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receptor (Fshr), p450 side chain cleavage enzyme (Cyp11al), 17-a-hydroxylase (Cyp17a1), Aromatase (Cyp19), estrogen receptor-g (Esr2), cyclin D2 (Ccnd2),
insulin-like growth factor 1 (igf1), cyclooxygenase 2 (Ptgs2), or progesterone receptor (Pgr) gene expression in AR*Y* 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—c). 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~ 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. 1k). Serum
levels of 17B-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. 1g), 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~'~, 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.
1j), 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 AR~ 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
seen in 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 d and h); 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 (Lhr),
FSH receptor (Fshr), p450 side chain cleavage enzyme
(Cypllal), 17-a-hydroxylase (CypI7al), aromatase (Cypl19), es-
trogen receptor-B (Esr2), cyclin D2 (Ccnd2), or insulin-like
growth factor 1 (fgfl) of 8-week-old AR™'~ ovaries at the
proestrus stage, and further cyclooxygenase 2 (Prgs2) 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 c) Semiquantitative RT-PCR analysis of AR-regulated 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*/*
mouse ovaries. (e) Induction of KITLG gene expression by DHT treatment in KGN cells. (f and g) Androgen responsiveness in the mouse and human kit ligand

promoters by a luciferase assay performed by using KGN cells. Data are shown as mean * SEM and were analyzed by using Student’s t test.

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. 4a; 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 (Kitl) (25), morphoge-
netic protein 15 (Bmpl5) (26), growth differentiation 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
earlier, 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 Kiirl is a granulosa cell-derived factor and
stimulates oocyte growth and maturation (29-31), down-
regulation of the Kirl 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 Kitl 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 Kitl 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, Kitl 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 Bmpl$,
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 Hyf is secreted by theca cells and acts
as a granulosa cell growth factor (36). Down-regulation of these
factors, presumably due to decrecased Kirl 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-
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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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