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ABSTRACT

Androgens/androgen receptor (AR) signaling is involved
primarily in the development of male-specific phenotypes
during embryogenesis, spermatogenesis, sexual behavior, and
fertility during adult life. However, this signaling has also been
shown to play an important role in development of female
reproductive organs and their functions, such as ovarian
folliculogenesis, embryonic implantation, and uterine and
breast development. The establishment of the testicular
feminization (Tfm) mouse model exploiting the X-linked Tfm
mutation in mice has been a good in vivo tool for studying the
human complete androgen insensitivity syndrome, but this
mouse may not be the perfect in vivo model. Mouse models
with various cell-specific AR knockout (ARKO) might allow us
to study AR roles in individual types of cells in these male and
female reproductive systems, although discrepancies are found
in results between labs, probably due to using various Cre mice
and/or knocking out AR in different AR domains. Nevertheless,
no doubt exists that the continuous development of these
ARKO mouse models and careful studies will provide informa-
tion useful for understanding AR roles in reproductive systems
of humans and may help us to develop more effective and more
specific therapeutic approaches for reproductive system-
related diseases.

ARKO mice, androgens, androgen receptor, fertility, male
sexual function, reproductive system, sex differentiation,
spermatogenesis

INTRODUCTION

Androgens are steroid hormones that control male sexual
development and the adult male phenotype as well as
maintenance of reproductive functions. Androgens exert most
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of their effects through genomic actions, which involve their
binding to the androgen receptor (AR), leading to AR
transactivation that in turn results in the modulation of AR
downstream gene expressions [1]. Besides the genomic
regulation, androgens are activated through nongenomic
mechanisms [2, 3]. Therefore, several steroidal and nonsteroi-
dal AR ligands have been developed for therapeutic use,
including the treatment of male hypogonadism (AR agonists)
and prostate diseases (AR antagonists) (for review, see [4]).

The ARs are expressed in male reproductive organs, such as
efferent ductules, urogenital sinus, Wolffian ducts (WDs),
epididymides, ductus deferens, seminal vesicles (SVs), coag-
ulating glands, prostates, and bulbourethral glands, from
Embryonic Day (E) 13 to Postnatal Day (P) 10 [5]. Androgens
also influence female reproductive functions, including ovarian
function through interaction with the AR during early follicular
development [6, 7], and AR is expressed in various ovarian cell
types [8, 9]. So, dysregulation of androgen/AR signaling is
expected to perturb normal male and female reproductive
development.

In vivo animal studies using androgen agonists/antagonists
[10, 11] have revealed the roles of androgen/AR signaling in
the male reproductive system. Importantly, the establishment of
the testicular feminization (Tfm) mouse model exploiting the
X-linked Tfm mutation in mice [12] provides an excellent in
vivo model to study the human complete androgen insensitivity
syndrome (CAIS), because both exhibit inactive AR and
display female genital phenotypes, including cryptic testes,
lack of male external genitalia, and absent accessary sex
organs, despite differences in circulating levels of testosterone
and estradiol (E2).

Importantly, the androgen effect may not be equal to the AR
effect, and early data showed that the number of AR-positive
cells in the human fetal penis was not changed after castration
[13], suggesting that the mouse model with castration (loss of
androgen) or total knockout of AR (loss of androgen and AR)
may not be the perfect in vivo models to distinguish the
androgen roles versus the AR roles in individual cell types
within reproductive systems.

The development of various AR knockout (ARKO) mouse
models with AR deleted in specific cell types provides an
excellent tool to study AR physiological roles in selective cell
types within reproductive systems. This review focuses on the
AR roles in male and female reproductive systems, including
those recent in vivo results generated from various ARKO
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TABLE 1. Summary of various ARKO mice studied in the reproductive systems.*
Mouse model Cre mouse Target cell types Phenotypes
Male fertility and

spermatogenesis

ARKO ACTB-Cre All cell types Female-like appearance, small testes with cryptorchidism, smaller or no
accessory sex organs, low androgen level, and infertility with arrested
spermatogenesis [28, 34].

ARKO PCK-Cre All cell types Female-like appearance, small testes with cryptorchidism, complete androgen
insensitivity [29], substantially reduced Leydig cell number [35], and
progressive reduction in Sertoli cell number and capacity to support
spermatogenesis [30].

ARTE¥3 CMV-Cre All cell types Female-like appearance, small testes with cryptorchidism, and complete
androgen insensitivity [31].

SC-ARKO AMH-Cre Sertoli cells Smaller testes with hypotestosteronemia, infertility with spermatogenesis
arrested and no mature sperm in epididymides [29, 30, 33, 34], moderately
decreased Leydig cell number [35], and defective seminiferous tubule
development [44, 46].

SC-AR™E3 AMH-Cre or Sertoli cells Smaller testes and infertility with spermatogenesis arrested [37].

Abp-Cre

LC-ARKO AMHR2-Cre Leydig cells Atrophied testes and epididymides, infertility with spermatogenesis arrested,
and no sperm in epididymides [56].

PMC-ARKO SM22a—Cre Smooth muscle cells ARKO in peritubular myoid cells and normal fertility with oligozoospermia
[59].

SM-ARKO SM22a~Cre Vascular smooth muscle  ARKO only in vascular smooth muscle cells in the testes, normal fertility with

cells altered Leydig cell function vasomotion and fluid dynamics [65].

PTM-ARKO SMMHC-Cre Smooth muscle cells ARKO in ~50% peritubular myoid cells, 86% reduction in testes size,
infertility with azoospermia, normal hormone levels [61], abnormal
development of Leydig cells [64], smaller seminal vesicles in adulthood with
less smooth muscle, and reduced epithelial height [67].

GC-ARKO Sycp1-Cre Germ cells Normal fertility and sperm count [34].

Pes-AR X3 Probasin-Cre Prostate epithelial cells No effect on the testes, smaller seminal vesicles and epididymides with

Testicular descent
GU-ARKO

SM-ARKO
M-ARKO

Development and
maintenance of
the epididymides
ARKO
ARKO

WDes-ARKO

ProxE-ARKO

ProxE-ARKO

Pes-AR~FX3

Prostatic development
and tissue
homeostasis
ARKO
Fsp-ARKO

SM-ARKO
PTM-ARKO

Rarb-Cre

SM22a—Cre
ACTAT1-Cre

Hprt-Cre
CAG-Cre

AP2a-Cre

RNase10-Cre

FoxG1-Cre

Probasin-Cre

ACTB-Cre
FSP1-Cre

SM22a-Cre
SMMHC-Cre

Fsp-ARKO/SM-ARKO FSPi-Cre and

Pes-ARKO

Pes-AREX3

Pbes-ARKO

SM22a-Cre
Probasin-Cre

Probasin-Cre

CK5-Cre

Gubernacular ligament

Smooth muscle cells
Skeletal muscles

All cell types
Most, if not all, cell types

Embryonic Wolffian duct
and epididymal
epithelium

Proximal epididymal
epithelial cells

Proximal epididymal
epithelial cells
Prostate epithelial cells

All cell types
Fibroblasts

Smooth muscle cells
Smooth muscle cells
Fibroblasts and smooth
muscle cells
Prostate epithelial cells

Prostate epithelial cells

Prostate basal epithelial
cells

reduced epithelial height, thinner smooth muscle layers, and subfertility
[91].

Cryptorchidism, smaller testes and epididymides, early subfertility, and late
infertility [88].

No effect on testicular descent [88].

No effect on testicular descent [88].

Embryonic Wolffian duct regression 2 days later than in normal females [94].

Embryonic Wolffian duct regression with increased caudal epithelial cell
apoptosis and decreased proliferation in the epididymides [95].

Selective ARKO in epithelial cells of Wolffian duct and epididymides, no effect
on Wolffian duct stabilization, but impaired epithelial cell differentiation in
the epididymides [95].

Selective ARKO in principal cells with epithelial hypoplasia and hypotrophy,
epididymal obstruction, atrophy of seminiferous epithelium, orchitis, fibrosis
of testicular parenchyma, and infertility [98].

Selective ARKO in principal cells with epithelial hypoplasia and smooth
muscle disorganization, resulting in ductal obstruction and infertility [99].
AR exon 3 ablated in caput, corpus, and caudal regions of the epididymides,

resulting in smaller epididymides [91].

No prostate developed [34].

Underdevelopment of prostatic glands with decreased proliferation and
increased apoptosis in the epithelium [114].

Decreased epithelial folding with decreased epithelial proliferation [115].

Reduced prostate weight with histological abnormalities and infertility [68].

Pronounced increase in epithelial proliferation and apoptosis [116].

Enlarged ventral prostate with fewer ductal brunches and stromal dystrophy,
increased basal intermediate cell proliferation, luminal cell apoptosis, loss of
luminal cell differentiation, and decreased smooth cell differentiation [117,
120].

Decreased prostatic weight in all lobules with abnormal epithelial cell
clustering, and increased epithelial cell proliferation and basal cell density
[119].

Normal prostate lobular size with disorganization of basement membrane and
increased basal cell proliferation [123].
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TABLE 1. Continued.
Mouse model Cre mouse Target cell types Phenotypes
Female reproductive

system

ARKO ACTB-Cre All cell types Abnormal mammary gland development and growth retardation [182].
Subfertility with abnormal estrus cycle, premature ovarian failure, and
smaller uteri [154]. Subfertility in heterozygous knockout mice [154, 182].

ARKO CMV-Cre Most, if not all, cell types  Subfertility with premature ovarian failure and impaired mammary gland
development [155].

AR™E CMV-Cre Most, if not all, cell types  Subfertility, abnormal estrous cycle, and folliculogenesis without ovarian failure
[156]. Subfertility in heterozygous knockout mice [156]. Normal uterine and
lactation function with increased uterine horn length as well as decreased
uterine diameter and total uterine area [157].

GrC-ARKO MisRII-Cre Granulosa cells Subfertility with premature ovarian failure [9].

Oo0-ARKO GDF9-Cre Oocyte Normal fertility and ovarian morphology [9].

GU-ARKO Rarb-Cre Gubernaculum and others ~ Well-developed nipples in male mice [88].

* All phenotypes are relative to wild-type littermates. All abbreviations are as described in the text.

mouse models concerning development and homeostasis of
male and female reproductive systems. The mouse models are
summarized in Table 1.

AR ROLES IN THE MALE REPRODUCTIVE SYSTEM

Sex determination in the human is a genetically controlled
phenomenon that results in the commitment of an undifferen-
tiated fetal gonad to either an ovary or a testis. Early human
embryos develop both Wolffian (male) and Miillerian (female)
genital ducts, with sex differentiation involving selective
development of one duct and regression of the other.
Testosterone levels begin to rise after differentiation of the
interstitial cells (steroid-producing Leydig cells) of the fetal
testis, which occurs by Embryonic Weeks 8-9. Testosterone
controls development of WDs, accessory structures, and male
external genitalia, including epididymis, SVs, and vas deferens
via the conversion to the more active dihydrotestosterone
(DHT) [14]. DHT is first detected between 9 and 13 wk of
gestation and might become the mediator of differentiation and
development of the prostate and prostatic urethra internally;
differentiation of the external genitalia, including the penis,
penile urethra, and scrotum; and testicular descent [15, 16].

These tissues and organs also contain multiple cell types
with varying AR expression, so it is impossible to determine
how the AR in each cell type regulates the developmental
processes using these models in which the AR protein is
inactive (Tfm) or completely lost (ARKO) in all cell types.
Therefore, development of several cell-specific ARKO mouse
models has been and continues to be essential to study
androgen/AR signaling in various cell types during testicular
spermatogenesis, testicular descent, and tissue homeostasis of
the prostate and other auxiliary sexual organs in the mouse

(Fig. 1, top).

AR Roles in Male Fertility and Spermatogenesis

In mammals, testosterone and follicle-stimulating hormone
(FSH) are the main regulators of the progression of
spermatogenesis, which can be followed through various
morphologically distinct stages in the testes [17]. The testis
consists of two functional compartments, the seminiferous
tubules and the interstitial space between them, with sper-
matogenesis arising in the seminiferous tubules and androgen
biosynthesis in the interstitial Leydig cells [18]. The interstitial
space consists of the testosterone-producing Leydig cells [19],
macrophages, perivascular smooth muscle cells, and vascular
endothelial cells.

The Sertoli cells provide the structural support for germ cell
development [20, 21], including facilitation of germ -cell
movement and mature germ cell release [22], maintenance of
the blood-testis barrier (BTB), and secretion of seminiferous
tubular fluid [23], as well as various functional glycoproteins
and peptides for nourishment of germ cells [24]. Thus, intimate
functional and junctional communication between Sertoli and
germ cells is essential for spermatogenesis [25].

Peritubular myoid cells, in conjunction with Sertoli cells,
produce the basement membrane required to maintain normal
tubule morphology. Several important functions of peritubular
myoid cells have been proposed [26, 27].

The fact that spermatogenesis in Tfm [12] and various
ARKO male [28-32] mice is arrested at the pachytene
spermatocyte stage suggests the AR plays important roles
during later stages of sperm formation and maturation by
influencing the four major cell types: Sertoli, Leydig,
peritubular myoid, and germ cells.

The AR in Sertoli cells is essential for spermatogenesis.
Sertoli cell-specific ARKO (SC-ARKO) male mice were
generated [30, 33] by crossing exon 2-floxed AR mice [28,
29] with anti-Miillerian hormone (AMH) promoter-driven Cre
(AMH-Cre) mice, which is specific for Sertoli cells in the testes
and granulosa cells in the ovary [18]. Comparison of SC-
ARKO mice with wild-type (Wt) mice indicated that SC-
ARKO mice develop normally except for smaller testes (78.5%
decline vs. Wt) [30, 33-36], smaller epididymides [29, 34, 36],
and infertility, with spermatogenesis arrested at the diplotene
premeiotic stage and no mature sperm detected in the
epidid;(/mides [29, 33, 34]. Similar results were seen in SC-
AR F*3 (exon 3 is knocked out) mice despite the fact that a
truncated AR with nongenomic function was still expressed in
Sertoli cells and might influence Sertoli cell functions [37].
These observations suggest that in Sertoli cells, AR signaling,
especially its genomic function, is critical for germ cell meiosis
and spermatogenesis. Decreased germ cell (spermatogonia)
proliferation [33] and increased apoptosis of pachytene and
metaphase spermatocytes [29, 33, 34] were found in the testes
of SC-ARKO mice compared to Wt mice. These findings
support previous observations that testosterone regulates
survival of spermatocytes and spermatids [38] and further
suggest that AR signaling in Sertoli cells regulates survival of
these cells. Serum testosterone levels decreased, whereas
luteinizing hormone (LH) levels increased, in SC-ARKO mice
compared to Wt mice [33, 36, 37]. The hypotestosteronemia in
SC-ARKO mice might be due to increased expression of AMH
[33], which regulates differentiation of Leydig cells and their
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Multi-ARKO Premature ovarian failure
Multi-AREC  Abnormal folliculogenesis
GrC-ARKC  Premature ovarian failure

Oo-ARKO Normal
Fertility
T-ARKO Sub-fertility

Multi-ARKO Sub-fertility
Multi-ARES  Sub-fertility

Male Reproductive System Adrenal gland Seminal vesicle development
P > T-ARKO Smaller §V
Kidney . 2 T
PMC-ARKC Smaller SV
?rf;_;g 'JIdEVEIUPNI:ej:;tnstate Pes-ARFG Smaller SV
Fsp-ARKO Impaired development | Ureter
PMC-ARKO Small prostate Bladder — \ ;I/'_._ Seminal vesicle .
Sm-ARKO  Impaired folding \ Y Fertility and spermatogenesis
Fsp/SmARKO Impaired growth N ¥ T-ARKO Infertility with spermatogenesis arrest
Pes-ARK(C)  Enlarged prostate Prostate gland —"‘. n SC-ARKO  Infertility with spermatogenesis arrest
Pes-AREZ  Smaller prostate Urogenital — % J—Vas deferens SC-AREG Infertility with spermatogenesis arrest
Phes ARKO Increased basal cell orifice \ | Epididymis LC-ARKOQ  Infertility with spermatogenesis arrest
vanke od \ bt Sm-ARKO Normal fertility with oligozoospermia
S O = :
Epldl‘d!l‘mls development '\, U*T‘“" PMC-ARKQ Infertility and azoospermia
Multi- ARKO  Wolffian duct regression ) A \\ primord  GC-ARKO  Normal fertility and sperm count
A-ARKO i Epithelial dysdifferentiation \ \ i > TR A-ARKO Sub-fertility with low sperm number
ProxE-ARKO Infertility Pes-AR®3  Normal fertility
Pes-AREX Smaller epididyrmis
Female Reproductive System - —
o T-ARKO Impaired development
vary Multi-ARKQ Impaired devel
T-ARKO Abnormal folliculogenesis o

secretory cells

GrC-ARKO  Sub-fertility Nioole
Oo-ARKO Normal fertility i
FIG. 1. Effect of various tissue-specific ARKO on female and male reproductive systems in mice. In the male reproductive system (top), loss of the AR in

specific types of cells can impair the fertility function, the spermatogenesis process, and the development of sex accessory organs, such as the
epididymides, SV, and prostate. In the female reproductive system (bottom). the AR can play essential roles. ARKO in certain types of cells can cause
abnormal development of the ovary and mammary gland, subfertility, and premature ovarian failure. T-ARKO is ARKO(ACTB-Cre), Multi-ARKO is
ARKO(CMV-Cre), and Multi-AR®? is AR*3(CMV-Cre) denoting total ARKO, multiple ARKO, and multiple AR®® mice, respectively. The remaining

abbreviations are as described in the text.

production and secretion of testosterone. In contrast, elevated
LH levels observed in these mice might be due to reduced
feedback inhibition of their release by androgens. However,
hypotestosteronemia and elevated LH levels in SC-ARKO
mice were not observed in other studies [29, 35], and the
discrepancy could be due in part to the use of different analyses
[39, 40].

During spermatogenesis, the primary spermatocytes migrate
from the basal compartment to the adluminal compartment,
traveling across the BTB [41], with the highest AR-immuno-
positive nuclear staining in Sertoli cells occurring during stages
VII-VIII [42, 43]. SC-ARKO testes displayed defective
seminiferous tubule development, including delayed and
defective Sertoli cell barrier formation with defective Sertoli
cell maturation, reduced seminiferous tubule luminal volume,
and faulty cytoskeletal development [36, 44]. At P10.5,
seminiferous tubules in Wt testes began to form the central
Iumen, whereas this did not occur in SC-ARKO testes [36].
This lack of central lumen persisted to P50, at which the mice
reach puberty. After puberty (P50), SC-ARKO testes exhibited
obvious duplication of basal lamina in the seminiferous
epithelium [36, 44]. Moreover, in tubules of SC-ARKO testes,

the majority of spermatogenesis did not proceed beyond the
pachytene primary spermatocyte stage [36].

Analysis of gene expression profiles at P10.5 or earlier
displayed significant alterations in the expressions of vimentin
and laminin o5 [36] as well as several other genes involved in
tubular remodeling and junctional dynamics [44, 45]. Results of
a subsequent study suggested that both Sertoli cell AR and the
presence of differentiated germ cells are required for mainte-
nance of the Sertoli cell organization within the seminiferous
tubules [46]. One of the cytoskeletal components, beta-tubulin
isotype Tubb3, an AR-target gene, was found to be differentially
regulated between P10 and adulthood in SC-ARKO testes
compared to Wt testes [47]. Early studies in Tfm mice have
indicated that global inactivation of the AR resulted in reduction
of Sertoli cell number in the testes [48], an observation
confirmed in phosphoglycerate kinase promoter-driven Cre
ARKO (ARKO[PGK-Cre]) mice [30]. In testes of the SC-
ARKO [30, 39] and SC-AR ™ [37] mice, the Sertoli cell
numbers were comparable to those in Wt testes, indicating that
perinatal Sertoli cell proliferation is independent of Sertoli cell
AR. However, a detailed examination indicated a disturbance of
Sertoli cell nuclear maturation in SC-ARKO mice [33].
Comparison of gene expression between the testes of adult jsd
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(Utp14b7¥5?; juvenile spermatogonial depletion) and SC-
ARKOQ/jsd mice suggested that some AR-regulated genes in
Sertoli cells might be involved in the regulation of spermato-
gonial differentiation [49].

O’Shaughnessy et al. [40] generated mice lacking FSH
receptor (FSHRKO), SC-ARKO, and FSHRKO/SC-ARKO
double-knockout mice and investigated their AR role in Sertoli
cell function and spermatogenesis. Sertoli cell numbers and
total spermatogonia numbers were reduced in both FSHRKO/
SC-ARKO and FSHRKO mice compared to Wt control mice,
but no significant differences were found between the two
mutant mice, supporting the role of FSH receptor in
maintaining spermatogonia numbers and the lack of a role
for Sertoli cell AR in spermatogonial development. In contrast,
spermatocyte numbers were reduced in both FSHRKO and SC-
ARKO testes and more substantially reduced in the FSHRKO/
SC-ARKO testes, suggesting that both FSH receptor and
Sertoli cell AR are involved in meiosis. O’Shaughnessy et al.
[48] also compared testicular morphology and spermatogenesis
among Wt, FSHRKO, SC-ARKO, FSHRKO/SC-ARKO,
ARKO(PGK-Cre), and FSHRKO/ARKO(PGK-Cre) male
mice. Analyses of testicular morphology and cell count showed
that Sertoli cell numbers in ARKO(PGK-Cre) mice were
decreased until adulthood, whereas those in FSHRKO mice
were reduced slightly up to P20 and became more markedly
reduced in adulthood. However, Sertoli or Leydig cell numbers
were not altered in SC-ARKO mice. Leydig cell numbers in
FSHRKO and ARKO(PGK-Cre) mice were normal from P1 to
P5 but became significantly reduced by P20. Germ cell
numbers were similar in all genotypes from P1 to P5 but
became markedly reduced by P20 in FSHRKO and ARKO
mice, and they were synergistically reduced when both
receptors were knocked out. SC-ARKO mice had few changes
in germ cell numbers but displayed synergistic effects with
FSHRKO. Those authors concluded that FSH receptor and AR
play age-dependent roles in testicular development and
spermatogenesis.

The hypogonadal (hpg) mutant mice that lack circulating
gonadotropins and intratesticular androgen production dis-
played disruption of spermatogenesis [50, 51]. To differentiate
the direct roles of FSH from those mediated via androgen/AR,
O’Shaughnessy et al. [52] generated hpg/SC-ARKO and hpg/
ARKO(PGK-Cre) mice and investigated testicular morphology
and spermatogenesis in response to FSH treatment. Both types
of mice exhibited smaller testes, but hpg/ARKO(PGK-Cre)
testes had fewer germ cells and Sertoli cells than hpg mice.
Treatment with FSH increased testes sizes in both genotypes
but increased intratesticular testosterone level only in hpg
testes. It was concluded that FSH acted to stimulate
spermatogenesis through increasing spermatogonial numbers
and subsequent entry of these cells into meiosis but had no
direct effect on the completion of meiosis, being partially
dependent on androgen/AR signaling. In addition, the
stimulatory effect of FSH on Leydig cell numbers was shown
to be dependent on interstitial AR [53], and probably
dependent on AR in Leydig cells [54].

Schauwaers et al. [55] generated a germline AR knock-in
mouse model termed SPARKI in which mouse AR DNA-
binding zinc finger 2 (zf2) sequence was replaced by
glucocorticoid receptor second zinc finger sequence. These
male SPARKI mice exhibited normal body weight, with
normal body fat, muscle, and bone. Their serum testosterone
and gonadotropin levels were also normal. However, male
SPARKI mice exhibited smaller reproductive organs than Wt
mice and were subfertile except for normal testicular descent.
Germ cell analysis indicated that meiosis was not completely

blocked, with the number of round and elongated spermatids
reduced by 47% and 44%, respectively. This observation
indicated that Sertoli cells of SPARKI mice could not fully
support completion of meiosis.

In summary, the AR in Sertoli cells likely is essential for
normal spermatogenesis and fertility and might play an
important role in regulating the expression of several genes
involved in seminiferous tubular restructuring, junctional
dynamics, and nursery functions of germ cells, although the
exact AR regulatory mechanisms remain to be elucidated.

The AR in Leydig cells may be essential for normal
spermatogenesis. Leydig cell-specific ARKO (LC-ARKO)
male mice have been generated [56] by crossing of male mice
carrying Leydig cell-specific AMH receptor 2 promoter-driven
Cre recombinase (Amhr2-Cre) [57] with females carrying
homozygous exon 2-floxed AR [28]. Male LC-ARKO mice
exhibited normal appearance compared to Wt male mice except
for atrophied testes and epididymides. LC-ARKO mice were
infertile, with spermatogenesis found to be arrested predom-
inately at the round spermatid stage and no sperm detected in
epididymides. LC-ARKO mice also had lower serum testos-
terone levels and higher serum LH and FSH levels than Wt
mice [56]. Hypotestosteronemia in LC-ARKO mice may not be
attributed to the reduced numbers of Leydig cells but to the
alterations in the expression levels of several key steroidogenic
enzymes, including 17B-hydroxysteroid dehydrogenase III
(17BHSD3), 3BHSD6, and cytochrome P450c17 (P450c17),
which were also found to be altered in Leydig cells of adult
Tfm mouse testes [58]. These observations suggested that a
functional AR in Leydig cells might be essential to maintain
normal spermatogenesis, testosterone production, and male
fertility [56]. However, immunohistochemical staining of LC-
ARKO testes indicated that AR was not knocked out in all
Leydig cells, and AR loss was also observed in some Sertoli
cells. Therefore, the phenotypes observed in LC-ARKO mice
could be due to combined AR ablation effects in Leydig and
Sertoli cells.

The AR in peritubular myoid cells in spermatogenesis is
inconclusive. Testicular peritubular myoid cell-specific AR-
KO (PMC-ARKO) mice have been generated [59] by crossing
male smooth muscle protein 22a (SM22a)-Cre mice [60] with
female mice carrying heterozygous exon 2-floxed AR gene
[28]. Serum levels of testosterone, LH, and FSH in PMC-
ARKO mice were comparable to those in Wt mice, and the
distribution and apoptosis rates of germ cells in the testes were
similar between PMC-ARKO and Wt mice. Except for smaller
testes and lower epididymal sperm counts (76% and 42.7% of
those in Wt mice, respectively), the PMC-ARKO mice, which
are also designated smooth muscle ARKO (SM-ARKO) mice,
displayed normal appearance, with normal external and internal
genitalia, as well as normal fertility compared to Wt mice.
Several Sertoli cell functional and junctional genes and
peritubular myoid cell contractility-related genes were also
altered in PMC-ARKO mice [59]. Apparently, lack of AR in
peritubular myoid cells affected their regulatory effects on
Sertoli cell function, thereby decreasing nursery functions of
Sertoli cells, which in turn led to reduction in germ cell
differentiation and maturation processes. These events resulted
in decreased sperm numbers in the epididymides. Therefore, it
was concluded that the AR in peritubular myoid cells is not
essential for progression of spermatogenesis but is required for
optimal sperm number production.

Welsh et al. [61] generated a different peritubular myoid
ARKO (PTM-ARKO) mouse model by crossing smooth
muscle myosin heavy chain (SMMHC) promoter-driven Cre
(SMMHC-Cre) mice [62] or SM22a-Cre mice with exon 2-
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floxed AR mice [29]. The expression of SMMHC-Cre was
claimed to be confined to vascular and nonvascular smooth
muscle cells [63]. Those authors reported that testes of the
PTM-ARKO mice generated with SMMHC-Cre mice ex-
pressed Cre and mediated partial ARKO in peritubular myoid
cells, whereas the SM22a-Cre-generated PMC-ARKO (or SM-
ARKO) mice expressed Cre recombinase only in vascular
smooth muscle cells in the testes and did not have knockout of
AR in peritubular myoid cells [63].

The PTM-ARKO mice [61] displayed phenotypes very
similar to those of the PMC-ARKO mice [59]. The PTM-
ARKO mice showed changes in Leydig cell function,
vasomotion, and fluid dynamics due to ARKO in vascular
smooth muscle cells and became azoospermic and infertile.
The weights of PTM-ARKO testes were comparable to those of
Wt testes at P12 but decreased progressively with age starting
at P15, reaching 86% reduction after puberty compared to Wt
testes. PTM-ARKO seminiferous tubules were smaller in
diameter and exhibited reduced luminal volume, fewer germ
cells, and disorganized Sertoli cells compared to Wt tubules,
particularly in the adult testes. Total germ cell volume was
significantly decreased with age-dependent progressive reduc-
tion in all germ cell types. Intratesticular testosterone and
serum LH levels were elevated in their PTM-ARKO mice
compared to Wt mice. Welsh et al. [61] concluded that AR
signaling in peritubular myoid cells is essential for normal
testis function, spermatogenesis and fertility.

Further studies on PTM-ARKO mice indicated that the
development, ultrastructure, and functions of Leydig cells were
affected by ARKO in peritubular myoid cells. Immunohisto-
chemical analysis indicated both normal and abnormal
populations of Leydig cells, yet total Leydig cell numbers
were not affected. In abnormal Leydig cells, the expression
levels of the AR and Leydig cell marker genes were reduced.
Welsh et al. [64] concluded that peritubular myoid cells appear
to provide a paracrine modulation of adult Leydig cell
development and function.

The discrepancies between the above-mentioned studies
[59, 61, 64, 65] might be due to different extents of AR
ablation in peritubular myoid cells. The RT-PCR data did not
show the ARKO band in the testes of the SM-ARKO mice of
Welsh et al. [65], as opposed to the PMC-ARKO (SM-ARKO)
mice of Zhang et al. [59], which clearly exhibited the knockout
band. In addition, Welsh et al. [65] were unable to see Cre
expression in SM-ARKO testes, whereas Zhang et al. [59] were
able to observe SM22o-Cre-mediated recombination of
Rosa26-LacZ. These differences indicate that weakened
SM22a-Cre mice might have been used by Welsh et al. [61].
It is possible that the knockout extent in PMC-ARKO mice
[59] was lower than that in the PTM-ARKO model of Welsh et
al. [61], thereby leading to a milder phenotype and the
reduction of peritubular myoid cell AR signaling in PTM-
ARKO mice [61], reaching a threshold level sufficient to
disrupt spermatogenesis and cause infertility. In contrast,
although SMMHC-Cre is expressed strongly in the testis, due
to the ectopic germline expression of Cre [63, 66], the Cre mice
might be capable of mediating low levels of recombination in
vascular smooth muscle cells and some smooth muscle cell-
deficient tissues [63]. In fact, AR ablation in smooth muscle
cells of SVs [67] and the prostate [68] have been reported in
PTM-ARKO mice. Similarly, Cre leakage in PTM-ARKO
testes [61] might lead to partial ARKO in Sertoli and Leydig
cells that is not sufficient to alter their function [61, 64].

The AR in germ cells may not be essential for normal
spermatogenesis. Immunohistochemical localization of the
AR in germ cells has been a subject of controversy. Results of

several studies [69-71] have indicated the presence, whereas
those of others [54, 72, 73] have suggested the absence, of the
AR in testicular germ cells of different species. Nevertheless,
male germ cell-specific ARKO (GC-ARKO) mice have been
generated [34] by mating male mice carrying synaptonemal
complex protein 1 gene promoter-driven Cre (Sycpl-Cre) [74]
with homozygous exon 2-floxed AR females [28]. Young adult
male GC-ARKO mice displayed normal external and internal
genitalia and normal fertility as well as normal spermatogen-
esis. Their epididymal sperm counts, sperm motility, and serum
testosterone levels were also comparable to those of Wt mice.
These observations indicate that androgen/AR signaling in
testicular germ cells may not be essential for spermatogenesis
[34], and they corroborate the same conclusion derived from
the early observations by Lyon et al. [75], studying normal
sperm development with Tfm germ cells in chimeric mice, and
by Johnston et al. [76], studying spermatogonial transplanta-
tion.

The above-mentioned studies have provided the AR roles
by which each testicular cell type modulates spermatogenesis
and are summarized in Figure 1 (top).

AR Roles in Testicular Descent

Testicular descent occurs in two distinct and sequential
phases [77]. During the first, called the transabdominal phase,
the gubernaculum develops and grows, thus pulling the testes
toward the base of the abdomen. Each of the two phases of
testicular descent is regulated via a hormone secreted by
Leydig cells, and disrupted production of either hormone is
responsible for a disorder called cryptorchidism, or undescend-
ed testes [78]. Androgen/AR signaling might regulate inguino-
scrotal testicular descent via the control of release of calcitonin
gene-related peptide (CGRP) from the genitofemoral nerve
(GFN) [79]. In addition, androgen/AR signaling might also
involve cell proliferation in the gubernacular tip in response to
CGRP stimulation [80].

The AR is expressed in the parenchymal cells of the
gubernaculum during fetal and postnatal life [81]. In 3-day-old
rats treated with E2 to induce cryptorchidism and with human
chorionic gonadotrophin (hCG), the testicular descent was
evoked with increased numbers of AR-expressing fibroblasts
located in the connective tissue of the gubernacular cord and
between striated muscle fibers in the gubernacular bulb [82]. In
hCG-treated rats, increases also were found in AR-expressing
GFN motor nuclei versus untreated rats [83]. In contrast,
prenatal androgen blockade in rats, which caused cryptorchi-
dism, decreased CGRP-containing neurons in the GFN [84],
suggesting that androgen/AR signaling modulates CGRP
production. Both PMC-ARKO and SM-ARKO mice exhibited
normal testicular descent [59, 65], suggesting that the AR
ablation in gubernacular fibroblasts and smooth muscle cells in
these models might not be critical for normal testicular descent.
Various neuronal ARKO mice [85-87] also displayed normal
testicular descent, although it is not certain whether the AR in
GFN was knocked out in these mice.

Most recently, Kaftanovskaya et al. [88] generated guber-
naculum-specific ARKO (GU-ARKO) mice by crossing male
mice carrying retinoic acid receptor 2 promoter-driven Cre
(Rarb-Cre) [89] with female mice carrying homozygous exon
2-floxed AR [29]. The Rarb-Cre transgene was shown to
express mainly in various gubernacular cells in newborn males,
with strongest expressions seen in the mesenchymal cells of the
gubernacular bulb and the epithelial cells of the gubernaculum
ligament. Compared to Wt littermates, GU-ARKO mice
exhibited AR ablation in all parts of the gubernaculum and
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some stromal cells of the caudal epididymides. These mice
developed all parts of the male reproductive system except for
50% smaller testes and epididymides when compared to Wt
littermates. However, the testes did not descend to the scrotum
and remained located in the abdominal cavity. Interestingly,
these mice were shown to be subfertile when young (age 6-12
wk), and infertile when older (age, 4-12 mo) despite normal
testosterone and LH levels. Analyses of testes sections of older
GU-ARKO mice indicated the presence of abnormal seminif-
erous tubules with arrested spermatogenesis and vacuolization
of the Sertoli cells, and the sperm counts in the epididymides
were very low compared to age-matched Wt mice. Histological
analyses indicated maldescent of the testes from P1 to P12 so
that the processus vaginalis of GU-ARKO mice only reached
half the distance of that in the Wt mice, a phenomenon very
similar to what has been observed in Tfm male mice [90]. In
addition, significant numbers of genes involved in extracellular
signaling, matrix composition, and muscle differentiation were
found to be misregulated in the gubernacular cremasteric sac of
GU-ARKO mice. However, ablation of the AR in smooth or
striated muscle cells using SM22a-Cre- or striated muscle-
specific actin-Cre (ACATI-Cre)-mediated ARKO mice (M-
ARKO) did not affect testicular descent, suggesting that
androgen/AR signaling in other cell types in the gubernaculum
regulates testicular descent [88]. Thus, the GU-ARKO mouse
provides a useful in vivo model for studying the mechanism of
testicular descent and AR-related cryptorchidism and associ-
ated infertility.

AR Roles in SV Development and Function

The SVs also depend on androgen/AR signaling for their
normal development and differentiation and for maintenance of
structure and function. The AR is expressed in all cell types
(epithelial, stromal, and smooth muscle) in adult SVs. Welsh et
al. [67] examined the development and function of SVs in their
SMMHC-Cre-mediated PTM-ARKO mice with smooth muscle-
specific AR ablation [61]. They observed that Cre recombinase
was specifically expressed in smooth muscle cells of PTM-
ARKO SVs, so AR was knocked out in smooth muscle cells but
not in the epithelial cells or outer stromal layer of SVs. Adult
PTM-ARKO mice exhibited significantly smaller SVs with less
smooth muscle and reduced epithelial cell height compared to
Wt mice. Adult PTM-ARKO SVs also exhibited reduced
epithelial cell proliferation and seminal proteins production.
Treatment of mice with testosterone plus E2 resulted in
increased size of SVs and epithelial cell proliferation. It was
concluded that the smooth muscle cells play a vital role in
androgen-driven stromal-epithelial interaction in the SVs, which
influences epithelial structure and function and limits prolifer-
ative response of epithelial cells to exogenous E2.

Simanainen et al. [91] examined the probasin-Cre-mediated
prostate epithelium-specific AR (pes-AR **%) mice and
found that AR exon 3 was also knocked out in other sex
accessary organs, including the SVs, epididymides, and vas
deferens. Despite the unexplained Cre expression in the SVs
smooth muscle cells, pes-AR™** mice displayed smaller SVs
than Wt mice. The distal region of pes-AR *** SVs exhibited
normal epithelial morphology with occasional small foci of
hyperplastic epithelial cells, decreased size of the acini, and
thinner stromal smooth muscle layer. Moreover, the expression
levels of two androgen-dependent markers of epithelial function
of SVs, SVS2 and SVP99, in pes—AR_EX3 mice were reduced
compared to Wt SVs. This observation indicates that the
genomic function of SV smooth muscle AR might be important
for normal SV development and function. However, the floxed

AR mice used for generating the pes-AR™5** mice already had

increased SV mass compared to Wt mice [92], so it is not clear
whether the abnormal morphology observed in SVs epithelium
of pes-AR 3 mice was inherited from the floxed AR mice.

AR Roles in Epididymal Development and Homeostasis

The epididymides are male sex accessory organs involved in
androgen-regulated maturation and storage of sperm. Stabili-
zation and subsequent differentiation of the WD is under the
control of testicular androgen. Early studies with Tfm mice
indicated that the activity of the AR is important for virilization
of the WD [93]. Welsh et al. [94] observed that embryonic
treatment of male mice with an antiandrogen plus an inhibitor
of androgen production or ablation of the AR gene (ARKO)
resulted in regression of the WD. These observations also
support the importance of androgen/AR signaling in WD
development and differentiation.

Murashima et al. [95] investigated the role of the AR in WD
stabilization and masculinization in mouse embryos. At E12.5,
the approximate onset of testicular androgen production, AR
was detected in the periductal mesenchyme of both male and
female WDs. The AR expression was detected in the cranial
portion of the WD in E14.5 male embryos during WD
stabilization and gradually increased in both the epithelium and
mesenchyme during morphogenesis of the WD from E16.5 to
E18.5. The WD of chicken beta-actin promoter-driven Cre
ARKO (ARKO[CAG-Cre]) male embryos displayed aberrant
regression from cranial to caudal direction with increased
epithelial cell apoptosis, suggesting the AR plays a pivotal role
in maintaining epithelial survival during WD stabilization.
Male embryos of WD epithelium-specific ARKO (WDes-
ARKO) mice, generated by mating activating enhancer-binding
protein 2-alpha promoter-driven Cre (AP2a-Cre) [96] male and
exon 1-floxed AR [97] female mice, showed selective ablation
of the AR in WD epithelium. In male WDes-ARKO embryos,
AR was undetectable in the majority of epithelial cells in the
WD and the epididymides at E14.5 and E18.5, yet WDs
persisted and coiled epididymides developed at E18.5. No
differences were found in the number of epithelial cells
undergoing apoptosis or proliferation (at E14.5) or in the
expression of smooth muscle cell differentiation markers (at
E18.5) between WDes-ARKO and Wt embryos. These
observations indicated that the epithelial AR signaling is not
essential for WD epithelial cell survival or stabilization or for
mesenchymal cell differentiation during gestation. In contrast,
postnatal differentiation of epithelial cells into basal and
principal cells was retarded, because expression of the markers
of these cells were reduced in WDes-ARKO epididymides.

Krutskikh et al. [98] generated a proximal epididymis-
specific ARKO (ProxE-ARKO) mouse model using ribonu-
clease 10 promoter-driven Cre (Rnasel0-Cre) to elicit ARKO
from exon 2-floxed AR [29]. At the onset of Rnasel0
expression (P20-P25), the AR gene became selectively
inactivated in the principal cells of the proximal epididymides
in these mice, leading to caput epithelial hypoplasia and
hypotrophy. Upon subsequent onset of spermiation, epididy-
mal obstruction occurred, resulting in infertility. O’Hara et al.
[99] also generated a ProxE-ARKO mouse model using
forkhead box G1 promoter-driven Cre (FoxGI-Cre) mice
[100] and exon 2-floxed AR mice [29]. They observed specific
ARKO in epithelial principal cells but not in basal cells or in
caput epididymides. At P21-P100, these mice failed to develop
initial segments and displayed significant decreases in
epithelial height as well as disruption of the smooth muscle
layer, resulting in smaller and irregular ductal shapes compared
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to Wt mice. Their effluent ducts were accumulated with cell
debris, proteinaceous deposits, and spermatozoa that led to
ductal obstruction and infertility. These observations agreed
well with those of Krutskikh et al. [98], indicating that the AR
in the epididymal epithelial principal cells is required for
proper postnatal development and function of the proximal
epididymides.

Simanainen et al. [91] observed smaller epididymides in
pes-AR ™% mice compared to Wt littermates when AR exon 3
was knocked out in the epithelia of caput, corpus, and caudal
regions of the epididymides. They suggested that the
interaction of AR “? protein with some AR coregulators
might influence phenotype manifestations in pes-AR 5% mice.

In male SPARKI mice, all sex organs, including epididy-
mides, were smaller than in Wt mice [55], suggesting that
maturation of spermatozoa in the epididymides might be
impaired. Kerkhofs et al. [101] further studied the effect of
ablating the AR function via interrupting selective androgen-
response elements (AREs) involved in the structure and
function of the epididymides. The epididymides of male
SPARKI mice were found to display abnormal morphology
and had threefold lower sperm count than Wt mice. These
observations indicate that the AR participates in regulating
epididymal sperm maturation and, at least in part, involves its
genomic function via the selective AREs.

AR Roles in Prostatic Development and Tissue Homeostasis

Prostatic stromal AR as stimulator to promote prostate
growth. Tissue recombination studies by Cunha and Lung
[102], Donjacour and Cunha [103], and Cunha and Young
[104] using urogenital sinus mesenchyme (UGM) and
urogenital sinus epithelium indicated that the AR in the
UGM provides signaling for prostatic ductal morphogenesis.
The stromal-epithelial interaction continues to operate and
remains dependent on androgen/AR signaling in the adult
prostate to maintain cellular homeostasis of the organ [105,
106]. Castration of the adults resulted in prostate involution
due to epithelial cell apoptosis [107], a change that could be
reversed by androgen supplementation, which restored pros-
tatic size and ductal morphology [108, 109]. Prostate tissues
recombined from rat UGM plus Wt epithelium or from rat
UGM plus Tfm epithelium exhibited similar rates of apoptosis
in castrated hosts, and androgen supplementation inhibited
apoptosis of these recombinants in a similar manner [110].
These observations suggest that survival of prostatic epithelial
cells is dependent on stromal, but not epithelial, AR signaling.

Gao et al. [111] reported that human and rat prostatic
epithelial cell organoids transplanted subcutaneously into intact
nude mice were able to grow by attracting host mouse
mesenchymal cells to form a stromal environment. However,
transplantation of rat prostatic epithelial cells into castrated
nude Tfm mice with or without testosterone supplementation
invariably resulted in the rudimentary structure with very low
epithelial proliferation and loss of epithelial AR. These
observations indicate that stromal AR is required for prostatic
epithelial proliferation and maintenance of epithelial AR
expression.

During development, pleiotrophin, which plays important
roles in cellular growth and differentiation, was expressed in
the ventral mesenchymal pad and prostatic mesenchyme, and
its protein was localized to the mesenchyme surrounding the
epithelial tips of prostatic ducts undergoing branching
morphogenesis as well as on the epithelial surface [112].
When added to the rat ventral prostate organ culture, human
pleiotrophin stimulated branching morphogenesis and prolif-

eration of stromal and epithelial cells as well as growth of fetal
human prostate fibroblasts, prostate cancer-associated fibro-
blasts, and benign prostatic hyperplagia (BPH) epithelial cells.
The expression levels of pleiotrophin were reduced in
hypoxanthine-guanine phosphoribosyltransferase promoter-
driven Cre ARKO (ARKO[Hprt-Cre]) mice (generated with
exon 2-floxed AR mice [29]) compared to Wt mice, and
testosterone stimulated the expression of pleiotrophin in fetal
human prostate fibroblasts and female rat ventral mesenchymal
pads in organ culture [112]. These observations suggest that
androgen/AR signaling may modulate prostatic stromal and
epithelial cell proliferation during prostatic development
through regulation of pleiotrophin expression, because pleio-
trophin might be the stromal paracrine growth factor that was
implied by the study of Gao et al. [111].

The prostatic stroma consists of fibroblasts, smooth muscle
cells, endothelial cells, and immune cells [113]. A recent study
of fibroblast-specific protein 1 promoter-driven Cre-mediated
ARKO (Fsp-ARKO) mice with the AR specifically knocked
out in fibroblasts [114] resulted in underdevelopment of the
prostate gland. Examination of male SM-ARKO [59] mice also
showed a decreased epithelial infolding with decreased
epithelial cell proliferation [115]. Welsh et al. [94] examined
the prostate of their PTM-ARKO mice, which also displayed
ARKO in prostatic smooth muscle cells, and found decreased
prostatic weight with various histological abnormalities,
including hyperplasia, inflammation, fibrosis, and altered
expressions of various epithelial, smooth muscle, and stem
cell markers. Male Fsp-ARKO/SM-ARKO double-knockout
mice have also been generated and found to display more
profound decreases in epithelial cell proliferation and increases
in luminal epithelial cell apoptosis [116]. These observations
are in good agreement with those of Gao et al. [111] and thus
strongly suggest that prostatic stromal AR is important as a
positive regulator of epithelial cell proliferation and survival
and for prostatic stromal-epithelial interaction.

Prostatic epithelial AR as survival factor for luminal
epithelial cells. Prostatic epithelial AR also plays a role as a
survival factor for luminal epithelial cells as revealed from
studies of prostatic epithelial cell-specific ARKO (pes-ARKO)
mice by Wu et al. [117]. After crossing exon 2-floxed AR mice
[28] with probasin-Cre mice [118], the AR expression levels in
prostatic epithelium of pes-ARKO mice were found to decrease
gradually, starting at 6 wk of age, until becoming undetectable
at 24 wk, along with increasing probasin expression. Upon
histological analysis of tissues from 6- to 32-wk-old mice, the
ventral prostate in pes-ARKO mice displayed progressive
decrease in epithelial height, loss of glandular infolding, and
increases in luminal epithelial cells apoptosis [119]. However,
no significant apoptosis in basal cells was observed [120].
Instead, the p63-positive [119] or CK5/CKS8 double-positive
epithelial basal intermediate cell population in the prostate of
pes-ARKO mice increased during puberty and then remained
elevated [119, 120], whereas the CK8/CK18-positive luminal
epithelial cell population declined, which was accompanied by
decreased levels of various differentiation markers [119]. Thus,
prostatic epithelial AR is believed to be an important survival
factor for luminal epithelial cells.

AR in epithelial cells as a suppressor for basal
intermediate cell proliferation. The expansion of basal
intermediate CK5/CK8-positive cell population observed in
the ventral prostate of pes-ARKO mice studies [117] might be
due to increased proliferation of CK5-positive basal and stem/
progenitor cells. An expansion of CK5/CK8 double-positive
basal intermediate cell population was found. Moreover, the
prostates of pes-ARKO mice exhibited less ductal branches and
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a thinner smooth muscle layer, with fewer differentiated
smooth muscle cells, than Wt mice. The stromal dystrophy in
pes-ARKO mice appeared to be associated with a reduced level
of transforming growth factor-B, signaling, which is involved
in stromal differentiation [120]. Male AR(T857A)/pes-ARKO
double-transgenic mice, generated by crossing pes-ARKO
mice with AR(T857A) transgenic mice carrying a constitu-
tively active murine AR mutant [121], displayed the normal
prostatic morphology and glandular histology [117]. Thus, the
increase in basal intermediate cell proliferation, the loss of
luminal epithelial cells, and stromal dystrophy in pes-ARKO
mice are attributed to the loss of epithelial AR signaling.

Simanainen et al. [119] examined the prostate of their pes-
ARE*3 mutant mouse model, which was also generated with
the probasin-Cre mice. At 8 wk of age, pes-AR™™** mice
developed prostates with normal lobular structures and ductal
branching. The weights of all prostate lobules and SVs in pes-
AR F® ‘mice were significantly lower than those of Wt
littermates, with the most pronounced reduction seen in
anterior prostates. Histological analyses indicated the presence
of abnormal epithelial cell clustering, increased epithelial cell
proliferation, and increased basal epithelial cells. Thus, it
appears that genomic function of the AR in prostate epithelium
may be involved in suppression of epithelial cell proliferation,
albeit via unknown effects of AR mutant protein. They also
examined the effect of castration and androgen resupplemen-
tation on prostate involution and regeneration in pes-AR 5%
and Wt mice [122], observed that castration resulted in similar
prostate involution and epithelial apoptosis, and concluded that
prostatic epithelial involution in castrated mice is dependent
primarily on AR-dependent apoptosis signals.

Lee et al. [123] have generated a prostatic basal epithelial
cell-specific ARKO (pbes-ARKO) mice by crossing male
CK5-Cre mice with female exon 2-floxed AR mice [28]. The
pbes-ARKO mice exhibited similar body weights, testosterone
levels, and prostate lobular sizes as Wt littermates. Histological
analyses indicated increased proliferation of both CK5-positive
and CK5/CK18 double-positive cells, without any difference in
basal cell apoptosis, as compared to Wt mice. These
observations indicate that expression of the AR in basal
epithelial cells suppresses their proliferation, which is in
agreement with the cell line studies showing suppression of
proliferation in basal and stem/progenitor cells with ectopic
expression of AR [123-125]. Together, these two opposite
roles of luminal epithelial and basal epithelial ARs appear to
contribute significantly to cellular homeostasis in the prostate.

AR ROLES IN THE FEMALE REPRODUCTIVE SYSTEM

One of the valuable lessons from ARKO mouse models is
the discovery of AR roles in the female reproductive system,
which remain largely unclear due to the lack of proper in vivo
mouse models despite the fact that the AR is expressed in
various female reproductive tissues, including the mammary
gland [126], ovary [126-131], uterus [126, 129, 132, 133],
fallopian tubes [134], and vagina [133], of various mammalian
species. The AR roles in the female reproductive system
implicated from the studies of ARKO mice are depicted in
Figure 1 (bottom).

AR Roles in Ovarian Folliculogenesis and Fertility

In females, androgens are produced mainly in the ovaries
and adrenal glands. In the ovary, testosterone is synthesized by
theca cells in response to LH. It is generally believed that
androgens directly influence ovarian function through interac-
tion with AR during early follicular development yet serve as

precursors for the synthesis of estrogens during late preovu-
latory development [6, 7].

In various mammalian species, the AR is expressed in
various ovarian cell types, including theca, granulosa, stroma,
and oocytes [129, 135-139]. Exposure of nonhuman primates
[140] and women [141, 142] to high serum androgens resulted
in development of large ovaries with increased numbers of
antral follicles. Both testosterone and DHT promote mouse
follicular growth in vitro [143, 144], and DHT treatment
enhanced the ovulation rate in pigs [145]. Because the AR is
expressed predominantly in granulosa cells of growing ovarian
follicles, it is believed that androgen exerts direct actions on
these cells. Thus, many of the differentiating actions of FSH on
granulosa cells, including cholesterol metabolism, progesterone
secretion, expression of steroidogenic enzymes, and induction
of aromatase activity, were augmented by AR agonists [146]. It
has been reported that androgen treatment up-regulated the
expression of ovarian FSH receptor [146, 147] in various
species as well as that of insulin-like growth factor (IGF)-I and
IGF-I receptor (IGF-IR) in granulosa cells [148] and oocytes
[149] of rhesus monkeys. In addition, it has been reported that
DHT enhanced proliferation of porcine cumulus-oocyte
complexes in small antral follicles stimulated by IGF-I and in
large antral follicles stimulated by FSH [150], suggesting that
the AR may function at different stages of follicular
development. Androgen has been proposed to promote atresia
during cyclic recruitment [151]. This notion is supported by the
observation of high levels of atretic follicles in the ovaries of
estrogen receptor beta (ERP) knockout mice with overexpres-
sion of the AR in granulosa cells and restoration of healthy late
antral follicles and corpora lutea in these mice after treatment
with the antiandrogen hydroxyflutamide (HF) [152].

An early study using Tfm/Tfim AR mutant mice by Lyon and
Glenister [153] showed that inactivating AR resulted in age-
dependent premature ovarian failure and loss of fertility
whereas Tfm/+ heterozygous females did not display any
abnormal fertility. Similarly, studies with female human beta-
actin promoter-driven Cre-generated (ARKO[ACTB-Cre]) 28,
154] or cytomegalovirus promoter-driven Cre-generated (AR-
KO[CMV-Cre]) [155] mice demonstrated that loss of the AR in
female mice resulted in subfertility with prolonged estrous
cycle, decreased litter numbers and sizes, and shortened
reproductive life. Similar observations of subfertility and
prolonged estrous cycle were made in female AR ***(CMV-
Cre) mice in which the AR genomic function was ablated
despite the fact that the affected cells still expressed the AR
protein with nongenomic function [156]. These observations
clearly indicate that the AR genomic function is important for
normal folliculogenesis and fertility in female mice.

Analyses of the ovaries of ARKO(ACTB-Cre) mice in
comparison with Wt littermates indicated no differences in the
numbers of growing follicles at an early age (4 wk), whereas at
an older age (16 wk), the ARKO(ACTB-Cre) ovaries exhibited
less corpora lutea than Wt ovaries, suggesting a defective
luteinization [154]. Upon stimulation of superovulation in
young mice with exogenous hormones, ARKO(ACTB-Cre)
mice produced fewer oocytes than Wt mice. Morphological
analyses of the ovaries indicated that preovulatory follicles in
ARKO(ACTB-Cre) mice produced smaller and fewer corpora
lutea than Wt mice after superovulation stimulation. In
addition, in ARKO(ACTB-Cre) mice, the preovulatory follicles
reached only the small luteal cell stage, with no luteolysis,
suggesting a delayed or defective luteinization. Moreover, the
cumulus-oocyte complexes in large, growing antral follicles in
ARKO(ACTB-Cre) ovaries appeared to be defective. The
decrease in granulosa cell numbers in ARKO(ACTB-Cre)
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preovulatory follicles appeared to be associated with increasing
rates of cell apoptosis in primary, preantral, and antral follicles
upon stimulation of superovulation [154]. Heterozygous
ARKO(ACTB-Cre) female mice also displayed subfertility to
some extent [28, 154], but no detailed study was made in these
mice.

Shiina et al. [155] observed that female homozygous
ARKO(CMV-Cre) mice in comparison with Wt female mice
exhibited normal levels of serum hormones, including FSH,
LH, testosterone, progesterone, and E2. However, ARKO
ovaries displayed an age-dependent loss of all types of ovarian
follicles and corpora lutea, and the mice became completely
infertile. These observations clearly suggest that AR signaling
is required to maintain normal ovarian folliculogenesis,
luteinization, and ovulation and are in good agreement with
results from studies on Tfm/Tfm female mice by Lyon and
Glenister [153].

In contrast, Walters et al [156] observed that heterozygous
and homozygous AR **(CMV-Cre) female mice exhibited
age-dependent defects in late follicular development and
subfertility but no complete ovarian failure even at 52 wk of
age. In addition, no significant difference was found in
follicular population numbers between the AR “** and Wt
mice from 12 to 52 wk of age. Those authors also performed
ovarian transplantation in ovanectomlzed Wt and AR FX?
hosts [157] and observed that AR 5% hosts transplanted with
Wt ovaries exhibited abnormal estrous cycles, with 37.5% of
them 1nfemle In contrast, Wt hosts transplanted with either Wt
or AR®* ovaries exhibited normal estrous cycles and
fertility. The authors concluded that female AR™™*3 mice have
both extraovarian neuroendocrine and ovarian functional
defects, suggesting that the AR is involved in both ovarian
and neuroendocrine functions.

Sen and Hammes [9] generated granulosa cell-specific and
oocyte-specific ARKO (Grc-ARKO and Oo-ARKO, respec-
tively) mice by crossing the exon 2-floxed AR mice [29] with
Miillerian-inhibiting substance receptor II promoter-driven Cre
(MisRII-Cre) [158], also known as Amhr2-Cre [57] mice, and
growth differentiation factor-9 promoter-driven Cre (GDF9-
Cre) [159] mice, respectively. Homozygous Grc-ARKO
female mice displayed premature ovarian failure and subfer-
tility, with longer estrous cycles and fewer ovulated oocytes
than heterozygous Grc-ARKO and Wt littermates. Ovaries of
homozygous Grc-ARKO mice contained more preantral and
atretic follicles, with fewer antral follicles and corpora lutea
than ovaries of Wt mice. These phenotype manifestations in
homozygous Grc-ARKO mice are similar to those observed in
ARKO(ACTB-Cre) mice [154]. The follicles isolated from
homozygous Grc-ARKO mice also exhibited a slower in vitro
growth rate than Wt mice. In contrast, Oo-ARKO mice
displayed normal fertility, estrous cycles, and ovarian mor-
phology. These observations strongly suggested that the AR in
granulosa cells is an important regulator of androgen-mediated
follicular growth and development and might contribute to the
premature ovarian failure and subfertility.

Apparent phenotypic discrepancies are found among the
results of several groups. Walters et al. [156] observed
no premature ovarian failure in homozygous AR} (CMV-
Cre) mice; whereas Shiina et al. [155] found ovarian failure in
ARKO(CMV-Cre) mice. Hu et al. [154] observed that a few
ARKO(ACTB-Cre) female mice became infertile at 5-6 mo of
age. The discrepancy might be in part due to different ARKO
strategies. Both Hu et al. [154] and Shiina et al. [155]
employed Cre-loxP recombination strategies to knock out AR
exon 2 and exon 1, respectively, and created premature stop
codons leading to the absence of AR protein expression [154,

155] and, hence, complete loss of AR function. In contrast,
Walters et al. [156] employed a strategy of knocking out
only AR exon 3, allowing the expression of a truncated AR~
protein. Such a mutant AR protein with nearly 900 amino acids
might retain AR nongenomic function. Both AR N-terminal
domain and ligand binding domain (LBD) are capable of
binding to various AR coregulators [160]. It is possible that the
mutant AR protein of Walters et al. [156] and Simanainen
et al. [122] retains the capability to complex with the AR or
other nuclear receptors and coactivators to influence their
functions. Moreover, AR and ERa are capable of interaction
through the AR N-terminal domain and ERa LBD. Cotrans-
fection of the AR with ERa resulted in inhibition of AR and
ERa transactivation [161]. The inhibitory effect of the AR on
ERa and vice versa might not occur in mouse ovaries when
both receptors are intact and function normally and would be
absent when no AR protein is expressed [154, 155], but it
might become effective with the expression of mutant AR
[156, 157]. These differences in AR protein expression in
different ARKO mouse models might contribute to the
observed phenotype discrepancies and the differences in
ovarian gene expression profiles reported in these studies.

Apparent discrepancies also exist regarding the involvement
of the AR in regulation of the estrous cycle. The results of
ovarian transplantation studies by Walters et al. [157]
suggested that the AR is involved in an extraovarian
neuroendocrine regulation. In contrast, the results of Sen and
Hammes [9] indicated that loss of AR function in granulosa
cells is sufficient to effect dysregulation of the estrous cycle,
suggesting possible generation of a negative modulator of cycle
regulation. Ovaries of various mammalian species are subject-
ed to sympathetic innervation to form an intrinsic neural
network, which changes with age and declines with reproduc-
tion aging [162]. If the putative ovarian negative regulator
generated by the loss of granulosa AR acts through the ovarian
neural reflex, such an effect would not be observed in Wt hosts
transplanted with mutant AR 5*? ovaries. Therefore, it remains
possible that both extra- and intraovarian AR regulatory
mechanisms involving the estrous cycle exist.

AR Roles in Uterine Development and Embryonic
Implantation

Despite the presence of AR in the uteri of various species
[126, 129, 132, 133], the AR function in uteri is not clear at
present, although androgens have uterotrophic effects [163]. In
a porcine uterine study, Kowalski et al. [164] suggested that
AR and ERo likely are interactive partners requisite for
regulating endometrial gene expression and uterine growth. In
immature rat uterus, the antiandrogen HF could block E2-
induced proliferation of uterine luminal epithelial cells [165],
and in ovariectomized rats, treatment with nonmetabolizable
androgens resulted in stimulation of uterine growth [166].

Interestingly, AR may also mediate the antiproliferative
effect of antiprogestins on the growth of endometrium [167].
Abnormal endometrial homeobox A10 (HOXA10) expression
is associated with infertility in patients with endometriosis, and
embryo implantation failed to occur in HOXA10-deficient
mice [168]. The expression of HOXA10 is regulated by
testosterone [168]. Women with polycystic ovarian syndrome
and hyperandrogenemia exhibited a reduced expression of
HOXA10 mRNA in their endometrial biopsies [169], suggest-
ing that AR may participate in regulation of uterine receptivity
to embryo implantation.

Hu et al. [154] observed that female ARKO(ACTB-Cre)
mice had smaller uteri than Wt mice. Upon superovulation
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stimulation, the Wt uteri exhibited hypertrophy in the
endometrium and displayed a thicker smooth muscle layer
than ARKO(ACTB-Cre) uteri, suggesting that androgen/AR
signaling is involved in the growth of myometrium and
endometrium. These observations were similar to the effects of
DHT in rat and mouse uteri [166]. However, it is not clear how
loss of uterine AR signaling could contribute to the subfertility
seen in ARKO(ACTB-Cre) mice. Both Shiina et al. [155] and
Walters et al. [156] observed little uterine differences between
either their ARKO(CMV-Cre) or AR F*3(CMV-Cre) and Wt
mice. CMV enhancer-mediated Cre expression was relatively
weaker in the uterus, ovary, and breast than in the testis, heart,
and brain [170, 171]. The discrepancies between these studies
and that of Hu et al. [154] might be due in part to insufficient
AR deletion in uteri of ARKO(CMV-Cre) or AR (CMV-
Cre) mice.

A subsequent study by Walters et al. [157] indicated that
AR FX3(CMV-Cre) mice exhibited longer uterine horn length,
with decreased uterine diameter and total uterine area
(including endometrial and myometrial areas) as measured at
diestrus and estrus, suggesting an AR regulatory role in uterine
growth. These observations appear to be in agreement with the
results of Hu et al. [154]. In contrast, ablation of AR genomic
function had no effect on uterine function with respect to the
rate of implantation loss, gestation length, pup weights, and
pup survival rates [157]. Given the conflicting reports of
uterine phenotypes in AR EX3(CMV-Cre) mice [156, 157],
further studies using cell type- or tissue-specific ARKO models
will be needed to delineate the AR roles in uterine growth,
development, and function.

AR Roles in Breast Development

The ovary secretes testosterone and E2, and both hormones
appear to play important roles in breast growth. E2/ERa
stimulates mammary epithelial cell proliferation, whereas
testosterone can be converted into either DHT or E2 and thus
can act either directly via AR or indirectly through ERa to
control breast growth. It is generally believed that androgen/
AR signaling may function as a suppressor of breast growth.

During the menstrual cycle in premenopausal women,
circulating levels of E2 and testosterone peak at midcycle,
whereas testosterone levels decrease while E2 levels further
increase in the transition to the luteal phase, during which
breast epithelial cell proliferation is highest. In contrast,
circulating levels of E2 reach nadir while testosterone levels
stay constant during the follicular phase, in which breast
epithelial apoptosis occurs at the highest rate [172]. These
phenomena are also regarded as reflecting the AR and ERa
roles in breast growth as a suppressor and a stimulator,
respectively.

Early studies in mice and rats showed that androgens/AR
suppressed the development of fetal mammary rudiment [173]
through reciprocal interactions between mammary epithelium
and the surrounding mesenchyme [174, 175]. Tissue recom-
bination studies with mesenchyme and epithelial tissues
isolated from mammary anlagen of Tfm and Wt mice also
demonstrated that the mesenchymal androgen/AR signaling
mediated mammary epithelial degeneration [176].

Short-term, low doses of several forms of androgens have
been shown to inhibit the estrogen-induced proliferation of the
mammary epithelial cells in adult female rats, mice, and
monkeys [177, 178]. Similar inhibitory effects are also
observed in human and rat mammary glands in vitro [179,
180]. This effect might be mediated through the suppression of
ERo in mammary epithelial cells [181]. However, because both
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mammary stromal and epithelial cells express AR [126], it is
uncertain in which cell type the AR signaling mediates such an
inhibitory effect.

The development of the mammary glands in female
ARKO(ACTB-Cre) mice has also been examined. Yeh et al.
[182] observed that mammary glands of female ARKO(ACTB-
Cre) mice had less extended ductal system, with reduced
numbers and sizes of terminal end buds, accompanied by a
50% lower proliferation rate compared to glands of Wt mice,
suggesting the development of mammary glands in these mice
is retarded during the prepubertal and pubertal stages. The
retarded mammary gland development in prepubertal female
ARKO(ACTB-Cre) mice was associated with reduced IGF-IR
expression, mitogen-activated protein kinase (MAPK) activa-
tion, and cyclin D1 expression, suggesting that a defective AR
— IGF-I/IGF-IR — MAPK — cyclin D1 signaling pathway
may be involved in modulating mammary gland development
and epithelial proliferation [183-185].

In mice ovariectomized at 4 wk of age and treated with E2,
the expressions of mammary ER target genes, estrogen-
responsive ring finger protein [186], and hepatocyte growth
factor [187], which are important factors for breast growth
[188, 189], were reduced in the glands of ARKO(ACTB-Cre)
mice compared to Wt glands, indicating reduced ER signaling
in these mice with ARKO. Mammary glands of mature female
ARKO(ACTB-Cre) mice were filled with large bloated ducts
terminating with bloated ends and contained fewer secondary
and tertiary ductal branches as compared to glands of age-
matched Wt mice. During pregnancy, the retarded ductal
branch numbers were partially restored but still contained less
milk-producing alveoli than Wt glands. These observations
indicated that mammary ductal morphogenesis was impaired
during pubertal development, pregnancy, and lactation in
ARKO(ACTB-Cre) mice, whereas AR functions as a stimulator
of mammary ductal differentiation. Shiina et al. [155] also
observed similar defective development of mammary glands in
their female ARKO(CMV-Cre) mice. Therefore, in female
mice, AR is thought to be required for normal development of
the mammary glands by modulating ductal branching and
epithelial cell proliferation. Because AR is expressed in both
the stroma and epithelium of the mammary gland, it is possible
that the ARs in these tissues play roles in modulating the
development of mammary glands.

It should be mentioned that women with CAIS are genetic
males but exhibit apparently normal breast development after
puberty [190]. However, when breast development in female
ARKO mice and Wt littermates was compared, the loss of AR
resulted in abnormal mammary duct branching [191]. There-
fore, the differential breast development observed in CAIS
patients (breast enlargement) and female ARKO mice (breast
differentiation) cannot be used as the only indication of the
existence of different AR roles in the two species.

CONCLUSIONS AND FUTURE PROSPECTS

In summary, for the male reproductive system, we observed
the following important points. First, the observations made
with SC-ARKO testes clearly indicate that the AR in Sertoli
cells is essential for normal spermatogenesis and fertility.
Second, the results of LC-ARKO mice studies suggest an
essential AR role in Leydig cells in maintaining normal
spermatogenesis, testosterone production, and normal male
fertility. However, the possibility exists that the phenotypes
observed in LC-ARKO mice could be due to combined AR
ablation in Leydig and Sertoli cells, and the development of a
better mouse model that can study Leydig cells AR function
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specifically is needed. Third, discrepancies exist in the results
of PMC-ARKO and SM-ARKO mice studies in confirming the
AR role in peritubular myoid cells in regulating spermatogen-
esis. Fourth, the AR in germ cells is not essential for normal
spermatogenesis based on studies in the GU-ARKO mouse
model. Fifth, AR roles in SVs were studied in PTM-ARKO and
pes-AR*® mouse models and showed that AR might be
important for normal SV development and function. Sixth,
studies using WDes-ARKO and SPARKI mouse models
indicate that AR also participates in regulation of epididymal
sperm maturation process. Seventh, prostatic stromal AR was
shown to promote prostate growth based on studies using Fsp-
ARKO/SM-ARKO double-ARKO mouse models. Eighth,
prostatic epithelial AR was shown to act as a survival factor
for luminal epithelial cells but as a suppressor for basal
epithelial intermediate cell proliferation using the pes-ARKO
mouse model.

For the female reproductive system, based on studies using
Tfm, total ARKO, Grc-ARKO, and Oo-ARKO mouse models,
we observed the following points. First, AR may function at
different stages of follicular development. Second, AR is
involved in ovarian functions. Third, apparent discrepancies
exist regarding the involvement of the AR in regulation of the
estrous cycle. Fourth, AR may participate in the regulation of
uterine receptivity to embryo implantation.

Overall, the studies of ARKO mouse models prove that the
AR indeed plays many important roles in the development and
functions of male and female reproductive systems. Table 1
summarizes various ARKO mouse models included in this
review. Although various studies of the cell type- or tissue-
specific ARKO mice have established AR roles in reproductive
organs, many aspects of AR roles remain to be elucidated using
these mouse models. More importantly, AR regulatory
mechanisms involved in these specific AR roles remain
unclear. It is also essential to develop more mouse models
specific for other cell types in which AR roles have not yet
been investigated. In addition, double-knockout mice models
could be applied to further delineate the AR roles. For example,
cell type-specific ARKO and AR/ER double-knockout mice
are needed to determine AR roles and its possible interaction
with the ER in ovarian folliculogenesis and other functions in
the female reproductive system.
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