lactation. ()’ Average number of pups per litter is markedly reduced in AR™/~ mice at8 weeks
of age. Data are shown as mean * SEM and analyzed by using Student’s t test. () AR immunocytochemistry in AR*/~ and AR/~ ovaries. Sections were
counterstained with eosin. '

more layers of granulosa cells with no antrum), or antral follicles
(antrum within the granulosa cell layers enclosing the oocyte).
Follicles were determined to be atretic if they displayed two or
more of the following criteria within a single cross section: more
than two pyknotic nuclei, granulosa cells within the antral cavity,
granulosa cells pulling away from the basement membrane, or
uneven granulosa cell layers (15).

Immunohistochemistry. Sections were subjected to a microwave
antigen retrieval technique by boiling in 10 mM citrate buffer
(pH 6.0) in a microwave oven for 30 min (16). The cooled
sections were incubated in 1% H,O, for 30 min to quench
endogenous peroxidase and then incubated with 1% Triton
X-100 in PBS for 10 min. To block nonspecific antibody binding,
sections were incubated in normal goat serum for | h at 4°C.
Sections were then incubated with anti-AR (1:100) or anti-
cleaved caspase-3 (1:100) in 3% BSA overnight at 4°C. Negative
controls were incubated in 3% BSA without primary antibody.
The ABC method was used to visualize signals according to the
manufacturer’s instructions. Sections were incubated in biotin-
ylated goat anti-rabbit IgG (1:200 dilution) for 2 h at room
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temperature, washed with PBS, and incubated in avidin-biotin—
horseradish peroxidase for 1 h. After thorough washing in PBS,
sections were developed with 3,3'-diaminobendizine tetra-
hydrochloride substrate, slightly counterstained with eosin, de-
hydrated through an ethanol series and xylene, and mounted.

Estrus Cycles and Fertility Test. To determine the stage of the estrus
cycle (proestrus, estrus, and diestrus), vaginal smears were taken
every morning and stained with Giemsa solution. For evaluation
of female fertility for 15 weeks, an 8- or 24-week-old wild-type
or AR/~ female was mated with a wild-type fertile male,
replaced every 2 weeks with the other fertile male. Cages were
monitored daily and for an additional 23 days, and the presence
of seminal plugs and number of litters were recorded.

RNA Extraction and Quantitative Competitive RT-PCR, Total ovarian
RNA was extracted by using TRIzol (Invitrogen) (16). Oligo-
dT-primed cDNA was synthesized from 1 pig of ovarian RNA by
using SuperScript reverse transcriptase (Gibco BRL, Gaithers-
burg, MD) in a 20-pl reaction volume, 1 pl of which was then
diluted serially (2- to 128-fold) and used to PCR-amplify an
internal control gene, cycd, to allow concentration estimation.
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Student'’s t test.

Primers were designed from ¢cDNA sequences of Kitl (M57647;
nucleotides 1099-1751), Gdf9 (NM008110; nucleotides 720-
1532), Bmpl5 (NMO009757; nucleotides 146-973), Ers2
(NMO10157; nucleotides 1139-1921), Pgr (NM008829; nucleo-
tides 1587-2425), Cypllal (NM019779; nucleotides 761-1697),
Cypl7al (M64863; nucleotides 522-932), Cyp19 (D00659; nucle-
otides 699-1049), Fshr (AF095642; nucleotides 625-1427), Lh
(M81310; nucleotides 592-1331), Prgs2 (AF338730; nucleotides
3-605), and Cend2 (NM009829; nucleotides 150-1065) and
chosen from different exons to avoid amplification from genomic
DNA.

GeneChip Analysis. Ovaries were isolated and stabilized in RNA-
later RNA Stabilization Reagent (Ambion, Austin, TX) before
RNA purification (17). Total RNA was purified by using an
RNeasy mini kit (Qiagen, Valencia, CA) according to the
manufacturer’s instructions. First-strand cDNA was synthesized
from 5 p.g of RNA by using 200 units of SuperScript II reverse
transcriptase (Invitrogen, Carlsbad, CA), 100 pmol T7-(dT),,
primer [5'-GGCCAGTGAATTGTAATACGACTCAC-
TATAGGGAGGCGG-(dT)s-3'], 1x first-strand buffer, and
0.5 mM dNTPs at 42°C for 1 h. Second-strand synthesis was
performed by incubating first-strand ¢cDNA with 10 units of
Escherichia coli ligase (Invitrogen), 40 units of DNA polymerase
I (Invitrogen), 2 units of RNase H (Invitrogen), 1X reaction
buffer, and 0.2 mM dNTPs at 16°C for 2 h, followed by 10 units
of T4 DNA polymerase (Invitrogen) and incubation for another
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5 min at 16°C. Double-stranded cDNA was purified by using
GeneChip Sample Cleanup Module (Affymetrix, Santa Clara,
CA) according to the manufacturer’s instructions and labeled by
in vitro transcription by using a BioArray HighYield RNA
transcript labeling kit (Enzo Diagnostics, Farmingdale, NY).
Briefly, dsDNA was mixed with 1X HY reaction buffer, 1X
biotin-labeled ribonucleotides (NTPs with Bio-UTP and Bio-
CTP), 1> DTT, 1X RNase inhibitor mix, and 1X T7 RNA
polymerase and incubated at 37°C for 4 h. Labeled cRNA was
then purified by using GeneChip Sample Cleanup Module and
fragmented in 1X fragmentation buffer at 94°C for 35 min. For
hybridization to the GeneChip Mouse Expression Array 430A or
430B or Mouse Genome 430 2.0 Array (Affymetrix), 15 pg of
fragmented cRNA probe was incubated with 50 pM control
oligonucleotide B2, 1X eukaryotic hybridization control, 0.1
mg/ml herring sperm DNA, 0.5 mg/ml acetylated BSA, and 1X
hybridization buffer in a 45°C rotisserie oven for 16 h. Washing
and staining were performed by using a GeneChip Fluidic
Station (Affymetrix) according to the manufacturer’s protocol.
Phycoerythrin-stained arrays were scanned as digital image files
and analyzed with GENECHIP OPERATING SOFTWARE (Af-
fymetrix) (17).

Luciferase Assay. The Kit/ promoter region (—2866 to —1 bp) was
inserted into the pGL3-basic vector (Promega) for assay using
the Luciferase Assay System (Promega) (14, 16). Cells at 40—
50% confluence were transfected with a reference pRL-CMV
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Fig. 3.

No significant alterations in mRNA levels of several major regulators in folliculogenesis. Shown is semiquantitative RT-PCR of LH receptor (Lhr), FSH

receptor (Fshr), p450 side chain cleavage enzyme (Cyp11al), 17-«-hydroxylase (Cyp17al), Aromatase (Cyp19), estrogen receptor-f (Esr2), cyclin D2 (Cend2),
insulin-like growth factor 1 (Igf1), cyclooxygenase 2 (Ptgs2), or progesterone receptor (Pgr) gene expression in AR*/* and AR~'~ ovaries. Results shown were
representative (Using one ovary per genotype in each experiment) of five independent experiments.

plasmid (Promega) using Lipofectamine reagent (GIBCO/BRL,
Grand Island, NY) to normalize transfection. Results shown are
representative of five independent experiments.

Results and Discussion

Subfertility of AR~/~ Female Mice at 8 Weeks of Age. The Ar gene
located on the X chromosome was disrupted in mice by using
the Cre/Lox P system (6) (Fig. 1 a—). Female AR/~ mice
showed normal growth compared with the wild-type litter-
mates (Fig. 1d), with no detectable bone loss (Fig. le) or
obesity common for male AR~V mice (8, 9). Young (8-week-
old) AR~ females appeared indistinguishable from the wild-
type littermates, displayed normal sexual behavior (7), and
produced the first offspring of normal body size at the
expected age. Macroscopic appearance of their reproductive
organs, including uteri, oviducts, and ovaries, also appeared
normal (Fig. 1f). Histological analysis showed no significant
abnormality in the uterus or pituitary (Fig. le), whereas
mammary ductal branching and elongation were substantially
reduced, as revealed by whole-mount analysis (Fig. 1/). Serum
levels of 178-estradiol, progesterone, testosterone, luteinizing
hormone, and follicle-stimulating hormone were also within
normal range in 8-week-old mutant females at the proestrus
stage (Fig. lg), suggesting that the two-cell two-gonadotrophin
system in female reproductive and endocrine organs (18) was
intact in AR~/~ mice at 8 weeks of age. The most obvious early
sign of abnormal reproductive function in the AR/~ females
was that their average numbers of pups per litter were only
about half of those of the wild-type littermates, (4R*'", 8.3 =
0.4 pups per litter; AR™/7, 4.5 = 0.5 pups per litter) (Fig. 1i).

AR~ Female Mice Developed POF Phenotypes. Histological analysis
of 8-week-old AR™'~ ovaries clearly showed that numbers of
atretic follicles were significantly increased, with decreased
numbers of corpora lutea (Fig. 2 b and f). This finding suggests
that the reduced pup numbers were due to impaired folliculo-
genesis in AR-deficient ovaries. Indeed, AR protein expression
was readily detectable in the wild-type 8-week-old ovaries (Fig.
1), with AR expressed at the highest levels in growing follicle
granulosa cells at all developmental stages and at relatively low
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levels in corpora lutea. Thus, AR appears to play a regulatory
role in granulosa cells during their maturation to the luteal
phase.

To investigate this possibility, we examined the ovarian phe-
notype of female 4R~/ mice at different ages. At 3 weeks,
ovaries contain various stages of follicles, including primary,
secondary, and antral follicles in wild-type animals (Fig. 2a) (19).
In AR~ ovaries at 3 weeks of age, the folliculogenesis appeared
to be unaltered, with normal numbers and localization of
primary and secondary follicles (Fig. 2 a and e). However,
degenerated folliculogenesis became evident with further aging.
Although follicles and corpora lutea at all developmental stages
were still present, corpora lutea numbers were clearly reduced in
8-week-old AR~ mutants (Fig. 2 b and f), similar to that
observed in another mouse line (20). Expected apoptosis was
seenin atretic follicles by activated caspase-3 immunohistochem-
istry assays (Fig. 2/). But, by 32 weeks of age, defects in
folliculogenesis in AR/~ ovaries became profound, with fewer
follicles observed and increased atretic follicles (Fig. 2 ¢ and g),
and >40% (5 of 12 mice) of the AR™'~ females were already
infertile. By 40 weeks, all AR™/~ females became infertile, with
no follicles remaining (Fig. 2  and /1); at the same age, AR*/*
females were fertile and had normal follicle numbers. Consistent
with progressive deficiency in folliculogenesis, the pup number
per litter steadily decreased in aging AR '~ females (Fig. 2i).
These data indicate that AR plays an important physiological
role at the preluteal phase of folliculogenesis.

Alteration in Gene Expressions of Several Major Regulators Involved
in the Oocyte-Granulosa Cell Regulatory Loop. To explore the
molecular basis underlying the impaired folliculogenesis in
AR™'~ ovaries, we analyzed expression of several major known
regulators and markers of folliculogenesis (21-23). Surprisingly,
no significant alterations in mRNA levels of LH receptor (L/r),
FSH receptor (Fshr), p450 side chain cleavage enzyme
(Cypllal), 17-a-hydroxylase (Cypl7al), aromatase (Cypl9), es-
trogen receptor-p (Esr2), cyclin D2 (Cend2), or insulin-like
growth factor 1 (Igfl) of 8-week-old AR™"~ ovaries at the
proestrus stage, and further cyclooxygenase 2 (Pigs2) or proges-
terone receptor (Pgr) at the estrus stage, were detected by
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Fig. 4. Genome-wide microarray analysis and semiquantitative RT-PCR revealed that expression of the oocyte-granulosa cell regulator loop was down-

regulated in AR™/~ ovaries. (a) Microarray analysis of AR™/~ compared with AR*/* ovaries at 3 and 8 weeks of age. Data obtained from microarray analysis as
described in Materials and Methods were used to generate a cluster analysis. Each vertical line represents a single gene. The ratios of gene expression levels in
AR~ ovaries compared with wild type are presented. (b and ¢) Semiquantitative RT-PCR analysis of AR-requlated genes identified from the microarray study.
Results shown are representative (using one ovary per genotype in each experiment) of five independent experiments. Data are shown as mean = SEM and were
analyzed by using Student's t test. (d) Comparison of Kit/ gene expression by Northern blot analysis among placebo-, DHT-, and flutamide (FL)-treated AR/*
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semiquantitative RT-PCR analysis (Fig. 3). Genome-wide mi-
croarray analysis (17) of RNA from 8-week-old AR™'~ ovaries at
the proestrus stage has been undertaken to identify AR-
regulated genes. In comparison with AR*/* ovaries, expressions
of 772 genes were down-regulated, whereas 351 genes were
up-regulated in AR™'~ ovaries (Fig. 4¢; see also Tables 1 and 2,
which are published as supporting information on the PNAS web
site). Several genes known to be involved in the oocyte-
granulosa cell regulatory loop (24) were identified as candidate
AR target genes, including KIT ligand (Kit/) (25), morphoge-
netic protein 15 (Bmpl3) (26), growth difterentiation factor-9
(Gdf9) (27), and hepatocyte growth factor (Hgf) (28). Impaired
folliculogenesis had been reported in mice deficient in each of
these three regulators (26, 27, 29). To validate the microarray
data, we performed semiquantitative RT-PCR analysis of
8-week-old AR/~ ovary RNA and confirmed that expression of
these factors was down-regulated (Fig. 4b). To identify a regu-
lator downstream of the AR signaling at an earlier stage of
folliculogenesis, 3-week-old AR™~ ovaries that, as pointed out
carlier, display no apparent phenotypic abnormality were exam-
ined. Fewer genes had altered expression levels (519 genes
up-regulated; 326 genes down-regulated) (Fig. 4a; see also
Tables 3 and 4, which are published as supporting information
on the PNAS web site), and, of the four regulators tested by
RT-PCR, only Kitl was found to be down-regulated at this age
(Fig. 4c). Because Kifl is a granulosa cell-derived factor and
stimulates oocyte growth and maturation (29-31), down-
regulation of the Kitl expression in 3-week-old or even younger
AR™'™ ovaries may trigger impairment in folliculogenesis at a
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later age. To test for possible Kifl gene regulation by AR,
3-week-old wild-type females were treated with Sa-dihydrotes-
tosterone (DHT). At 4 h after hormone injection, a clear
induction of Kirl expression was observed in the ovaries, whereas
a known antiandrogen flutamide attenuated the induction by
DHT (Fig. 4d). The induction of endogenous human kit ligand
(KITLG) gene by DHT was also observed in human granulosa-
like tumor cells (KGN) in culture (Fig. 4¢). Furthermore,
androgen-induced transactivation of mouse and human kit ligand
promoters (32) was observed by a luciferase reporter assay (33)
in KGN (Fig. 4 fand g), 293T, and HeLa (data not shown) cells.
However, no response to DHT was detected in the similar assay
using promoters of the Bmpl5, Gdf9, and Hgf genes (data not
shown). Thus, we have shown that, in a regulatory cascade
controlling folliculogenesis, Kif/ represents a direct downstream
target of androgen signaling.

As an upstream regulator, AR may also be indirectly involved
in control of expression of other genes critical for folliculogen-
esis, because an age-dependent down-regulation of Bmipls,
Gdf9, and Hgf gene expression was also observed in AR/~
ovaries. Bmpl5 and Gdf9 are oocyte-derived factors that pro-
mote the development of surrounding granulosa cells in growing
follicles (34, 35), whereas Hgf is secreted by theca cells and acts
as a granulosa cell growth factor (36). Down-regulation of these
factors, presumably due to decreased Kit/ expression, may lead
to impaired bidirectional communication between oocyte and
granulosa cells (24) and, eventually, to early termination of
folliculogenesis, as in POF syndrome.

Thus, we have identified AR as a novel regulator of follicu-

Shiina et al.

-539-



LT e R Ve Y S O A P8 (T

R

logenesis that apparently acts in the regulatory cascade upstream
of the major factors controlling ovarian function, confirming the
previous findings of the AR expression in granulose cells of
growing follicles (3). Although not immediately relevant to the
ovarian physiology, abnormal development of the mammary
glands observed in our AR-deficient mice adds further strong
evidence of an essential role of the AR not only in male, but also
in female, reproductive function.

With increasing age of the first childbirth by women in the
modern society, POF syndrome has become an important social
and medical problem. Our findings suggest that POF syndrome
may be caused by an impairment in androgen signaling and that
X chromosomal mutations affecting the AR gene function may
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play a key role in hereditary POF. From clinical perspective, the
present study provides evidence that AR can be a beneficial
therapeutic target in treatment of POF syndrome patients.
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Estrogen has been postulated to be involved in inhi-
bition of vascular smooth muscle cell (VSMC) prolif
eration mainly via estrogen receptor (ER), but the
detailed mechanism has remained primarily un-
known. Therefore, in this stady, microarray analysis
was used in two types of cultured human VSMCs: one
positive for ERa, and the other for ERB, which were
treated by estrogens to detect the estrogen-responsive
genes, We also used quantitative reverse transcrip-
tase-polymerase chain reaction (RT-PCR) to cvaluate
mRNA levels of selective target gene (IG) in these
cells. We further studied whether the TG product was
involved in inhibition of proliferation using small
interfering RNA (siRNA) of the TG transfection. We
subsequently used quantitative RT'“PCR and in situ
hybridization analysis to evaluate the expression of
these gene products in human aorta, E4F1, a possible
inducer of cell growth arrest, was markedly increased
only in ERa-positive VSMCs by estrogens in both mi-
croarray and RT-PCR analyses, Blocking of E4F1 using
siRNA suppressed estrogenic inhibition of ERa-posi-
tive VSMC proliferation, E4F1 mRNA was abundant in
premenopausal female aorta with mild atheroscle-
rotic changes, E4F1 is therefore considered one of the
estrogen-responsive genes involving ERa-mediated
inhibition of VSMC proliferation and may play an
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important role in estrogen-related atheroprotection
of human aorta. (AmJ Pathol 2004, 165:2019-2031)

Estrogen has been proposed as a cardioprotective
agent.! However it is also true that the significance of
hormone replacement therapy has remained controver-
sial because recent randomized controlled trials failed to
show protective effects of hormone replacement therapy
in reducing the risk of coronary artery disease and in-
stead revealed undesirable side effects such as an in-
cremeni of breast cancer incidence.** Resuits of exper-
imental, clinical, and epidemiological studies have,
however, also demonstrated that estrogen is predomi-
nantly involved in the suppression of development of
atherosclerosis.?>® Therefore, it is still very important to
examine the detailed mechanisms of estrogenic actions
especially in relation to its atheroprotective effects in the
human cardiovascular system.

Estrogens have been considered to exert direct anti-
atherogenic effects through an initial interaction with es-
trogen receptor (ER) in vascular smooth muscle cells
(VSMCs) in addition to various systemic estrogenic ef-
fects. Resuilts of recent studies demonstrated that there
are two subtypes of ERs, ERa and ERB.7® The presence
of both ERa and ERB has been also reported in the
vascular wall of cardiovascular systemns in human and
various experimental animals.® Between both ERs, ER«
has been considered to be important for anti-atherogenic
effects of estrogen in the great majority of the cases.® 1%
However, the detailed genomic mechanisms of estrogen-
ERea actions in inhibition of VSMC proliferation remain
virtually unknown. Especially the target gene (TG) in-
duced by estrogen, ie, estrogen-responsive gene, has
not been examined in the human cardiovascular system.
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Table 1. Primer Sequences Used in RT-PCR Analysis for VSMC Characterization

cDNA Sequence Size (bp) Reference no.
ERa Forward 5'-AAGAGCTGCCAGGCCTGCC-3' 167 56
Reverse 5'-TTGGCAGCTCTCATGTCTCC-3'
ERB Forward 5'-GCTCAATTCCAGTATGTA-3' 241 57
Reverse 5'-CCTGGTGTAAAAACGTGA-3'
GAPDH Forward 5-TGAACGGGAAGCTCACTGG-3' 307 58

Reverse 5-TCCACCACCCTGTTGCTGTA-3'

Recently, expression profiling analysis using cDNA mi-
croarray technology has been demonstrated to provide
very important information as to the elucidation of the
scheme of estrogen-signaling and improvement of clini-
cal decisions in ERe-positive breast cancer.™ A number
of investigators also identified several novel estrogen-
responsive genes using a cDNA microarray method in
other tissues and cancer cells. **' However, there has
been little information regarding estrogen-responsive
genes involving anti-atherogenic effects induced by es-
trogens in the human cardiovascular system. Therefore,
in this study, we first screened the estrogen-responsive
gene involving inhibition of YSMC proliferation using a
microarray in a cell line derived from ERa-positive human
VSMCs. We then used quantitative reverse transcriptase-
polymerase chain reaction (RT-PCR) to evaluate the ex-
pression level of this TG mRNA in both dose- and time-
dependent manners to further confirm the results of
microarray analysis. We also examined whether the TG
detected in ERa-positive VSMCs can be also induced by
estrogens in ERB-positive VSMCs. Double-stranded ANAs
{(dsRNAs) have been recently reported to be remarkably
effective at suppressing specific gene expression in various
kinds of cells by a pathway involving RNA interference
(RNAI) through small interfering RNAs (siRNAsg).'6-8
Therefore, we used this procedure to confirm whether the
gene products derived from the TG detected in microarray
analysis were associated with estrogenic inhibition of cell
proliferation in ERe-positive cells.

It then becomaes very important to study the expression
of the genes detected by microarray analysis in human
VSMCs to obtain their clinical relevance. We therefore
examined the expression levels of the above TG in
VSMCs of human abdominal aorta obtained by autopsy
using both quantitative RT-PCR and the in situ hybridiza-
tion method. We then correlated these findings with the
degree of atherosclerosis, sex, ERa expression levels,
and other features of the patients for further characler-
ization of the findings.

Materials and Methods

Cell Culture and Characterization

Twa types of human VSMCs, ie, HUVS-112D (derived from
human umbilical cord; CRL-2481), and T/G HA-VSMC (de-
rived from hurnan aorta; CRL-1998) were commetcially
obtained from American Type Culture Collection (Manas-
sas, VA). They were cultured in a 75-cm? flask with F12-K

medium (American Type Culture Collection) containing
5% fetal bovine serum (FBS) at 37°C in a 5% CO, atmo-
sphere. We first characterized these cell lines using
several methods, such as morphological, immunohisto-
chemical, and rnicroarray analyses described below. in
addition, we examined whether these cells expressed
both ERs, especially ERe, using guantitative RT-PCR and
Waestern blot analysis in combination with semiquantifica-
tion, as described below.

Quantitative RT-PCR

Total RNA was extracted from both VSMCs in 1 mi of
TRizol reagent (invitrogen, Carlsbad, CA) followed by a
phenol-chloroform phase extraction and isopropanol pre-
cipitation. The Superscript Preamplification System RT kit
(Life Technologies, Inc., Grand lIsland, NY) was used in
the synthesis and amplification of complementary DNA
(cDNA). cDNA was synthesized from total RNA (2 ug)
using 25 ng/ui. of Oligo (dT)42.4¢ Primer {Life Technolo-
gies Inc., Gaithersburg, MD) on a PTC-200 Peltier thermal
cycler DNA engine (MJ Research Inc., Watertown, MA).
To test for the presence of genomic DNA contamination,
we pertormed the RT step in the absence of Superscript
Il RNase H™ reverse transcriptase (Life Technologies,
Inc.) followed by PCR. RT-PCR products lacking reverse
transcriptase in the initial RT step were run on an ethidium
bromide-stained 2% agarose gel. No band was observed
in these samples (data not shown). The resulting cDNA
was used as a template for reai-time PCR. Real-time PCR
was performed with the Light Cycler System (Roche Di-
agnostics GmbH, Mannheim, Germany) using the DNA
binding dye SYBR Green | (Roche Diagnostics GmbH)
for the detection of PCR products. Primers are summa-
rized in Table 1. As a positive control, T-47D human
breast cancer cells were used for ERa and ERB.'® Neg-
ative conlrol experiments lacked cDNA substrate to
check for the presence of exogenous contaminant DNA.
No amplified products were detected under these con-
ditions. The mRNA levels for both ERs in each VSMC are
summarized as a ratio of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), and evaluated as a ratio (%)
compared with that of each control cDNA, which were
synthesized from each PCR products and purified by
using the pGEM-T Easy vector. The detailed procedures
above were previously described in detail *® The analy-
ses with real-time PCR were triplicated.
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Western Blot Analysis

The procedures were based on these reported previ-
ously.2! The ahove VSMCs were washed with ice-cold
phosphate-buffered saline (PBS) and then lysed in a
triple detergent buffer containing 50 mmol/L Tris-HCI (pH
8.0), 150 mmol/l. NaCl, 0.02% sodium azide, 0.1% so-
dium dodecy! sulfate, 100 ug/ml phenylmethy! sulfonyl
fluoride, 1 mg/ml aprotin, 1% Nonidet P-40, and 0.5%
sodium deoxycholate, A Protein Assay Rapid Kit (Wako,
Osaka, Japan) and a SpectraMax 190 micropiate reader
(Molecular Devices Corp., Sunnyvale, CA) were used to
determine the concentration of protein according to the
manufacturers’ instructions. A Western blot analysis was
performed using 60 ug of each protein. After optimizing
the conditions of experiments, 60 pg of protein samples
were denatured at 95°C in Tris/glycine/sadium dodecyi
sulfate buffer (25 mmol/L Tris, 192 mmol/L glycine, 0.1%
sodium dodecy! sulfate, pH 8.3) and electrophoresed at
25-mA constant current through a 10 to 20% polyaciyl-
amide gradient gel (Bio-Rad, Hercules, CA). The proteins
in the gel were electrophoretically transfetred to a poly-
vinylidene difluoride membrane (Ciear Blot Membrane-P;
ATTO Co. Ltd., Tokyo, Japan). Nonspecific binding sites
were blocked by immersing the membrane in 5% skim
milk (Becton Dickinson and Company, NJ) for 1 hour at
room temperature, washed twice in 0.05% Tween 20 and
PBS (PBS-T), and then incubated with ERe polyclonal
antibody (Santa Cruz Biotechnology, inc., Santa Cruz,
CA) or control 1gG overnight at 4°C. After washing in
PBS-T, membranes were incubated for 1 hour with horse-
radish peroxidase-conjugated anti-mouse 1gG (Amer-
sham), and the target protein was detected using the
ECL Western blotting detection reagent (Amersham).
Equal loading of protein in each lane was confirmed by
probing the membrane with anti-human B-actin monoclo-
nal antibody (Sigma, St. Louis, MQ). The relative amounts
of ERa and g-actin protein levels for each band were
standardized to the reiative OD units obtained by an
Image Gauge system (Fuji Photo Film Co. Ltd., Mina-
mishinagawa, Kanagawa, Japan). In addition, the relative
amount of ER« protein was adjusted by the g-actin pro-
tein level, and then evaluated as a ratio (%) to untreated
MCF-7 cell lines.?2 The analyses were also triplicated.

GeneChip Microarray Assay
Estrogen Treatment

The two types of VSMC cells described above were
seeded in a 75-cm? flask at an initial concentration of
100,000 cellsfflask with F12-K medium (American Type
Cuilture Collection) containing §% FBS and cultured until
a subconfluent state was obtained. The medium was then
replaced with FBS-free and phenol red-free medium
(modified Eagle's medium) (Sigma) to arrest the cell
growth. After 24 hours, the medium was replaced again
with phenol red-free and FBS-free medium in the pres-
ence of estrogen (10 nmol/L) or vehicle (0.1% ethanot).
After incubation for 8 hours, the cells were subsequently
subjected to total RNA extraction for microarray analysis.
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Total RNA was prepared using TRIzol reagent (Invitro-
gen) according to the manufacturer's instructions. RNA
was further purified using RNeasy columns (Qiagen, Va-
lencia, CA) and treatment with ribonuclease-free deoxyri-
bonuclease | (Qiagen).

Labeling

isolated total RNA was labeled as described in the
Affymetrix {Santa Clara, CA) GeneChip Expression Anal-
ysis Technical Manual (revision 3). The labeling is per-
formed in two steps. In the first step, double-stranded
cDNAs (ds-cDNAs) were synthesized from total RNA by
reverse lranscriptase reaction with SuperScript Reverse
Transcriptase Il (Life Technologies) and an oligo (dT)
primer linked to a T7 RNA polymerase-binding site se-
quence and second strand synthesis reaction with Esch-
erichia colif DNA polymerase, DNA ligase, and RNaseH. In
the second step, the resulted ds-cDNAs were used as
templates to produce biotin-labeled cRNA {the target)
using T7 RNA polymerase in the presence of biotinylated
UTP and CTP (Enzo Diagnostics, Farmingdale, NY). The
biotin-labeled cRNAs were fragmented in fragmentation
buffer and used for the preparation of target solution.

GeneChip Genome Array Hybridization

Fragmented targels are combined with control ofi-
gomer {Control Oligo B2, Affyimetrix) and control cRNAs
{(Eukaryotic Mybridization Control kit, Affymetrix) in & hy-
pridization buffer (100 mmol/. MES, 1 mol/L Na™, 20
mmol/i. ethylenediaminetetraacstic acid, 0.01% Tween
20). Each target was hybridized to HGU133A using pro-
tocols described in the Affymetrix Expression Analysis
Technical Manual.

Data Analysis

The procedure was basically based on the previously
reported study.®® The fluorescent signals on the slides
were scanned by a GeneArray scanner (Affymetrix) and
further data processing was performed using Microsoft
Excel software (Microsoft, Seattle, WA). Image analysis
was performed using Microarray Suite 5.0 software (Af-
fymetrix). In this study, the ratios represented the values
changed by 10 nmol/L. £, treatment compared to control
values. The values obtained from each experiment were
log transformed and normalized so that the median log-
transformed ratio equaled zero. To confirm the estrogen-
related changes in gene expression obtained from mi-
croarray analysis, we independently repeated the same
experiment twice and the differences were calculated. To
further maintain reproducibility, we also selected for fur-
ther analysis only those genes in which the difference of
expression levels at the same condition in two separate
experiments did not exceed more than 2.5-fold in {urther
analysis. The average ratios yielded by these indepen-
dent experiments were then used to denote the gene
expression levels, As the average ratios increased more
than twofold by both of duplicated 10 nmol/L &, treatment
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Table 2. The Sequence Information of Primers, siRNA, and Probes for in Situ hybridization for Target Gene (E4FD)

Primers for RT-PCR Farward §'-ACACCACACAGGCGAGAA-3'
Reverse 5-TCCTCAGACACCAGCAACT-3'
Gene-specific sequences  Sense 5'- AAGCTCTACAAGACCATTGCC-3’
for siRNA
Anti-sense  5'-AAGCTCTACAAGACCATTGCC-3’
Gene-specific probes for Anti-sense  5'-CCACGGAGATCATCGAGGGCACCCAGACAGAGGTGGACAGCCACATCATG-3'
in situ hybridization .
Sense 5'-CATGATGTGGCTGTCCACCTCTGTCTGGGTGCCCTCGATGATCTCCGTGRG-3'

It was determined that the target gene in this study was £4F1 by microarray analysis The reason for this determination was described in detail in

the Results section.

were considered to have been up-regulated when com-
pared to control values. In this study, among the genes
detected in microarray analysis, we regarded a gene that
was up-regulated and was significantly associated with in-
hibition of cell growth in ERa-positive cells as the TG in this
study. In an analysis of the function of these detected
genes, we used the homspage of HUGO Human Gene
Nomenclature Committee (http://www.gene.ucl.ac.uk/
nomenciature/) for further clarification. We then examined
whether there was an estrogen-responsive element (ERE) in
the promoter region of TG by analyzing 10,000 bp upstream
of the transcription start sites for TG with sequence informa-
tion of chromosome mapping provided by the above
homepage.

Real-Time PCR for TG mRNA
Estrogen Treatment

The ERa-positive cells were sesded in a 75-cm?® flask
at an initial concentration of 100,000 cells/flask with
F-12K medium containing 8% FBS and cultured until a
subconfluent state was obtained. The medium was then
replaced with phenol red-free and FBS-free medium to
arrest the cell growth. After 24 hours, the medium was
replaced again with FBS-free F12-K medium with E; (100
pmol/L, 10 nmolL), E, (10 nmol/L) with 1C] 182780 (1
pmol/L; Tocris, Ballwin, MO), tamoxifen (TAM, Sigma)
alone (10 nmol/l), raloxifene (RAL, Sigma) alone (10
nmol/L), or vehicle. In addition, after pretreatment of the
cells with inhibitors of RNA transcription, actinomycin D
{(ACD) (1 wmol/L, Sigma), or protein translation (Sigma),
cycloheximide (CHX) (1 umal/L, ICN Biomedicals Inc.),
other two flasks were replaced again with FBS-free me-
dium with E,, (10 nmol/L). After incubation for 8 hours, the
cells were subsequently subjected to tolal RNA extrac-
tion for real-time RT-PCR analysis described above for
target product mRNA expression. In addition, the cells
were also incubated for 24 hours and 48 hours, respec-
tively, with E, alone (10 nmol/L) or vehicle and also sub-
sequently subjected to total RNA extraction for real-time
RT-PCR analysis described above for expression levels
of TG product mRNA. The mRNA levels for target product
in each VSMC are summarized as a ratio of GAPDH, and
evaluated as a ratio (%) compared with that of each
control ¢cDNA, which were synthesized from each PCR
product and purified by using the pGEM-T Easy vector.
The procedures were also previously described in de-
tail.2% As a contrast, we also examined the relative ex-

pression levels of TG products mRNA treated with E,
(1060 pmol/L, 10 nmol/L) or vehicie for 8 hours, and
treated with E, (10 nmol/L) or vehicle for 24 hours and 48
hours in ERB-positive cells. The analyses with real-time
PCR were triplicated by using three flasks per treatment
or nontreatment. The sequence information of primers for
TG is shown in Table 2.

SIRNA Preparation, Transfection, and Cell Count
Assay

siRNAs corresponding to the TG mRNAs designed with
5' phosphate, 3’ hydroxyl, and two base overhangs on
each strand were synthesized and {ransfected to the
ERa-positive VSMCs. The ERa-positive cells were
seeded in a 25-cm? flask at an initia! concentration of
50,000 cellis/flask with F-12K medium containing 5% FBS
and cultured until a subconfluent status was achieved.
The medium was then replaced with phenol red-free and
FBS-free medium to arrest the growth. After 24 hours,
transfections of siRNA for endogenous gene targeting
were performed with TransMessenger transfection re-
agent (Qiagen). The TG siRNA (2 ng per llask) was
condensed with 4 pl of Enhancer R and formulated with 8
ul of TransMessenger reagent, according {o the manu-
facturer's instructions. The transfection complex was
added directly to the cells: it was replaced with phenol
red-free medium containing 5% dextran-coated char-
coal-stripped FBS (DCC-FBS) with E, (10 nmoi/l.), TAM
(10 nmol/L), RAL (10 nmol/L), or vehicle (0.1% ethanol)
after 3 hours. After incubation for 48 hours, we then
measured the number of cells in each sample as de-
scribed above. We also examined the number of cells
treated with E, (10 nmoi/L) or vehicle {0.1% ethanol) with
transfection of negative controt siRNA and treated by E,
(10 nmolfL), TAM (10 nmol/L), RAL (10 nmol/L), or vehicle
into both ERa-positive cells. Atter incubation for 48 hours,
the cells were trypsinized and suspended. We then used
Cell Counting Kit-8 system (Wako) for measurement of the
number of cells in each sample. As a contrast, we also
examined the number of cells treated with E, (10 nmol/L) or
vehicle with transfection of TG or negative control siRNA in
ERB-positive cells treated by E,. The effective ratio of trans-
fection into the cells was more than 80% by using fiuores-
cein-labeled negative control siRNA before transfection of
the TG siRNA (data not shown). The sequence information
of siRNA for TG is shown in Table 2.
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Quantitative RT-PCR Analysis for mRNA of the
TG Expression in Human Aorta

Human abdominal aortae without hormone therapy were
collected at the time of autopsy performed in Tohoku
University Hospital {(Sendai, Japan) within 2 hours post-
mortem from 22 patients (6 male, 6 premenopausal fe-
male, 10 postmenopausal female; mean, 522 * 5.9
years of age). The Ethics Committee at Tohoku University
School of Medicine approved the research protocol for
this study. Aortic specimens were tentatively classified
into the following five groups as previously described,*®
A, B, C, D, and E based on the sex of the deceased
patient, degree of atherosclerosis, and status of menstru-
ation (group A: male, normal or mild atherosclerosis,
corresponding to group | to Ill in the AHA classification;
group B: male, advanced atherosclerosis, corresponding
to group IV to VI in the AHA classification; group C:
premenopausal female, normal or mild atherosclerosis;
group D: postmenopausal female, advanced atheroscle-
rosis; and group E: postmenopausal female, mild athero-
sclerosis). The distribution of the cases among these
groups is summarized as follows: A, three cases; B, three
cases; C, six cases; D, six cases; and E, four caseés. The
adventitia and fal tissues around the aorta were immedi-
ately and carefully removed using clean surgical scissors
and forceps at the time of autopsy. After this procedure,
these specimens were immediately frozen in liquid nitro-
gen and stored at —80°C until use and also subsequently
subjected to total RNA extraction for real-time RT-PCR
analysis described above for expression levels of TG
praduct mRNA and the correlation of ERa mRNA abun-
dance in those samples. The mRNA levels for target
product and ERa in each sample are summarized as a
ratio of GAPDH, and evaluated as a ratio (%) compared
with that of each control cDNA, which were synthesized
from each PCR product and purified by using the
pGEM-T Easy vector, as described above.

In Situ Hybridization Study for the TG mRNA
Expression in Hurnan Aorta

Unstained and duplicated, 5-um-thick, formalin-fixed,
paraffin-embedded human aorta sections were mounted
onto clear glass slides (Matsunami, Tokyo, Japan} and
processed using the RiboMap in situ hybridization kit
{Ventana Medical Systems, Tucson, AZ) on the Ventana
Discovery {Ventana Medical Systems) automated in situ
hybridization instrument. /n situ hybridization step proto-
cols after the deparaffinization step were designed
based on the standard protocol described in the manu-
facture’s RiboMap application note. The first fixation step
was performed using formalin-based RiboPrep reagent
(Ventana Medical Systems) for 30 minutes at 37°C. The
reacted sections were then acid-treated using hydrochlo-
ride-based RiboClear reagent {(Ventana Medical Sys-
tems) for 10 minutes at 37°C. The slides were subse-
quently processed for the protease digestion using
ready-to-use a protease 2 reagent. The sections were
incubated for hybridization with the anti-sense riboprobs
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(2 ng/slide) using RiboHybe hybridization buffer {Ventana
Medical Systems) for 6 hours at 37°C after a denaturing
step for 6 minutes at 70°C. After stringency wash step
using 2X RiboWash (equivalent to 0.2X standard saline
citrate, Ventana Medical Systems) for 6 minutes at 42°C,
the second fixation step was performed using RiboFix
reagent for 20 minutes at 37°C followed by incubation of
biotin-labeled anti-digoxigenin antibody (Sigma)} for 30
minutes at 37°C. After streptavidin-alkaline phosphatase
conjugate incubation for 16 minutes at 37°C, the signal was
detected automatically using the BlueMap NBT/BCIP sub-
strate kit for 4 hours at 37°C. Finally, the sections were
counterstained with Kernechtrot as a marker stain and cov-
ered with a glass coverslip. We also used double immuno-
staining with diaminobenzidine (DAB) for ER«x using a
monoclonal antibody (Novocastra Laboratories, Newcastle,
UK) and Vector-blue for a-smooth muscle actin using a
monoclonal antibody (DAKO Corp., Carpinteria, CA), re-
spectively, in adjacent tissue sections to further character-
ize these positive cells in the human aorta of the cases
positive for the target mRNAs. We also used a monoclonal
antibody against CD31 antigen (DAKO) for endothelial cells
and a monocional anti-human macrophage antibody (PG-
M1, DAKO) for macrophages in adjacent lissue sections for
further characterization. In addition, we performed labeling
index (L1}, a quantitative value that evaluates the number of
TG mRNA-positive cells present in VSMCs of the aortic
neointima and media.®® After determining the areas of eval-
uation by simultaneous observation using a multiheaded
light microscopy, three authors (T.8., M.S., and H.8.) inde-
pendently evaluated 100 VSMCs. When interobserver dif-
ferences were less than 5%, the mean value was deter-
mined as the LI. When interobserver differences were
greater than 5%, the three aforementioned authors above
re-evaluated the discrepant immunostained slides simulta-
neously using a multiheaded light microscope, after which
the mean value was obtained. The sequence information of
probes for in situ hybridization for TG is shown in Table 2.

Statistical Analysis

Values for all resulis are shown as mean * SE of means
{SEM). For comparisons belween two groups, we used
one-way analysis of variance followed by unpaired t-test.
To examine the correlation of the two factors, we used a
correlation coefficient (r) and a regression equation. A P
value Jess than 0.05 was considered significant in this
study.

Results
Characterization of Two VSMC Cell Lines

Results are summarized in Figures 1 and 2. We con-
firmed that these cells were positive for a-smooth muscie
actin immunoreactivity but both of these cell lines repre-
sented relatively dedifferentiated VSMCs on the basis of
their morphological features and expression of specific
markers such as caldesmon, a-tropomyosin, and others
(data not shown). In RT-PCR analysis, HUVS-112D cells
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Figure 1. A Rosults of real-time RT-PCR analysis for ERa and ERB in two
cultured human VSMC lines (HUVS-112D and ‘I/G HA-VSMO), positive
controls, and negative controls. Cell, cach type of cultured VEMG; P, positive
controls C1-47D breast cancer cell ines); N, negative controls (no cDNAs).
1-47D breast cancer cell ines were both positive for ERa and ERB. Negative
controls yiclded no bands for both ERa and ERB. In HUVS-112D cclls, only
the bands of BRa were dotected, whercas only the bands of ERB were
detected in '1/G HA-VSMC cells. B: The refative mRNA expression levels for
both £Rs in two types of VSMC lines. ‘Uhe daia for R1-PCR were adjusted by
ratios (%) of GAPDH mRNA compared with that of cach contol cDNA,
which were synthesized from cach PCR product and purificd by using the
pGEM-1' gasy vector. *, PCR produicts were not detected and the relative
expression levels resulted in zero,

were positive only for ERa (0.21 = 0.03%, adjusted by
ratios of GAPDH mRNA), and T/G HA-VSMCs were pos-
itive only for ERB (0.14 = 0.01%, adjusted by ratios of
GAPDH mRNA) (Figure 1).

in Western blot analysis, only HUVS-112D cells were
positive for the full-length ER« protein (66 kd) (10.4 %
0.8%, adjusted by ratios of g-actin protein compared to
the ratio of MCF-7 celis) (Figure 2). in addition, HUVS-
112D cells were also positive for the exon 7 deletion
variant of ERe protein (52 kd), which is known to be
expressed in both human VSMCs and MCF-7 cells, and
known to inhibit transcriptional activation of wild-lype ERs
with little transcriptional activity by itself (Figure 2).7526
On the other hand, MCF-7 cells were also positive for an-
other splicing variant of ERa protein (46 kd) (Figure 2).%7

Gene Chip Microarray Assay

Table 3 shows the 12 genes that demonstrated expres-
sion ratios of above 2.0 after 8 hours of duplicated 10
nmol/l. E, treatment of ERa- and/or ERB-positive cells.

ERa

(kD) Murker HA
o8

p b - A

HUVSA12D /AT HAVSMC  MCK:?

10 The reditive ERG: protein vels (66kDR) g
8

Figure 2. As Western blot analysis of ERe and f-actin in HUVS-112D cells,
1/G HA-VSMCs, and MCF-7 cells. Towl protein was eatracted and 60 pg of
protein from cach cell was loaded. Western blot analysis demonstrated both
the full-length ERa protein (66 kd) in HUVS-112D and MCF-7 cells, but not
in 176 HA-VSMCs. [n addition, both HUVS-112D and MCE-7 cells were also
positive for the exon 7 deletion variant of ERa protein (52 kd). On the other
hand, MCF-7 cells were posidve for another splicing variant of ERa protein
(46 kd). B ‘The relative protein cxpression levels for the full-length ERa
protein (66 kd) in two types of VSMC lines. ‘the results were evaluated as a
ratio (%) compared with that of untreated MCF-7 cells. 4, Bands of protein
were not detected and the relative expression levels resulied in zero.

Among these genes, E4F transcription factor 1, ie, E4F1
was detected in HUVYS-112D cells (ER«-positive cells),
and its expression was associated with the second high-
est ratios by duplicated 10 nmol/L E, treatment (2.4-fold)
(Table 3). In addition, among the detected genes, only
E4F1 has been reported to inhibit cell growth and cell-
cycle progression.?®-32 |n addition, more than 20 half-
EREs in the promoter region of E4F1 were detected in this
search (data not shown). Therelore we further examined
the features of E4F1 as an estrogen-responsive gene in
human VSMCs and whether E4F1 was associated with
estrogenic inhibition of ERa-positive cell proliferation us-
ing quantitative RT-PCR, and siRNA transfection assay
described above. In addition, we examined the expres-
sion levels of E4F1 mRNA in human abdominal aorta
using both quantitative RT-PCR and in situ hybridization.
In this study, E4F1 was not detected in T/G HA-VSMC
cells (ERB-positive cells). In addition, among the genes
detected by microarray analysis, the gene associated
with inhibition of VS8MC proliferation was not demon-
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Table 3. Genes Up-Reguiated by Bstrogen Treaiment for 8 Hours in Cultured VSMCs

Cell lines Approved gene symbols RefSeq accession numbers Ratios
HUVS-112D (ERa-positive) INPP4B NM_003866 28
E4F1 NM_004424 24
CKLF NM_016328 2.2
RYR3 NM_001038 2.2
PLAGH NM, 0026855 2.1
T/G HA-VSMC (ERB-positive) RFP2 NM_005798 2.5
CcPM NM_001874 2.4
EGR3 NM_004430 2.3
POFUT1 NM_015352 23
ADPRTL2 NM_005484 2.1
HAP1 NM_177977 2.1
RBM12 NM_152838 2.1

Ratios represents the mean ratios of expression levels of each gene mRNA between biclogically duplicated experiments with estroegen and without

estrogen.

strated in ERB-positive VSMCs according to the results of
our research.

E4F1 mRNA Expression in VSMCs by Estrogen
Treatment

E, significantly increased E4F1 mRNA levels of ERa-
positive YSMCs compared to contrals (131.8 + 59% by
£, 100 pmol/L, 267.0 £ 19.7% by £, 10 nmol/L, respec-
tively; P < 0.05) (Figure 3A). In addition, E, with CHX also
significantly increased those of ERe-positive VSMCs
compared to controls (172.4 * 20.3%. P < 0.05) (Figure
3A). However, E, with IC] 182780, TAM, RAL, and E, with
ACD suppressed expression of these mRNAs (334 =
0.1% by E, 10 nmol/L with IC] 182780 1 pmol/L, 63.5 +
16.9% by TAM 10 nmol/L, 32.3 = 1.8% by RAL 10 nmol/L,
485 = 10.6% by E, 10 nmol/L with ACD 1 pmol/L,
respectively; P < 0.05) (Figure 3A). In addition, E4F1
mRNA levels of ERa-positive VSMCs were the highest at
8 hours after £, 10 nmol/L treatment compared to contirol
(267.0 = 19.7%) (Figure 3C). However, none of E, sig-
nificantly increased or inhibited E4F1 mRBNA levels of
ERB-positive VSMCs compared to controls (Figure 3, B
and D). In summary, resuils of quantitative RT-PCR anal-
yses also demonstrated that E4F1 is one of the genes
induced by estrogen via ERa, but not via ERB, in our
cultured human VSMCs.

E4F1 siRNA Transfections and Cell Proliferation
Assay

We confirmed the down-regulation of E4F1 mRNA levels
in the cells by transfection of E4F1 siRNAs using RT-PCR
(data not shown). After transfection of negative control
siRNA, all E, and estrogen receptor modulators (SERMs)
used in this study significantly inhibited proliferation of
ERa-positive VSMCs compared to controls (20.0 + 2.2%
by E, 10 nmol/L, 28.2 = 1.0% by TAM 10 nmolifL, and
12.0 = 0.2% by RAL 10 nmol/L, respectively; P < 0.05)
(Figure 4A). In addition, TAM and RAL significantly inhib-
ited proliferation of ERa-positive VSMCs compared to
controls (30.7 = 1.6% by TAM 10 nmol/i., and 13,7 *
1.0% by RAL 10 nmol/L, respectively, P < 0.05) after
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transfection of E4F1 siRNA (Figure 4A). However, E, with
transfection of E4F1 siRNA did not suppress the prolifer-
ation of ERa-positive VSMCs (Figure 4A). In addition,
none of the agents examined in this study significantly
inhibited the cell proliferation of ERB-positive VSMCs
compared to controls by transfection of both E4F1 siRNA
and negative control siRNA (Figure 4B). In summary,
siRNA analysis indicated that E4F1 may be associated
with inhibition of VSMC proliteration through ERa not ERB
in our cultured VSMCs.

E4F1 mRNA Expression in Human Aorta

The relative abundance of E4F1 mRNA determined by
real-time PCR analysis was significantly higher in the
premenopausal female aorta with a mild degree of ath-
erosclerotic changes {group C, 2.22 + 0.87%) than in the
male aorta with a mild degree of atherosclerosis {group
A, 0.09 = 0.05%), with a severe degree of atherosclerosis
(group B, 0.31 £ 0.27%), and in the postmenopausal
female aorta with a severe degree of atherosclerosis
{group D, 0.24 * 0.12%) (P < 0.05) (Figure 5B). in
addition, there was a significant positive correlation be-
tween expression levels of ERa mRNA and relative abun-
dance of E4F1 mRNA expression in female aorta {y =
0.571 + 1.641 * x, r = 0.65; P < 0.05) (Figure 5C). In
addition, there was a significant inversed correlation be-
tween ages of the patients and the abundance of E4F1
mRNA expression in female aorta (y = 2.482 ~ 0.026 * x,
r = —0.575; P < (0.05) (data not shown). However, no
significant correlations were detected between relative
abundance of E4F1 mRNA and ages and degree of
atherosclerosis in male- aorta (data not shown). In sum-
mary, results of quantitative RT-PCR in human aorta dem-
onstrated that E4F1 was markedly exprassed in pre-
menopausal female aorta in an early stage of
atherosclerosis with abundant ERa.

In Situ Hybridization Study for E4F1 mRNA
Expression in Human Aorta

Expression of E4F1 mRNA products were markedly
present in ERa-positive VSMCs at neointima of aorta in
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Figure 4. A: ‘the relative levels of coll numbers in HUVS-112D cells (ERa-
positive cells) among cells treated with vehicle (control), esirogen (L) alone
{10 nmol/L), tamoxifen ('IAM; 10 nmol/L), raloxifenc (RAL; 10 nmol/L), or
vehicle (V; 0.19% cthanol) afier transfecton of E4F1 siRNA (E4F1s) or negative
control SIRNA (Ns). *, Significantly decreased compared to control; 22 < 0.05.
B: The relative levels of cell numbers in 17G HA-VSMCs (ERB-positive cells)
among cells reated with vehicle (econtrol), E, alone (10 nmo¥/L), or vehicle
(V; 0.1% cthanol) after transfoction of E4F1 siNA (E4F1s) or negtive control
SLRNA (Ns). *, Significantly decreased compared 1o conteal; 2 << 0.05.

group C. However, a very low level of expression of both
E4F1 mRNA and ERea immunoreactivity was demon-
strated in the nuclei of VSMCs of aorta in other groups. in
addition, none of CD31-positive cells or PG-M1-positive
cells demonstrated any hybridization signals of E4F1
mRNAs (data not shown). Figure 6 shows representative
ilustrations of an abdominal aorta specimen obtained
from a 38-year-old woman with a mild degree of athero-

Figure 3. A: Results of real-time KI“PCR analysis for Bkl in HUVS-112D
cells (ERe-positive cells) among cells treated with vehicle (control), E, alone
(100 pmol/L, 10 nmol/L), E, (10 nmol/L) with 1CI 182780 (1 umol/L), E, (10
nmol/L) with actinomycin D (ACD; 1 umol/L), £, (10 nmol/L) with cyclo-
heximide (CHX; 1 pmol/L), tamaxifen (1'AM) alone (10 nmol/L), and ralox-
ifene (RAL) alone (10 amol/L), respectively, after 8 hours. Br Results of
real-time R1-PCR analysis for E4F1 in ‘1/G HA-VSMCs (ERB-positive cclls)
among cells treated with vehicle (control), B, (100 pmol/L, 10 nmol/L) alornic,
respectively, after 8 hours. € and D: ‘The relative Jevels of E4FL mRNA
expression in ERa-positive celis (€) and ERB-positive cells (D) treated by £,
alone (10 nmol/L) after 8, 24, and 48 houss compared to control (ureated by
vehicle). *, Significantly increased compared to control; §, significantly de-
creased compared to control; 2 < 0.05.
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Figure 5. A: Kesults of real-time R1-PCR analysis for £481 in human aortas.
Bands for PCR products were detected as speeific single bands (167 bp for
ERa, 144 bp for £4121, and 307 bp for GAPDH): The amplified products were
1un on a 2% agarose gel stained with cthidium bromide. Representative
photographs for these real-time K1-PCR gene products are Hlustrated. A,
Aoria of 2 32-year-old man with mild atherosclerotic change; B, Aorta of &
65-year-old man with severe atherosclerotic change; C, aorta of a 38-year-old
premenopausal woman with mild atherosclerotic change; D, aorta of a
76-year-old postmenopausal woman with severe atherosclerotle change; E,
aorta of a 71-year-old postmenopausal woman with mild atherosclerotic
change; P, positve controls; N, negative controls. B: ‘the results for mRNA
expression levels for EAFL (*, 2 << 0.05). C: Corrcladon between the levels of
mRNA expression for ERa and E4FL in 22 samples of hwnan aonta, A
signiticant corrclation was detected (v = (.571 + 1.641a; 7 = 0.65; < 0.05).

sclerosis (group C). The number of E4F1 mRNA-positive
cells in the neocintima was significantly higher in the pre-
menopausal female aorta with a mild degree of athero-
sclerotic changes (group C, 24.0 = 2.0 LI) than in the
male aorta with a mild degree of atherosclerosis (group
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A, 5.6 = 0.5 L), in the male aorta with a severe degree of
atherosclerosis (group B, 3.2 % 0.4 L), in the postmeno-
pausal aorta with a severe degree of atherosclerosis
{group D, 2.4 + 0.5 LI}, and in the postmenopausai aorta
with a mild degree of atherosclerosis (group E, 6.2 £ 1.5
Ll) (P < 0.05) (Table 4). However, LI for E4F1 mRNAs in
the media was not significantly different among these
groups (Table 4). In summary, results of in situ hybridiza-
tion study in human aorta demonstrated that E4F1 was
markedly expressed in ERa-positive VSMCs present at
neointima of premenopausal female aorta in an early
stage of atherosclerosis.

Discussion

In this study, results of microarray and quantitative RT-
PCR analyses all suggest that E4F1 is one of the genes
induced by estrogen via ERe, but not via ERB, in cultured
human VSMCs. In addition, siRNA analysis demonstrated
that E4F1 might be associated with inhibition of VSMC
proliferation through ERa. Results of quantitative RT-PCR
and in situ hybridization studies in human aorta further
showed that E4F1 was markedly expressed in ER«-pos-
itive VSMCs present at neointima of premenopausal fe-
rale aorta in an early stage of atherosclerosis.

In this study, we used duplicated microarray analyses
as an initial scresning. We then confirmed whether the
gene was induced by estrogens or not by triplicated
(using three flasks per treatment or nontreatment) quan-
titative RT-PCR. We then used siRNA assay for further
examination of the findings. These findings all demon-
strated that results of microarray analysis were consistent
with those of RT-PCR, and the gene revealed by microar-
ray analysis was actually involved in estrogenic inhibition
of ERe-positive VSMC proliferation as demonstrated by
the cell count assay with siRNA transfection.

E4F1 is well-known as a Krippel-like family member 28
The growth inhibitory activity of E4F1 has also besen dem-
onstrated to be associated with the posttranscriptional
elevation of severai cell-cycle regulatory proteins, includ-
ing the COK inhibitors p21Wa™ and p27"¢1 with reduced
cdk2 and cdk4/6 activities, and with the down-regulation
of cyclin A and cyclin E gene expression.?®-3C E4F1-
induced cell-cycle arrest has been also reported to be
enhanced by its interaction with the p53 transcription
factor and hypophosphorylated pRb.?8%232 all of these
findings above are consistent with the results of previous
studies reported, and with inhibitory effects of estrogens
on VSMC proliferation.®* _

Stimulation of responsive genes in response to estro-
gen is postulated to be mediated by the direct binding in
which E_-liganded ER binds directly to a specific se-
quence called an ERE and interacts directly with co-
activator proteins and components of the RNA polymer-
ase |l transcription initiation complex which result in
enhanced transcription.®® This is also consistent with re-
sults of our computer-based search of ERE in the pro-
moter region of E4F1i. In addition, quantitative RT-PCR
analysis in our present study also demonstrated that ACD
suppressed estrogen-induced E4F1 mRNA expression,
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Figure 6, Modified Masson-Goldner's stains (A), double-immunohistochemical staining phiotos for a-smooth muscle actin and ERa in the ncolntima (B, and in
site hybidizadon of E4F1 mRNA in the neointima (C and D) of an abdominal aorta specimen ohtained from a 38-year-old premenopausal woman with a mild
degree of atherosclerosls (group €). B: Immunopositive celis for ERe appear brown as a result of diaminobenzidine colorimetric reaction. tmmunopositive cells
for a-smooth muscle actln appear blue asa result of Vector-blue colarimetric reaction. Double-immunopositive cells are confinmed. C: Negative control hybridized
with sense oligonucleotide probes showed no detectable specific mRNA hybridizaton signals. Nuclear staining, appearing red, was perfonned by Kernechuot.
D: BAF1 mRNA hybridization signals, appearing blue, were dalected in the marginai region of VSMCs in the neointima. Nuclear stiining, appearing red, was
petformed by Kernechtrot. Ni, neointini; M, media. Original magnifications: %100 (A); X400 (B-D).

but CHX did not inhibit its expression. Therefore, these
findings all indicated that E4F1 is considered one of the
first established responsive genes in ERa-positive
VSMCs. However, it is not known whether these half-
EREs are associated with estrogenic actions or not.

Table 4. Results of Labeling Index (LD for Target Gene
(B4F1) mRNAs in VSMCs of Human Aorta

Group n Neointima Media
Group A 3 ‘56 £05 20=05
Group B 3 3204,V 2.0=04
Group C 6 240+ 20 I 48+ 1.0
Group D 6 24%05 ] 3407
Group E 4 62*15 48 =07
Total - 22 73+18 3404

Data are the mean = SEM. A statistical significance was evaluated
among the groups using one-way analysis of varlance followed by
unpaired {-test.

*P<0.08.

Therefore, it awaits further investigatioh for clarification to
detact a strict E4F1 promoter region and then to demon-
strate whether ERa is actually binding to each ERE
present at upstream region of E4F1 promoter using a
chromatin immunoprecipitation assay.3¢%7

Results of our study in human aorta also demonstrated
that levels of E4F1 mRNA expression were significantly
higher in VSMCs of neocintima of premenopausal female
aorta with mild atherosclerotic changes than in those of
other groups. This finding therefore suggests that E4F1 is
mainly expressed in dedifferentiated/proliferating VSMCs
positive for ERa in neointima of premenopausal female
aorta. This tinding also demonstrated that the expression
of E4F1 may be strongly induced by estrogens via ERa in
VSMCs present at neointima of those aorta, possibly
involved in inhibitory actions of VSMC proliferation by
estrogens to prevent neointimal formation.®®

SERMs are postulated to be an attractive alternative
with respect to cardiovascular risk reduction, providing
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that they exert cardioprotective effects like estrogens.
SERMSs act as ER antagonists in the breast and uterus,
avoiding the harmful effects of estrogens but presumably
preserving the beneficial effects of estrogens on bone,
lipids, and the cardiovascular system.®*~4! In addition, it
is known that TAM binds with similar affinity to both ERs,
whereas RAL has a higher affinity for ERa.*2*3 Moreover,
a previous report demonstrated that TAM has partial
agonist activities on anti-atherogenic effects and vascu-
lar reactivity through interaction with ERa but not with
ERR in human VSMCs.® These all may be consistent with
results of our present study. It is also postulated that
estrogenic effects by SERMs are induced through AP-1
pathway.®® However, several previous reports also doc-
umented that pretreatment of SERMs blocked the anti-
atherogenic effects exerted by E, and that they have
mixed estrogenic and anti-estrogenic effects on anti-
atherogenesis in VSMCs and endothelial cells.**~*€ Both
TAM and RAL are reported to inhibit the classical ERE
pathway described above activated by E, when these
cells are treated together with £, and SERMs,3® which is
also consistent with these above reports.**~*6 Resuits of
quantitative RT-PCR and cell proliferation studies also
demonstrated that E4F1 was induced by estrogens and
suppressed the cell proliferation in ERe-positive VSMCs,
but not by TAM or RAL, which may be partially consistent
with results of these above reporis. Therefore, SERMs
may also be involved in inhibition of ERa-positive VSMC
proliferation not through the above classical pathway
induced by E4F1 based on resuits of our present inves-
tigations. These results all suggest the possible involve-
ment of other pathways of estrogenic inhibition of VSMC
proliferation. This may be also consistent with a previous
report demonstrating that SERMs exert an anti-prolifera-
tive effect in VSMCs, at least in part through a p38 cas-
cade whose activation is mediated by ERa via a non-
genomic mechanism.*” However, further investigations
are required to determine how these above pathways
interact with each other in estrogenic andfor anti-estro-
genic effects on VSMCs, and to examine whether there
are other possible pathways involved in estrogenic anti-
atherogenic processes in human VSMCs in vivo, incluc-
ing an analysis of the difference between E, and SERMs.

in our study, estrogens demonstrated no inhibitory
effects in proliferation of ERB-positive VBMCs. In addi-
tion, results of our present study also demonstrated that
the inhibitory actions of VSMC proliferation via E4F1 were
riot detected in these VSMCs, whereas ERB was reported
to be predominantly expressed in VSMCs.? Furthermore,
ERPB has recently been demonstrated not anly to'play an
essential role in the regulation of vascular function and
blood pressure, but also to be associated with several
mechanisms of anti-atherogenic effects.*®° These previ-
ous reports of in vitro studies all suggest that E, was asso-
ciated with growth inhibitory actions in porcine and/or rat
VSMCs predominantly through ERB stimuiation.%*5" The
signaling pathway mediating growth inhibition via ERS has
been also reported to be through reduction of p42/44 and
p38 MAPK activity, andfor the cyclic AMP-adenosine path-
way.*®-52 These signaling pathways may be attributable to
the nongenomic action of E,%*%* However, ERB is well-

-951-

E4F1 in Human Vascular Smooth Muscle Cells 2029
AJP December 2004, Vol. 165, No. 6

known as a relatively less potent transactivator than ERa at
low receptor concentrations, such as in our T/G HA-VSMC
celllines, in response to E,.2 This may be one of the reasons
to explain the absence of an inhibitory role of estrogenic
signals via ER}3 on VSMC proliferation demonstrated in our
present study. ERp is also reported to predominantly in-
crease after injury to the carotid artery of rat, and may be
also consistent with promoting inhibitory actions through
increment of ERB concentrations.®® On the other hand, pre-
vious studies on vascular injury using fully null ERa knock-
outs indicated that ERa is basically and predominantly im-
portant for anti-atherogenic effects of estrogan in mice,
which is consistent with results of our present study. *® How-
ever, according to these several previously published re-
ports, it is difficult to exclude the possibility that which ER is
more important for anti-atherogenesis depends on differ-
ence of species. Therefore, it still remains unclear which
subtype of ER is more important for estrogenic anti-
atherogenic effects in human, although our present study
demonstrated the above pathway through ERwo and E4F1.
In addition, all previous reports have demonstrated several
pathways of estrogen-induced anti-atherogenic effects in
vitro but not in vivo, and therefore it remains unclear which
pathway is most important for ERa-mediated anti-athero-
genic effects in vivo. Further investigations in atherosclerotic
models or in human cardiovascular system are required for
clarification.

In conclusion, E4F1 is considered one of the estrogen-
responsive genes involving ERa-mediated inhibition of
VSMC proliferation and may play important roles in es-
trogen-related atheroprotection of human aorta.
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Abstract

In rodents, steroid hormones are thought to be transported between adjacent fetuses, and male or female fetuses that develop in utero
between female fetuses may have higher serum levels of estradiol, and lower serum levels of testosterone, relative to siblings of the same sex
that develop between two male fetuses. The conseguence in the variation of postnatal growth, development, and function in the intrauterine
position, using various parameters such as anogenital distance, preputial separation and vaginal opening, estrous cycle, locomotor activity,
and growth of reproductive organs, were examined in Sprague-Dawley rats. ICR mice were treated with 17B-estradiol before copulation
and during pregnancy to address the interaction with endogenous estradiol during pregnancy. In rats, no evidence of effects of prior
intrauterine position was observed for any of the parameters examined. Mouse fetal exposure via the mother to low-dose 17p-estradiol
revealed no changes in the rate of postnatal growth in males and females that developed in any intrauterine position in utero. The results
of this study suggested that the intrauterine position of the embryos/fetuses did not affect the postnatal growth of the reproductive organs,

sexual maturation, or behavior in rats and mice. '
© 2003 Elsevier Inc. All rights reserved.
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1. Introduétion

The development of sexually differentiated phenotypes
depends upon the hormonal environment during a critical
period of growth [1]. Testosterone secretion by the fetal testis
causes a longer anogenital distance (AGD), seen in neonatal
males, relative to females. The AGD of newborn rats, mice,
and gerbils is longer in males than in females and varies as
a function of the intrauterine position of the animals [1-4].
A longer AGD is associated with the presence of males on
either side of the developing fetus in utero, and a shorter
AGD is associated with the absence of males on either side
of the developing female fetus. Females with a male fetus
on only one side are immediate [4).

In all litter-bearing species that have been examined to
date, the intrauterine position that a fetus occupies relative to
fetuses of the same or opposite sex has profound effects on
its reproductive, behavioral, and morphological traits mea-
sured during adult life {4-7]. Gerbil males and females that

* Corresponding author. Tel.: +81-6-6721-2332; fax: +81-6-6723-2721,
E-mail address: tnagao@msa.kindai.acjp (T. Nagao).
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developed in utero between two female fetuses or two male
fetuses, respectively, did not differ in relative hippocampal
size [8].

The effects of intrauterine position are apparently not the
result of the position itself, but rather of the movement of
steroid hormones between the fetuses, and variations in the .
hormonal environment relative to the proximity of an in-
dividual fetus to other fetuses of the same or opposite sex
[9]. Male rats located between two females had elevated
serum estradiol and larger prostates than males located be-
tween two males, which had elevated serum testosterone
and larger seminal vesicles [10]. The effect of intrauterine
position in mice has been correlated with concentrations of
steroid hormones in amniotic fluid and subsequent sexual
activity [11,12].

Recently, intrauterine position has been the focus of
discussions in the toxicology community because of its po-
tential to alter the susceptibility of fetuses to endogenous
hormones and endocrine disrupting chemicals [13,14]. In
this regard, failure to account for intrauterine position in
endecrine disrupting chemical toxicology studies could lead
to false negative results, especially when adverse alterations
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are produced by low doses in fetuses from only one in-
trauterine position [14,15]. This possibility has been raised
because of investigations into estrogenic compounds in

mice. In rats, consistent effects due to intrauterine position -

on testosterone concentrations, and therefore potential inter-
actions with endocrine disrupting chemicals, have not been
found. Howdeshell and vgm Saal [16] demonstrated that the
greatest response to the estrogenic chemical, bisphenol A,
occurred in males and females with the highest background
levels of endogenous estradiol during fetal life, due to their
intrauterine position, while fetuses with the lowest endoge-
nous levels of estradiol showed no response to maternal
bisphenol A within the range of human exposure, suggesting
that estrogen-mimicking chemicals interact with endoge-
nous estrogen in altering the course of development. It has
been demonstrated that 2,3,7,8-tetrachlorodibenzo-p-dioxin
interacted with endogenous estradiol to disrupt prostate
gland morphogenesis in male rat fetuses [17].

The objectives of this study were to determine the ef-
fects of intrauterine position, under normal physiological
conditions, on the development of rat offspring, as well as
sexual maturation, estrous cycle, behavior, and reproduc-
tive organ development. Another objective of this study was
to determine whether the intrauterine position of mouse fe-
tuses, which is related to background levels of estradiol and
testosterone, would influence the response of the postnatal
growth of gonads, including sexual maturation, to low dose
17p-estradiol. '

2. Materials and methods

2.1. Animals

Sprague-Dawley rats (Crj:CD, IGS), and ICR mice
(Crj:CD-:1) were purchased from Charles River, Laborato-
ries, Inc. (Atsugi, Japan). Twenty-seven male rats (9 weeks
of age), 84 female rats (8 weeks of age), 130 male mice
(9 weeks of age), and 130 female mice (8 weeks of age),
were used. The rats and mice arrived with mean weights
of 301.1 & 7.9 g for males and 216.2 & 8.1g for females,
and 37.2 &+ 1.2 g for males and 29.1 £ 0.9g for females
(mean % S.D.), respectively. The animals were acclimated
{o the laboratory for 7-14 days prior to the start of the
experiments to evaluate weight gain and any gross signs of
disease or injury. The animals were housed individually in
stainless steel, wire-mesh cages in a room with controlled
temperature (22-25 °C) and humidity (50-65%), with lights
on from 07:00 to 19:00h daily. The animals were given
access to food (NIH-07-PLD: phytoestrogen low diet, Ori-
ental Yeast Co., Japan) and tap water through metal pipes
(distilled water, Wako Pure Chem., Japan) ad libitum. In a
few instances, the temperature and humidity were outside
the standard ranges, but the magnitude and duration of
these incidents were minimal and judged to be of no conse-
quence. The contents of genistein and daidzein in the diet

and wood bedding (ALPHA-dri, Shepherd Specialty Paper,
USA) used in the present study were determined. Neither
genistein nor daidzein were hot detected in the diet or wood
bedding (detection limit: 0.5mg/100g in each individual
phytoestrogen, by HPLC). ‘

+ Animal care and use conformed to published guidelines
[18].

2.2, Experiment I (examination of intrauterine position -
effect on postnatal growth in rats)

2.2.1. Cesarean delivery and fostering

Estrous female rats at 10-11 weeks of age were cohabited
overnight with a single male to obtain 66 pregnant females
within 4 days. The next morning, females with sperm in
their vaginal smears were regarded as pregnant, and this
day was designated as day O of gestation. Thirty-three preg-
nant females were killed by CO; asphyxiation and cervical
dislocation, and subjected to cesarean sectioning on day
21 of gestation. The fetuses were rapidly collected, and
their intrauterine position was recorded, identified by tattoo,
weighed, and sexed. Anogenital distance (AGD) was mea-
sured with a digital micrometer (reproductive precision of
0.01 mm, Digimatic caliper CD-15C, Mitutoyo Co., Kana-
gawa, Japan) under an Olympus dissecting microscope for
each fetus, and the average was taken. The subject was held
steady and in the same position during measurement. Mea-
surements were made without knowledge of intrauterine
position by one person. The AGD was measured from the
center of the phallus to the center of the anus. The fetuses
obtained by cesarean delivery were fostered to 33 dams that
had just given birth naturally (one litter to each female). The
original littermates remained together when cross-fostered.
The litter sizes were similar for each cross-fostered dam.
The day of cesarean section was considered as postnatal
day (PND) 0. Pup body weights were recorded on PND 21
(day of weaning). Following weaning, and until 10 weeks
of age, offspring were weighed once a week.

Neonates from 33 pregnant females were categorized as
occupying six different intrauterine positions: 2M (male fe-
tus located between two male fetuses; number of pups and
litters on PND 0 = 36 and 19); 1M (male fetus that located
between a male fetus and a female fetus; n = 73 and 27);
OM (male fetus located betweén two female fetuses; n = 45
and 24); 2F (female fetus located between two female fe-
tuses; n = 38 and 18); IF (female fetus located between a
female fetus and a male fetus; n = 83 and 29); OF (female
fetus located between two male fetuses; n = 41 and 27).
Fetuses adjacent to dead embryos (resorptions or macerated
fetuses), and. fetuses that were closest to each ovary or the
cervix, were discarded from further analyses.

2.2.2. Observations of postnatal growth

2.2.2.1. Measurement of AGD and reproductive organ
weights, and evaluation of sexual maturation. On PND
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