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Mouse Spermatogenesis Requires Classical and Nonclassical Testosterone Signaling
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ABSTRACT

Testosterone acts though the androgen receptor in Sertoli
cells to support germ cell development (spermatogenesis) and
male fertility, but the molecular and cellular mechanisms by
which testosterone acts are not well understood. Previously, we
found that in addition to acting through androgen receptor to
directly regulate gene expression (classical testosterone signal-
ing pathway), testosterone acts through a nonclassical pathway
via the androgen receptor to rapidly activate kinases that are
known to regulate spermatogenesis. In this study, we provide the
first evidence that nonclassical testosterone signaling occurs in
vivo as the MAP kinase cascade is rapidly activated in Sertoli
cells within the testis by increasing testosterone levels in the rat.
We find that either classical or nonclassical signaling regulates
testosterone-mediated Rhox5 gene expression in Sertoli cells
within testis explants. The selective activation of classical or
nonclassical signaling pathways in Sertoli cells within testis
explants also resulted in the differential activation of the Zbtb16
and c-Kit genes in adjacent spermatogonia germ cells. Delivery
of an inhibitor of either pathway to Sertoli cells of mouse testes
disrupted the blood-testis barrier that is essential for spermato-
genesis. Furthermore, an inhibitor of nonclassical testosterone
signaling blocked meiosis in pubertal mice and caused the loss of
meiotic and postmeiotic germ cells in adult mouse testes. An
inhibitor of the classical pathway caused the premature release
of immature germ cells. Collectively, these observations indicate
that classical and nonclassical testosterone signaling regulate
overlapping and distinct functions that are required for the
maintenance of spermatogenesis and male fertility.
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INTRODUCTION

Testosterone (T) is essential for the maintenance of
spermatogenesis (reviewed in [1, 2]). T is maintained at high
levels in the testis, 25- to 125-fold greater than in plasma [3-5],
and acts through the androgen receptor (AR, also denoted
NR3C4) in Sertoli cells within the seminiferous tubules of the
testis to support germ cell development. In the absence of T or
a functional AR, males are infertile because spermatogenesis
rarely proceeds beyond the diplotene or pachytene stages of
meiosis [6-8]. T signaling contributes to maintaining tight
junctions between adjacent Sertoli cells that are required to
maintain the blood-testis barrier (BTB) and a specialized
environment for germ cells [7, 9-11]. The absence of T or AR
also results in the premature detachment of developing
spermatid germ cells from Sertoli cells [12, 13] and blocks
the release of mature spermatids/spermatozoa from Sertoli cells
[14-17].

Developing germ cells are not thought to respond directly to
T because they do not express functional AR [18-21]. The
major target for T in the seminiferous tubules is the Sertoli cell
[22, 23]. AR expression changes dramatically in Sertoli cells in
a manner that is correlated with the stages of the seminiferous
epithelial cycle. In the rat, the expression of AR protein in
Sertoli cells is low, except during stages VI-VIII, when levels
increase dramatically [19, 24]. In the mouse and rat, it is during
stages VI-IX that the lack of T or AR interrupts spermato-
genesis [1, 8, 10, 14, 25].

T has been shown to act via classical and nonclassical
pathways [26, 27]. In the classical pathway, T diffuses through
the plasma membrane and interacts with AR that then binds to
androgen response elements (AREs) in gene promoter regions,
recruits coregulator proteins, and regulates gene transcription.
Activation of the classical pathway requires at least 30—45 min
to detect the first increases in gene transcription, with protein-
mediated effects occurring even later [28]. In the nonclassical
pathway, androgen stimulation triggers the direct association of
the proline-rich region of AR (amino acids 352-359) and the
SH3 domain of SRC kinase [29] that results in the activation of
a series of downstream kinases. Our studies in Sertoli cells
demonstrated that T-mediated activation of Src stimulated the
EGF receptor (EGFR) and subsequently the MAP kinase
cascade (RAF, MEK, ERK) and the CREB transcription factor
[30]. T-mediated nonclassical signaling is rapid, such that
phosphorylation of SRC, ERK, and CREB is elevated within 1
min. Moreover, the pathway has prolonged effects through
increased protein phosphorylation that is sustained for at least
12 h as well as via long-term gene expression changes that are
mediated by increased kinase activity [31].

In the current studies, we perform the first investigation of
whether nonclassical T signaling occurs in vivo. We test
whether Sertoli cell-specific gene expression mediated by T
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can be activated in testis explants using selective activators of
classical or nonclassical signaling. We also determine whether
activation of either the classical or nonclassical T pathway in
Sertoli cells alters gene expression in germ cells. Finally, we
deliver selective inhibitors of the classical or nonclassical
pathway to Sertoli cells within mouse testes in vivo to
determine whether spermatogenesis can be inhibited.

MATERIALS AND METHODS

Animal Care and Use

Male Sprague Dawley rats were obtained from Charles River Laboratories
(Boston, MA). Male Tfm rats that expressed a ligand binding-defective AR
[32] and male C57BL/6 mice were obtained from our breeding colony
maintained at the University of Pittsburgh [31]. Animals used in these studies
were maintained and euthanized according to the principles and procedures
described in the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. These studies were approved by the University of
Pittsburgh Institutional Animal Care and Use Committee and conducted in
accordance with the specific guidelines and standards of the Society for the
Study of Reproduction.

Antibodies

Rabbit antiserum against ERK phosphorylated on Thr202/Tyr204 (1:1000
dilution, catalog number 9101) and total ERK (1:10000 dilution, catalog
number 06-182) were purchased from Cell Signaling Technology (Danvers,
MA) and EMD Millipore (Billerica, MA), respectively. Rabbit antisera against
AR (1:1000 dilution, catalog number sc-815) and N-cadherin (1:1000 dilution,
catalog number sc-7939) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA).

Plasmid and Adenovirus Constructs

Plasmids and adenoviral constructs plus a summary of their functions are
listed in Table 1. PSALuc (PSAEnh E4TATA-luc) containing a 496-bp
enhancer region from the PSA gene in pGL3Basic was described previously
[33]. To construct pDC315mARAexon3, exons I and II were amplified from
mouse AR cDNA using the primers 5'-GGGGCTAGCATGGAGGTGCAGTT
AGGGCTGGGAA-3" and 5'-GGGCTGCAGCGGCTCTTTTGAAGAAGA
CCTTG-3'. The region including exon IV through the stop codon was
amplified using the primers 5-GGGCTGCAGCTCGTAAGCTGAAGAA
ACTTGGAAATCTA-3" and 5'-GGGGTCGACTCACTGTGTGTGGAAATA
GATGGGCTTGA-3'. The amplicon including exons I-II was digested with
Nhel and Pstfl. The amplicon extending from exon IV to the stop codon was
digested with PstI and Sall. The digested amplicons were ligated into pDC315
digested with Nhel and Sall to create pCD315mARAexon3. The plasmid
pSGSHA-AR encoding wild-type human AR was described previously [34].
PCR3.1HDACI1-1KRAB-AR122 obtained from Guido Jenster (Erasmus
University, Rotterdam, Netherlands) was digested with Nhel and BamHI and
a 3.8-kb fragment was inserted into pDC315 digested with the same enzymes to
produce the pDC315-H-K-AR122 shuttle vector. To construct adenovirus
vectors expressing the human S1 and S3 peptides as well as the control S1s and
SS peptides, the oligonucleotide pairs listed in Table 2 were hybridized and the
Nhel and Sall overhangs were used for ligation into the pDC315 shuttle vector
digested with Nhel and Sall. Adenoviral constructs were produced from the
shuttle vectors using the AdMax system (Microbix Biosystems, Inc., Toronto,
ON, Canada). The AdB-Gal, AdGFP, AdARC562G, and AdARA372-385
adenovirus constructs were described previously [35]. Each adenovirus was
amplified in 293T cells and the virus concentrations were determined by
measuring the optical density at 260 nm using a ratio of 1.1 X 10'? virus
particles per 1 optical density unit [36]. The pPCMV5ARtfm expressing the rat
testicular feminization (tfm) AR mutant was previously named pSARD [32]
and was obtained from Elizabeth Wilson (University of North Carolina, Chapel
Hill, NC).

Inhibition of Nonclassical Signaling Using Peptides and
Peptidomimetics

The S1 (PPPHPHARIK) and Sls peptides (HPKPARIPHPK) were
synthesized by the University of Pittsburgh Genomics and Proteomics Core
Laboratories with an acetylated N-terminus and a fluorescein isothiocyanate tag
placed at the C terminus. The synthesis of the D1 and D2 peptidomimetics was
described previously [37]. Cultured cells were incubated with S1 or Sls

TABLE 1. Descriptions of plasmids, adenovirus constructs, peptides, and

peptidomimetics used for this study.

Parameter Function

Plasmids
PSALuc Androgen-responsive reporter
pDC315mARAexon3 Expresses AR lacking exon 3
pSG5HA-AR Expresses ARwt

pCR3.1H-K-AR122 Expresses inhibitor of classical
testosterone signaling

Express inhibitor of classical testosterone
signaling

Express peptide inhibitors of
nonclassical testosterone signaling

Expresses scrambled control peptides

pDC315-H-K-AR122
pDC31551, pDC31553

pDC31551s, pDC315SS

Adenovirus
Adp-gal Expresses beta galactosidase
AdGFP Expresses green fluorescent protein
AdARC562G Expresses AR mutant that activates

nonclassical signaling only
Expresses AR mutant that activates
classical signaling only

AdARA372-385

Peptides
S1, S3 Inhibit the nonclassical pathway
Sts Scrambled control peptide
Peptidomimetics
D1 Nonclassical pathway inhibitor
D2 Classical pathway inhibitor

peptides (5 uM) or DI or D2 peptidomimetics (100 nM) for 4 h prior to
stimulation with T (100 nM, 15 min) or vehicle for assays of protein
phosphorylation or concurrently with T (100 mM) or vehicle for 24 h prior to
assays of luciferase activity.

Transfections and Luciferase Assays

The 15P-1 Sertoli cells were transfected using Fugene (Roche, Indianapolis,
IN) according to the manufacturer’s instructions with PSALuc + the empty
pCMVS5 vector, pCD315mARAexon3, or pPSG5SHA-AR. The concentration of
expression vector plasmid was made equal for all transfections with the
addition of pPCMVS5 as needed. In other studies, PSALuc was cotransfected with
pCMVS5, pSG5HA-AR, pSG5HA-AR + pDC315H-K-AR122, or pSG5SHA-
AR + pCMVS5ARtfm. Twenty-four hours after transfection the cells were
treated for 24 h with T or ethanol as a control and in some cases S1 and Sls
peptides or D1 or D2 peptidomimetics. The cells were washed once with PBS
(137 mM NacCl, 2,7 mM KCI, 10 mM NazHPO4, 1.8 mM KH2PO4) and then
lysed using Reporter Lysis Buffer (Promega, Madison, WI). Relative light units
of luciferase activity were detected using Luciferase Reagent (Perkin Elmer,
Waltham, MA) on Wallac Victor” 1420 Multilabel Counter (Perkin Elmer).
Activity was then normalized to the protein concentration of the samples as
detected using Protein Assay Reagent (BioRad, Richmond, CA).

Infection of Cultured Cells with Adenovirus and Western
Immunoblotting

Adenovirus constructs (5 X 10'° particles/ml) were added to the media of
cultured cells. After 3 days, the cells were stimulated with T (100 mM) or
vehicle for 15 min. To prepare whole cell extracts for direct analysis by
Western immunoblot, cells were washed once with PBS and then lysed on the
plates using boiling Laemmli sample buffer to minimize phosphatase activity.
Cell lysates were fractionated by SDS-PAGE, transferred to polyvinylidene
difluoride membranes, and incubated with primary antibodies, followed by
horseradish peroxidase-conjugated second antibody. The antigen-antibody
complex was visualized with Millipore Immobilon Western Chemiluminescent
HRP substrate (Millipore Corporation, Billerica, MA). Protein concentrations
were not performed prior to SDS-PAGE, but equal loading of samples was
confirmed with control antisera including those against nonphosphorylated
proteins.
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TABLE 2. Oligonucleotide pairs used to express peptides.

Primer name

Sequence

S1 forward
S1 reverse
S1s forward
S3 forward
S3 reverse
SS forward
SS reverse

5'-CTAGCACCATGCCGCCCCCTCATCCACACGCCCGCATCAAGTAGG-3’
5'-TCGACCTACTTGATGCGGCGTGTGGATGAGGGGGCGGCATGGTG-3
5'-CTAGCACCATGGACAACGCGCCCCTCCCCCTTAACGCCCACTAGG-3’
5'-CTAGCACCATGCCGCCCCCTCCGCCGCCTCCCCATCCACACGCCCGCATCAAGTAGG-3
5'-TCGACCTACTTGATGCGGGCGTGTGGARGGGGAGGCGGCGGAGGGGGCGGCATGGTG-3’
5'-CTAGCACCATGCACCCTAAGCCCGCCCGCATCCCCCATCCGTAGG-3’
5'-TCGACCTACGGATGGGGGATGCGGGCGGGCTTAGGGTGCATGGTG-3’

Cetrorelix Treatments of Rats

Cetrorelix acetate (C-5249; Sigma Chemical Company, St. Louis, MO) (0.5
mg/ml resuspended in dH,O and 5.25% glucose) or 5.25% glucose only was
injected (100 pl i.p.) into adult rats (>70 days old). After 7 h, injections of T
enanthate (TE; 200 mg/ml in ethanol, 50 pl via im) and T propionate (TP; 5
mg/ml in ethanol, 1 ml i.p.) or ethanol alone were performed. The rats were
euthanized after the 7-h Cetrorelix treatment or 60 min after subsequent T
injections. Three rats were assayed for each treatment condition. Each testis
was dissected into thirds for histological and immunocytochemistry analysis for
fixation in 4% paraformaldehyde, whole-cell-extract isolation, and intratestic-
ular T determination.

Determination of Intratesticular T Concentrations

Frozen testis tissue from Cetrorelix-treated rats (100 mg) was transferred to
a 14-ml round-bottom tube containing 0.1% gel PBS and a known amount of
tritiated T (2000 cpm) and homogenized. Homogenized tissue was transferred
to a clean borosilicate glass tube. Diethyl ether was added (5 ml) and contents
were vortexed for 3 min. The tube was placed in liquid nitrogen to freeze
aqueous contents and ether was decanted into a clean borosilicate glass tube.
Extraction was repeated using 5 ml diethyl ether with vortexing for 3 min. The
extracted material was combined, frozen in liquid nitrogen, and evaporated in a
40°C water bath. T was reconstituted in 1 ml of 0.1% gel PBS by vortexing for
3 min at room temperature. T concentrations were measured using a solid-phase
radioimmunoassay kit (Total T [TKTTS5], Coat-A-Count; Diagnostic Products
Corporation, Los Angeles, CA) [38]. The mean sensitivity of the assay was
0.020 ng/ml. The intra-assay and interassay coefficients of variation were less
than 7.8% and 8.5%, respectively.

Immunocytochemistry and Immunofluorescence

Immunostaining of testis tissue was performed on paraffin-embedded
sections (5 um) from paraformaldehyde- (4%, overnight) or Bouin-fixed adult
rat testis as previously described [39]. Testis sections were deparaffinized in
xylene and rehydrated. The sections were subjected to antigen retrieval in
citrate buffer (10 mm citrate, pH 6.0, containing 0.1% Tween-20) at 95°C for
30 min and then at room temperature for 30 min. The sections were washed two
times for 5 min in PBS and blocked for 1 h in goat, donkey, or horse serum at
room temperature. The testis sections were then incubated 12-16 h with
nonimmune serum or antiserum. For immunofluorescence studies, Cy3- and
Alexa488-conjugated secondary antisera were added, nuclei were stained with
4’,6-diamidino-2-phenylindole (DAPI), and immunostaining was detected
using a Nikon Provis II fluorescence microscope or confocal microscope. A
charge-coupled video camera system was used to capture images. Quantitation
of immunoreactivity within a region of interest was determined using integrated
optical density measurements with Bioquant Nova Prime software (v 6.90.10;
Bioquant Image Analysis Corp., Nashville, TN). Five replicate images were
processed for each treatment group. All files were digitally processed with
Photoshop (Adobe Systems, Inc., San Jose, CA).

Isolation of Testis Explants and Culture

Agarose platforms were produced by pipetting melted 1.5% agarose in
water into cell-cloning wells followed by the aspiration of some agarose to
allow the formation of a deep meniscus or ‘“‘volcano crater.”” The cloning well
was removed and agarose platforms were placed into a 12-well plate and
soaked in Dulbecco modified Eagle medium (DMEM) supplemented with 10%
fetal bovine serum, 100 units/ml penicillin, 100 pg/ml streptomycin, and 2 mM
glutamine for at least 2 h. Testes were isolated from rats, decapsulated, and cut
into fragments 2—4 mm in diameter. In some cases the tissue fragments were
incubated for 2-5 h with peptides or adenovirus constructs in 12-well plates
with 300 pl media with rocking to alternate tissue exposure to media and the

atmosphere. Prior to placing the tissue fragments onto the agarose platforms,
fresh DMEM media + T (100 nM) + follicle-stimulating hormone (FSH; 100
ng/ml) was added to the 12-well plate containing the agarose platforms until the
agarose was three-fourths submerged. In some cases T was omitted from the
media. Testis fragments were then carefully placed upon the agarose using a
scupula to avoid tissue damage and cultured 2-7 days at 33°C. The tissue
explants were “‘spritzed” daily by the addition of 50 pl of media + T + FSH
with or without peptides or adenovirus to the top of the explant.

RNA Isolation, RT-PCR, and Quantitative Real-Time PCR

RNA was obtained from Sertoli cells using the method of Chomczynski and
Sacchi [40]. Complementary DNAs were synthesized from Sertoli cell RNA by
reverse transcription as previously described [41]. For quantitative PCR
(qPCR), oligonucleotide primers (Table 3) were designed using Primer Express
v. 1.5 (ABI Prism; Applied Biosystems, Foster City, CA). Primer sequences
were compared by a BLAST search to ensure there was no homology with
other rat genes and were independently validated [42]. The qPCR
amplifications were performed in the ABI Prism 7900HT Sequence Detection
System v 2.3 (Applied Biosystems) as previously described [41]. Ppia
(peptidylprolyl isomerase A, commonly known as cyclophilin) or Gapdh was
used as an endogenous control. The means (*SEM) of three to five individual
experiments were determined for each treatment group for each gene of interest.

Injection of Adenovirus into Seminiferous Tubules

Wild-type mice were injected via the efferent ducts with 15 pl of
adenovirus (1 X 10'" particles/ml) using an Eppendorf Transferman NK2
micromanipulator and Femtojet microinjector (150-200 psi; Eppendorf North
America, Hauppage, NY) [43, 44]. Using trypan blue tracking dye, it was
observed that at least 70% of the visible seminiferous tubule volume was
normally filled with the adenovirus samples. Three (14-day-old mice) or four
(adult mice) days after injection the mice were euthanized and each testis cut in
half, with one half frozen for biochemical analysis and one half fixed in 4%
paraformaldehyde for morphological and immunohistochemical analysis.
Testes from two 14-day-old and three adult mice were assayed.

BTB Integrity

To assay BTB integrity, three mice each that had been injected earlier with
AdB-gal, AdS1, or AdSls were anesthetized with Avertin (Sigma Chemical
Company) and the testes were surgically exposed. A small hole was placed in
the tunica with a forceps through which 30 pl of a 10 mg/ml solution of EZ-
Link Sulfo-NHS-LC-Biotin (#21335; Thermo Scientific, Rockford, IL) was
injected into the testis interstitium. After 30 min, the mice were euthanized and
testes were isolated and fixed in 4% paraformaldehyde. The biotin tracer in
testis cross sections was detected using a Vectastain Elite ABC kit (Vector

TABLE 3. Oligonucleotides utilized for gPCR.

Gene Primers

Rhox5f 5'-CGGGAGGAGCTTGATAGATG-3’
Rhox5r 5'-AATCTCGGTGTTGCAAAAGG-3’
Gapdhf 5'-GCATGGCCTTCCGTGTTCCTA-3’
Gapdhr 5'-GCCAGCCCCAGCATCAAAGGT-3’
Zbtb16f 5'-TCAGATGCGACTGGCCGGGA-3’
Zbtb1ér 5'-CCGTCCGGTGGGCATGGAAC-3’
c-kitf 5'-CAGTGTGTGGCGGCGGGATT-3’
c-kitr 5'-CCGTTGTGCCGGAAGACGCT-3’
Ppiaf 5'-ATGGTCAACCCCACCGTGT-3’
Ppiar 5'-TCTGCTGTCTTTGGAACTTTGTCT-3’
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M Classical and Non-classical Testosterone Pathways
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FIG. 1. Deletion of exon 3 inhibits phosphorylation of ERK by the
nonclassical T signaling pathway. A) The classical and nonclassical T
signaling pathways. In the classical pathway (left) T diffuses through the
plasma membrane and binds AR. A conformational change in AR allows
the receptor to be released from heat shock proteins (HSP). AR then

Labs, Burlingame, CA) such that the cross sections were incubated with ABC
reagent for 30 min, washed, and then incubated with InmPACT diamino-
benzidine peroxidase substrate (Vector Labs) followed by staining with
hematoxylin. The presence of the biotin tracer was detected by microscopy.
BTB integrity was also assessed by immunofluorescence assays of testis
sections using antisera against N-cadherin.

Quantification of Vacuole Areas

The relative total cross-section areas of seminiferous tubules and vacuoles
within the tubules were obtained from images of testis tissue sections of mice
treated with AdB-gal (n = 3) or AdS1 (n=3). Using ImageJ software [45], the
basement membrane of each tubule cross section was outlined and the area
within the tubule cross section was determined. The areas of vacuoles within
seminiferous tubules were measured similarly. A vacuole was defined as a
well-circumscribed, mostly circular space either completely devoid of
spermatocytes and other germ cells or containing apoptotic cell remnants
signified by loss of normal nuclei structure or opacity. Seminiferous tubule
lumens were not included in vacuole measurements but were included in total
cross-sectional area. The sum of vacuole area for each cross section was
divided by the total cross-sectional area of each seminiferous tubule and
multiplied by 100 to derive percentage vacuole area per seminiferous tubule
cross section. The percentage vacuole area per seminiferous tubule cross
section was averaged for at least 10 circular seminiferous tubule cross sections
per experimental animal. Differences in mean percentage vacuole area were
analyzed for statistical significance using a one-tailed, equal-variance #-test (P
< 0.05).

Statistical Analysis

Immunoreactive signals from Western blot films were scanned with an
Epson 1600 Expressions scanner using Epson Scan software and quantified
with ImageJ. For Western blots, the mean = SEM relative signal intensities
were determined for at least three independent experiments. Unless otherwise
indicated, results were analyzed by ANOVA with Newman-Keuls protected
least significant difference at a 5% significance level utilizing GraphPad Prism
4.3 software (GraphPad Software, San Diego, CA).

o
|

translocates to the nucleus, where it binds to AREs, recruits coactivator
proteins, and regulates gene expression. In the nonclassical pathway
(right), T stimulation transiently increases AR localization to the plasma
membrane and results in AR interacting with and activating SRC tyrosine
kinase. Activation of SRC can alter many physiological processes,
including the phosphorylation and activation of the EGF receptor that in
turn activates the MAP kinase cascade (RAF, MEK, and ERK). Further
signaling through p90R** kinase causes phosphorylation of the CREB
transcription factor, resulting in increased transcription of CREB-regulated
genes. B) The 15P-1 Sertoli cells were transfected with the PSALuc
reporter plasmid and an empty expression vector (EV) or plasmids
expressing ARAexon3 or ARwt. The cells were stimulated with vehicle (V)
or 100 nM T (T) for 24 h. The relative luciferase activity is reported relative
to PSALuc + ARwt after 24 h stimulation with T (=1.0). Error bars show
SEM for three experiments. Values with different lowercase letters differ
significantly (P < 0.05). Inset: Western blot of whole cell extracts from
15P-1 cells transfected with empty vector (EV) or plasmids expressing
ARAexon3 or ARwt probed with antisera against AR. C) 15P-1 Sertoli cells
were infected with adenovirus constructs expressing AdGFP (Control),
exon 3-deleted AR (AdARAexon3), or ARwt. The p-ERK, ERK, and AR
levels were determined by Western blot after stimulation (10 min) with
vehicle (V) or 100 nM T (T). Quantitation of the Western blot experiments
is shown in the graph below. Relative p-ERK and ERK signal intensities
were determined and the p-ERK/ERK ratio was determined for each
sample. The p-ERK/ERK values obtained were normalized to the vehicle
treated control condition (=1). The mean p-ERK/ERK values and SEM are
shown for three experiments. A paired one-tailed t-test showed
statistically significant differences (P < 0.05) between the control and T-
treated samples only after transduction of the virus expressing ARwt
(asterisk).
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RESULTS

Deletion of AR Exon 3 Blocks Classical and Nonclassical
Signaling

Although both classical and nonclassical T signaling have
been described in cultured Sertoli cells (Fig. 1A), the
contributions that each pathway makes to maintain spermato-
genesis in vivo have not been investigated. It has been
proposed that only the classical pathway is required for
spermatogenesis because germ cell development was interrupt-
ed during meiosis in transgenic mice in which 39 amino acids
encoding exon 3 of AR containing a portion of the DNA
binding domain was removed [46]. However, the effects of this
AR mutation on nonclassical T signaling were not assessed.
We recreated the exon 3-deleted mouse AR cDNA and
constructed a plasmid (pDC315mARAexon3) that expressed
this mutant protein. The 15P-1 Sertoli cell line was transfected
with pDC315mARAexon3 and the PSALuc plasmid in which
luciferase expression is driven by the T-responsive prostate-
specific antigen (PSA) promoter. Cotransfection with an empty
expression vector did not alter luciferase activity after
stimulation with T (100 nM). These data combined with
Western blot analysis of AR levels indicate that 15P-1 cells
have low AR activity (Fig. 1B). T-mediated transcription was
induced 12-fold by a plasmid expressing wild-type AR
(ARwt). In contrast, T stimulation after cotransfection of a
plasmid expressing ARAexon3 did not increase luciferase
activity, confirming that the ability of the ARAexon3 mutant to
activate transcription in response to T is dramatically decreased
[46, 47].

The 15P-1 cells were infected with adenovirus constructs
expressing either ARwt (AdARwt) or ARAexon3
(AdARAexon3). The two AR isoforms were expressed at
similar levels. Although basal phosphorylated ERK (p-ERK)
levels were elevated after transduction of a control virus for
reasons that are not yet understood, stimulation with T
increased ERK phosphorylation (a marker of nonclassical
pathway activation) in the presence of ARwt but not
ARAexon3 or control virus (Fig. 1C). Collectively, these
results indicate that the failure of the AR lacking exon 3 to
support spermatogenesis could be due to the lack of either
classical or nonclassical signaling activity.

Nonclassical T Signaling Increases ERK Phosphorylation in
Sertoli Cells In Vivo

To assay nonclassical signaling in vivo, we used a rat model
in which T levels could be rapidly manipulated. Adult rats were
injected i.p. with the GnRH antagonist Cetrorelix (50 pg/100
pl) to transiently decrease gonadotropin (luteinizing hormone
[LH] and FSH) secretion and T production. After 7 h, testicular
T levels fell to 23% of control levels, in agreement with
previous studies (Fig. 2A) [48-50]. Subsequent injections of
TP (5 mg i.p.) plus TE (10 mg i.m.) caused intratesticular T
levels to increase to 125% of control levels after 1 h.

In vivo, AR expression in Sertoli cells is low and difficult to
detect except during stages VII-VIII of the spermatogenic
cycle [19, 24], and spermatogenesis is most sensitive to
decreased T levels during these stages [1, 8, 10, 14, 25].
Therefore, we focused on assaying the phosphorylation of ERK
kinase, a key component in the nonclassical T signaling
pathway in cross sections of stage VII seminiferous tubules. In
the testes of rats treated with vehicle control, p-ERK
immunostaining was present in the Sertoli cell cytoplasm
associated with the BTB region and Sertoli cell-elongated
spermatid adhesion sites. The p-ERK immunostaining de-

creased to 34% of control levels 7 h after Cetrorelix injection
but was restored to 103% of control levels 1 h after injection of
TP and TE (Fig. 2, B and C). Immunostaining for total ERK
did not change significantly after the changes in T levels. These
data indicate that nonclassical signaling occurs in vivo because
ERK phosphorylation is rapidly elevated at cell adhesion sites
in Sertoli cells in response to increased T.

H-K-AR122 Is a Dominant Negative Inhibitor of Classical T
Signaling

To identify the effects of blocking the classical pathway, we
employed a previously characterized dominant negative AR
mutant, HDAC1-KRAB-AR122 (renamed H-K-AR122) [51].
The H-K-AR122 construct has histone deacetylase 1 and
Kruppel-associated box transcriptional repressor domains fused
to an AR deletion mutant lacking the first half of its
transactivating N-terminal domain [51]. Transient transfection
studies of 15P-1 Sertoli cells using the PSALuc reporter
plasmid again showed that AR-driven promoter activity was
low in the presence of vehicle or T (Fig. 3A). However,
cotransfection of a plasmid expressing ARwt increased T-
mediated PSA promoter activity over 4-fold. In a control
cotransfection, a plasmid encoding a mutant AR (Arg734Gln)
that cannot bind T and was originally identified in rats having a
tfm phenotype (ARtfm) [32] did not interfere with ARwt
induction of T-mediated transcription. However, cotransfection
with a plasmid expressing H-K-AR122 dramatically decreased
T-mediated activation of transcription by ARwt. These results
were in agreement with previous studies that showed
transcription mediated by a constitutively active AR was
inhibited 10-fold by H-K-AR122 [51]. To determine whether
H-K-AR122 affected nonclassical T signaling, primary Sertoli
cell cultures from rats were infected with an adenovirus
construct expressing H-K-AR122 (AdH-K-AR122). Expres-
sion of H-K-AR122 did not inhibit T-mediated increases in
ERK phosphorylation (Fig. 3B). Together, these data indicate
that H-K-AR122 is a selective inhibitor of the classical
pathway that does not affect nonclassical signaling.

The S1 Peptide and D1 Peptidomimetic Are Selective
Inhibitors of the Nonclassical Pathway

The S1 peptide (aa 377-386 in hAR) corresponding to the
proline-rich domain in AR blocks the nonclassical pathway by
inhibiting AR-mediated activation of SRC kinase [52, 53].
Infection of cultured primary Sertoli cells with an adenovirus
expressing S1 (AdS1) blocked T-mediated phosphorylation of
ERK but the AdS1s adenovirus expressing a scrambled version
of the S1 peptide (S1s) had no effect on ERK phosphorylation
(Fig. 3B).

Additional studies were performed using peptidomimetics,
which are small organic molecules that do not possess a
peptide backbone but have the capacity to interact with the
binding pockets of target proteins because of the arrangement
of functional groups into a specific three-dimensional pattern
[37]. The D1 peptidomimetic was designed to mimic the
FXXLF motif in the amino terminal region of AR. In contrast,
the control D2 peptidomimetic mimics the LXXLL motif and
disrupts the interaction of AR with NR box-containing proteins
[37]. T-mediated phosphorylation of ERK in primary cultures
of Sertoli cells was inhibited by a 4-h pretreatment with 100
nM D1 relative to D2. The D2 peptidomimetic did not alter the
phosphorylation of ERK after stimulation with T as was shown
previously (Fig. 3C) [37]. The relative inhibition of T-mediated
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FIG. 2.

T stimulates rapid ERK phosphorylation in Sertoli cells in vivo. A) T levels in control testes and after 7 h of Cetrorelix treatment or 7 h Cetrorelix

followed by 1 h Tare shown. B) The p-ERK immunostaining was quantified as relative integrated optical density (IOD) in stage VII tubules after treatment
with vehicle (Control), 7 h after Cetrorelix treatment, and Cetrorelix (7 h) + T for 1 h. For A and B, error bars show SEM for three experiments. ANOVA
statistical analysis with Newman-Keuls PLSD was used. Values with different lowercase letters differ significantly (P < 0.05). C) Representative
immunofluorescence microscopy images of p-ERK or ERK (red) staining in stage VIl tubules in control and after Cetrorelix (7 h) or Cetrorelix + TPand TE (1
h) treatments. Arrows indicate p-ERK staining in the BTB region and arrowheads denote p-ERK staining associated with elongated spermatids. Additional
staining of ERK is localized to the Sertoli cell cytoplasm. Nuclei are stained blue with DAPI. Bar = 100 um.

ERK phosphorylation by D1 was similar to that resulting from
preincubation of Sertoli cells with S1 peptide (1 pM).

To determine whether the peptides or peptidomimetics
altered classical T signaling, 15P-1 Sertoli cells were
cotransfected with the PSALuc reporter plasmid and the AR
expression vector. Prior to stimulation with vehicle or T (100
mM) for 24 h, S1 or Sls peptides (5 pM) or D1 or D2
peptidomimetics (100 nM) were added to the cultures. None of
the peptides or peptidomimetics altered the T-mediated
increase in transcription from the PSA promoter (Fig. 3D).
The lack of effect upon T-mediated transcription by the
peptidomimetics is in agreement with a previous study that
showed D1 has no effect on androgen-mediated transcription
and that expression of AR rescues D2-mediated suppression of

androgen-induced transactivation [37]. These studies indicate
that the S1 peptide and the D1 peptidomimetic are selective
inhibitors of the nonclassical pathway.

Pathway-Selective Activators and Inhibitors Alter T-
Mediated Gene Expression in Testis Explants

As a first test to determine whether classical and
nonclassical T signaling is required for spermatogenesis, we
employed a testis explant model. In agreement with previous
studies [54, 55], we found that the morphology of the explants
cultured on agarose platforms can be maintained for at least 7
days (Fig. 4). Based on this result, we performed all additional
studies within 6 days of initiating the explant cultures.
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FIG. 3. H-K-AR122 and ST are pathway-selective inhibitors of classical or nonclassical T signaling, respectively. A) 15P-1 Sertoli cells transfected with
the PSALuc reporter plasmid and plasmids expressing ARwt, ARwt + ARtfm, or ARwt + H-K-AR122 (AR122) were stimulated with vehicle (V) or T for 24
h. The relative luciferase levels were determined relative to empty vector + vehicle (EV + V, =1.0) Error bars show SEM for four experiments. B) Primary rat
Sertoli cell cultures were infected with adenovirus constructs expressing B-galactosidase (B-gal), H-K-AR122, or the ST or control S1s peptide. The cells
were stimulated for 15 min with 100 nM T (T) 24 h after adenovirus infection. Western analyses of whole cell extracts are shown for p-ERK and total ERK
(T-ERK). Quantitation of p-ERK/ERK values normalized to Ad H-K-AR122 + T (left) or AdS1s+ T (right) (=1) for three experiments is shown below the
Western blots. C) Primary Sertoli cell cultures were incubated for 2 h with ST or S1s peptides (5 pM) or D1 or D2 peptidomimetics (100 nM) prior to a 15-
min stimulation with T (100 nM). Western immunoblots for p-ERK and ERK are shown. Quantitations of the p-ERK/ERK values from four experiments were
normalized to STs + T (=1). For B and C, paired one-tailed t-tests revealed statistically significant differences (P < 0.05) where indicated with an asterisk
(*). D) The 15P-1 Sertoli cells transfected with the PSALuc reporter plasmid and a plasmid expressing ARwt incubated with S1 or S1s (5 pM) or D1 or D2
(100 nM) during a 24-h stimulation with vehicle (V) or 100 nM T (n = 3). Values with different lowercase letters were found to differ significantly by
ANOVA (P < 0.05).

Studies of pathway-specific regulation of T-mediated
transcription were performed by transducing testis explants
on the first day of culture with the adenovirus constructs
AdS1s, AdS3 (expresses the S3 peptide that is functionally
identical to S1 but contains an additional four prolines at the
amino terminus [52, 53]), AdH-K-AR122, or AdS3 + AdH-K-
AR122. RNA was extracted from the explants 6 days after
adenovirus transduction and RT-qPCR assays were performed
to determine the expression levels of Rhox5, a homeobox gene
expressed only in Sertoli cells that is highly inducible by T via

the classical signaling pathway [56—58]. Previously, studies of
factors regulating Rhox5 were challenging because Rhox5
expression is rapidly extinguished after the culture of Sertoli
cells alone [57]. However, Rhox5 mRNA expression was
detected in the testis explants, indicating that they can be used
to assay the expression of Sertoli cell-specific genes regulated
by T (Fig. 5A). Transduction with the AdS3 adenovirus
decreased Rhox5 expression by 73%. The AdH-K-AR122
adenovirus lowered Rhox5 mRNA levels by 53%, whereas the
combination of adenovirus constructs expressing both pathway
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FIG. 4. Testis explants are maintained in culture for at least 7 days. Testis explants (3 mm?) were fixed immediately after isolation (A) or cultured on agar
slabs in serum-free media lacking T for 2, 4, or 7 days (B-D) followed by fixation and embedding in paraffin. Explant cross sections were stained with

periodic acid-Schiff-hematoxylin. Bar = 100 pm.
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FIG. 5. Inhibitors of classical and nonclassical T signaling disrupt spermatogenesis in testis explants. A) Testis explants from 35-day-old wild-type rats
were cultured with no adenovirus or adenovirus constructs expressing S1s, S3, H-K-AR122, or S3 + H-K-AR122. After 6 days, RNA was extracted from the
explants and reverse transcription (RT) assays performed followed by gPCR quantitation of relative Rhox5 RNA levels. Data shown are representative of
assays from three isolations of explants. B-D) Testis explants from 35-day-old tfm rats were infected with no adenovirus or adenovirus constructs
expressing ARwt (WT), nonclassical pathway activator (ARC562G), classical pathway activator (ARA372-385), or both activators (ARC562G + ARA372-
385). The relative RNA levels and SEM for Gapdh (B, n=3), Zbtb16 (C, n=3), and c-Kit (D, n=5) were assayed using RNA extracted from the explants 6
days after adenovirus infection and made relative to no adenovirus (=1). ANOVA statistical analysis with Newman-Keuls PLSD was used. Values with

different lowercase letters differ significantly (P < 0.05).
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FIG. 6.

Inhibition of nonclassical T signaling blocks meiosis during the first wave of spermatogenesis. Hematoxylin staining of 18-day-old mouse testis 3

days after injection of control Adp-gal or nonclassical pathway inhibitor AdS1. Asterisks (*) indicate tubules with disrupted spermatogenesis. The data

shown are representative of two experiments. Bar = 100 pm.

inhibitors (AdH-K-AR122 + AdS3) decreased Rhox5 expres-
sion by 69%. Efficient uptake of adenovirus by Sertoli cells has
been shown by our group and others [59-62]; however, we
cannot rule out the possibility that the adenoviruses could also
infect peritubular cells and inhibit AR-mediated functions that
are required to support Rhox5 expression in Sertoli cells [63].
Nevertheless, these data indicate that Rhox5 mRNA levels,
previously shown to be regulated by the classical pathway [64],
are also regulated via the nonclassical signaling pathway.

Activation of Either the Classical or Nonclassical Pathway in
Sertoli Cells Can Alter Gene Expression in Germ Cells

Rhox5 regulates the expression of genes that modulate
Sertoli cell metabolism and the production of factors needed by
germ cells [65, 66]. The findings that inhibitors of T signaling
can regulate Rhox5 gene expression in explants raised the
possibility that pathway-specific activators could be used in
explants to alter Sertoli cell functions that support germ cell
development. To test this hypothesis, testis explants were
cultured from AR-defective tfm rats, in which spermatogenesis
is halted during meiosis. The explants were transduced with
our previously characterized AAARA372-385 or AAARC562G
adenoviruses expressing AR mutants that selectively activate
either the classical or nonclassical pathway, respectively [35].

The qPCR analysis performed 6 days after adenovirus
transduction showed that expression of the housekeeping gene
Gapdh in tfm explants was not altered in response to
adenovirus constructs expressing activators of the classical or
nonclassical pathways or ARwt (Fig. 5B). In contrast,
transduction of the tfm testis explants with an adenovirus
expressing ARwt resulted in a 7.8-fold increase in expression
of the Zbtbl6 gene (also known as Plzf) encoding a
transcription factor that is expressed exclusively in spermato-
gonial stem cells (SSCs) and undifferentiated spermatogonia
[67, 68] (Fig. 5C). The adenovirus activating the nonclassical
pathway increased Zbtbl6 expression by 2.7-fold, but this
difference from the no-adenovirus control was found not to be
statistically significant. In contrast, activation of only the
classical pathway increased mean levels of Zbth/6 mRNA in
spermatogonia by 8.3-fold. Activation of both the classical and
nonclassical pathways also increased Zbtb16 expression (10.6-
fold). Analysis of c¢-Kit mRNA, which is a marker for
differentiated spermatogonia [69-72], showed that c-Kit
expression was stimulated to a similar extent after expression
of ARwt, the classical pathway or the nonclassical pathway

activator alone, or the combination of both activators (3.1-, 3.0-
, 3.5-, and 3.2-fold, respectively) (Fig. 5D). These data indicate
that of the spermatogonia-specific mRNAs, expression of
Zbtb16 is more effectively induced after activation of the
classical versus the nonclassical T signaling pathway in Sertoli
cells. In contrast, ¢-Kit expression is elevated after activating
either the classical or the nonclassical pathway.

Inhibition of the Classical or Nonclassical Pathway Disrupts
Spermatogenesis In Vivo

Our previous studies and those from other groups have
shown that adenovirus constructs injected via the efferent ducts
into the lumen of seminiferous tubules of adult mouse and rat
testes are taken up only by Sertoli cells [59-62]. This cell-
specific uptake occurs because only Sertoli cells have direct
access to the nonreplicating adenovirus in the tubule lumen and
Sertoli cells express receptors used by adenoviruses to enter the
cell [44, 59-61, 73]. As a first test of the hypothesis that
nonclassical signaling is required to maintain spermatogenesis,
we delivered adenovirus vectors into the seminiferous tubules
of 14-day-old mice. During this developmental period,
pachytene spermatocytes first appear during the initial wave
of spermatogenesis [74]. We found that 3 days after injection
of AdS1, spermatogenesis was disrupted, with spermatocytes
being lost in at least 50% of the tubule cross sections (Fig. 6A).
This result was consistent with approximately 50% of tubule
volume being filled with adenovirus + dye marker solution
after injection (data not shown). No disruption of spermato-
genesis was observed with the control Adf-gal adenovirus and
no immune response was detected after infection with either
adenovirus. These results indicate that spermatogenesis is
blocked during the meiosis stage of germ cell development
after inhibition of the nonclassical pathway in vivo.

To assess the integrity of the BTB after inhibiting the
nonclassical or classical pathways, additional adenovirus
injection studies were performed using adult mice. Six days
after adenovirus injection, a biotin tracer (EZ-Link Sulfo-NHS-
LC-Biotin) that cannot transit through an intact BTB was
injected into the interstitium of adenovirus-transduced testes 30
min before euthanasia as previously described [10]. These
studies revealed that in testes injected with the control Adp-gal
adenovirus, the BTB was intact, as the biotin was excluded
from all but the basement membrane portions of seminiferous
tubules (Fig. 7A). In contrast, the biotin tracer was found
throughout the interior regions of numerous tubules in testes
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FIG. 7. Inhibition of classical or nonclassical T signaling disrupts spermatogenesis in adult mice. A) Adult mouse testes were injected with adenovirus
constructs expressing B-galactosidase (Adp-gal, control), the S1 nonclassical pathway inhibitor (AdS1) or the classical pathway inhibitor (AdH-K-AR122).
Prior to euthanasia, a biotin tracer was injected into the testes. Colorimetric staining for biotin (brown) showed that the biotin tracer lined the perimeter of
testes injected with Adp-gal (arrowheads) but biotin penetrated the BTB in testes injected with AdS1 or AdH-K-AR122 (asterisks). B) Immunofluorescence
analysis of testes sections from A using antisera against N-cadherin shows that N-cadherin is present at the BTB after injection of control adenovirus (Adp-
gal) but expression at the BTB is reduced or absent after injection of AdS1 or AdH-K-AR122. Arrows indicate N-cadherin immunoreactivity that is present
or reduced at the BTB. C) Hematoxylin staining of adult mouse testis 4 days after injection of Adp-gal, AdS1, Ad-H-K-AR122, or AdST + Ad-H-K-AR122.
Short arrows depict vacuoles lacking germ cells. Long arrows depict prematurely detached germ cells in the lumen. Red circles and ovals indicate regions
lacking germ cells. For A, B, and C, the data shown are representative of three experiments. Bars = 100 pm.

injected with adenovirus constructs expressing the S1 nonclas- expression at the BTB was decreased after injection of
sical inhibitor or the H-K-AR122 classical pathway inhibitor. A inhibitors of either the nonclassical or classical pathway (Fig.
major component of the BTB whose expression in Sertoli cells 7B). These findings indicate that the integrity of the BTB is
is supported by T signaling is the adherens protein N-cadherin disrupted after blocking either nonclassical or classical T
[11]. Immunofluorescence studies revealed that N-cadherin signaling.
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Injection of Adp-gal into the seminiferous tubules of adult
mouse testes (70 days old) did not affect spermatogenesis or
the morphology of the testis 4 days later (Fig. 7C). In contrast,
injection of AdS1 increased the area of vacuoles within the
seminiferous tubules where pachytene spermatocytes and
round spermatids were absent. Specifically, the mean relative
area of vacuoles within seminiferous tubules after injection of
AdS1 (9.3% = 0.5%) was 4.4-fold greater than after injection
of AdB-gal 2.2% = 0.6%) (P < 0.05). Injection of AdH-K-
ARI122 caused the mislocalization of immature germ cells
away from the basement membrane and toward the tubule
lumen, suggesting that the germ cells had detached from Sertoli
cells. Combined expression of the classical and nonclassical
pathway inhibitors also resulted in the appearance of vacuoles,
the loss of pachytene spermatocytes, plus a more generalized
detachment of remaining spermatocytes and postmeiotic germ
cells away from the basement membrane and into the tubule
lumen. These results indicate that both T signaling pathways
are required to maintain spermatogenesis.

DISCUSSION

Nonclassical actions of steroid hormones, including the
activation of kinases and signaling cascades, have been studied
in numerous cell culture systems, but the characterization of
nonclassical actions in vivo is limited [75, 76] and nonclassical
actions of androgen in vivo have not been reported previously.
A recent study argued that nonclassical signaling did not
contribute to maintaining spermatogenesis [46]. This study
employed a naturally occurring AR mutation lacking exon 3
that binds T but causes complete androgen insensitivity (AILS)
[47, 77]. Because exon 3 is required for DNA-binding activity
and the ability to induce T-mediated transcription, the finding
that spermatogenesis was blocked in transgenic mice express-
ing only this AR mutant in Sertoli cells was interpreted as
evidence that only the classical pathway was required to
maintain fertility [46]. However, our finding that the removal
of the 39 amino acids encoded by exon 3 also extinguished
nonclassical activity indicates that the associated AIS pheno-
type and disruption of spermatogenesis may result from the
lack of classical, nonclassical, or both pathways. Further
studies will be required to determine how the loss of exon 3
inhibits nonclassical signaling, but it is possible that an
alteration in the conformation of AR occurs that does not
allow AR to interact with Src kinase.

We found evidence for nonclassical signaling occurring in
Sertoli cells in vivo by injecting rats with the GnRH antagonist
Cetrorelix followed by injections of T to rapidly decrease and
then increase intratesticular T levels. The corresponding loss
and reestablishment of p-ERK immunoreactivity in Sertoli cells
indicates that the nonclassical T signaling pathway is active in
these cells. The rapid T-mediated increase in p-ERK levels in
Sertoli cells is unlikely to result from classical T signaling,
because accumulation of T in the testis after T restoration
would not be instantaneous and initiating T-mediated gene
expression requires at least 45 min, with protein production
occurring even later [28]. Instead, the increase in P-ERK levels
in Sertoli cells is characteristic of the nonclassical T signaling
that is observed within minutes of T stimulation [31]. It is
possible that estradiol could contribute to activation of the
nonclassical pathway in Sertoli cells, because estradiol can be
derived from T by aromatase enzymes that are present in
testicular cells (reviewed in [78]) and estradiol has been
reported to activate the MAP kinase pathway in Sertoli cells
[79]. However, we showed previously that T and the
nonaromatizable R1881 androgen activate the nonclassical
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pathway and that activation requires the AR [31]. Furthermore,
T levels in the testis are far greater than that of estradiol,
causing T to be the major stimulus for the nonclassical pathway
in vivo. Based on these data, we interpret our results as the first
evidence that nonclassical T signaling occurs in Sertoli cells in
vivo.

The culturing of testis explants containing intact seminifer-
ous tubules and accompanying interstitial cells allowed
investigation of classical and nonclassical T signaling in a
model testis environment that supports spermatogenesis. The
organ culture method used permits the explants access to media
as well as an oxygenated atmosphere. The long-term culture of
explants using this strategy has been shown to permit the
eventual production of sperm from neonatal testes [54]. Our
ability to maintain the integrity of the cultured testis tissue for
at least 7 days allowed for the use of adenovirus expression
vectors in a testis-like environment and the time required for
gene expression and intracellular signaling events in Sertoli
cells to be translated into alterations in spermatogenesis
processes.

Testis explants provide a unique opportunity to study
expression of the Sertoli cell-specific Rhox5 mRNA that is
dramatically up-regulated in the presence of T in vivo [56-58]
but extinguished rapidly in cultures of isolated primary Sertoli
cells under normal conditions [57]. The finding that the
classical pathway inhibitor H-K-AR122 decreased Rhox5
mRNA levels was expected because the Rhox5 promoter has
been shown to contain four AREs [80-82]. However, the
inhibition of Rhox5 expression by a nonclassical inhibitor was
unexpected and is the first example of T-mediated gene
expression being regulated by both the classical and nonclas-
sical pathways. It is possible that nonclassical signaling may
activate transcription from a previously characterized second,
distal Rhox5 promoter or alleviate repression associated with a
promoter regulatory region that is adjacent to the ARE-
containing region [64]. Nonclassical signaling also may
contribute to the induction of Rhox5 via the activation of
kinases that alter the activity of factors regulating the AR-
mediated transcription of Rhox5 [83]. Additional studies will
be required to determine the mechanism by which Rhox5
mRNA levels are regulated by the nonclassical pathway.

The functional importance of the classical and nonclassical
pathways in Sertoli cells was shown further in gene expression
assays using testis explants from rats lacking AR activity.
Introduction of an adenovirus expressing an AR mutant that
can only activate classical T signaling increased expression of
the gene encoding ZBTB16, a transcription factor expressed
only in the least mature germ cells, including SSCs and
undifferentiated spermatogonia derived from SSCs [67, 68].
Because T and AR do not directly regulate developing germ
cells [18-21], alterations in gene expression in germ cells due
to the activation of the classical and nonclassical pathways
must be indirect. It is possible that activation of the classical
pathway allows Sertoli cells to provide a better niche for SSCs
and undifferentiated spermatogonia or the production of a
factor that induces expression of the Zbtb16 gene. Activation of
the nonclassical pathway did not produce statistically signif-
icant differences in Zbtb16 expression. Thus, the nonclassical
pathway may be less effective in supporting SSCs and SSC
gene expression. The idea that activation of either T signaling
pathway in Sertoli cells can alter gene expression in germ cells
was supported by similar classical and nonclassical pathway-
mediated increases in the expression of ¢-Kit, a gene expressed
predominantly in differentiated spermatogonia. This T-mediat-
ed alteration of germ cell gene expression agrees with a
previous finding that AR-regulated genes in Sertoli cells
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regulate RNA transcripts expressed in differentiated spermato-
gonia and are involved in the regulation of spermatogonial
differentiation [84].

The classical and nonclassical activators produced by
adenoviruses are not likely to act directly on germ cells
because germ cells in vivo are not efficiently transduced with
adenovirus [59-62]. Furthermore, gene-targeting studies in
mice show that ablating any potential AR expression in germ
cells does not result in functional defects [85, 86]. Therefore,
the use of testis explants combined with adenovirus-mediated
expression of regulatory factors may provide a strategy to
identify testicular factors and mechanisms that regulate stem
cell renewal and spermatogonia differentiation as well as later
germ cell developmental processes.

Androgens and AR are required to maintain the integrity of
the BTB [10, 11], and we found that inhibition of either T
signaling pathway disrupts BTB integrity. The finding that the
nonclassical pathway is required to maintain the BTB is
consistent with earlier findings that SRC family kinases, a
target of nonclassical T signaling, are associated with and
required for maintaining the BTB [87] and that T is required for
the transit of BTB proteins out of the membrane during the
remodeling of the BTB [88]. In addition, ERK kinase activity
is associated with maintenance of the BTB [89, 90]. The
finding that classical T signaling is required to maintain the
BTB is supported by previous studies showing that knockout
of AR activity in Sertoli cells decreases the expression of genes
encoding BTB-associated proteins including N-cadherin,
claudin 11, occludin, gelsolin, JAM3, and claudin 3 [9-11].
However, it is not yet known whether expression of identified
genes encoding BTB-associated proteins is enhanced by
classical or nonclassical signaling or both. Additional studies
also are required to determine whether inhibition of nonclas-
sical signaling causes the mislocalization of BTB-associated
proteins away from the plasma membrane.

In rodents, germ cells enter prophase of meiosis coincident
with the formation of the BTB [91, 92] and disruption of the
BTB inhibits the differentiation of spermatogonia into
spermatocytes [93]. These required properties of the BTB
may explain the lack of spermatocyte formation after injection
of an adenovirus expressing an inhibitor of the nonclassical
pathway into the testes of 14-day-old mice and the similar loss
of spermatocytes in adult testes. However, other consequences
of blocking nonclassical T signaling, including inhibiting the
production of factors required by the germ cells or the
misregulation of cell-cell attachment proteins, may also
contribute to the loss of spermatocytes as well as affect other
stages of the spermatogenesis process.

An adenovirus construct expressing the classical pathway
inhibitor H-K-AR122 also disrupted spermatogenesis such that
germ cells were prematurely released into the lumen of
seminiferous tubules. One explanation for this result may be
that expression of cell attachment proteins is inhibited because
T stimulation has been shown to increase the expression of
genes required for cell-cell attachment and some of these genes
are regulated via the classical pathway [9—11]. The observed
disruption of the BTB after inhibition of classical pathway
signaling also may contribute to the loss of germ cells as the
ablation of proteins required to maintain the BTB blocks
spermatogenesis during meiosis and causes the loss of meiotic
cells [62, 94, 95]. The more generalized disruption of
spermatogenesis observed after inhibition of both the classical
and nonclassical pathways in vivo was similar to the
progressive loss of spermatocytes and absence of spermatids
that is observed in Sertoli cell-specific AR knockout
(SCARKO) mice [7, 8]. The increased disruption of spermato-
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genesis in the presence of inhibitors of both pathways as well
as the differences in the patterns of disrupted spermatogenesis
observed with either inhibitor alone indicates that the classical
and nonclassical pathways support at least some distinct,
complementary processes required to maintain spermatogene-
sis.

In the future, specific proteins and signaling pathways
regulated by classical and nonclassical T signaling may be
identified with the combined use of testis explants, adenovirus
injection into testes, and transgenic mice in which endogenous
AR is replaced by pathway-selective AR mutants. The finding
that the S1 peptide or the D1 peptidomimetic blocks
nonclassical signaling in Sertoli cells raises the possibility that
delivery of these inhibitors specifically to the testis could act as
a contraceptive to block sperm production in a reversible
manner without interfering with processes that require classical
T signaling in the testis or other tissues. The D1 peptidomi-
metic would have particular advantages as a male contraceptive
because it is a lipophilic small organic compound that is not
subject to protease degradation. It is also possible that pathway-
selective activators or inhibitors could be delivered to other
tissues, resulting in the activation or inhibition of specific T-
mediated processes without altering functions regulated by the
other pathway.

In summary, we have found that nonclassical T signaling
occurs in Sertoli cells in vivo. Inhibitors of classical and
nonclassical signaling are able to regulate Sertoli cell-specific
gene expression in testis explants. Expression of classical or
nonclassical pathway-activating AR mutants in Sertoli cells
alters the mRNA levels for genes expressed in spermatogonia
germ cells in testis explants. The production of either classical
or nonclassical pathway inhibitors in Sertoli cells in vivo
results in the disruption of the BTB and spermatogenesis.
Together, our findings indicate that the classical and nonclas-
sical pathways both contribute to maintaining spermatogenesis
and male fertility.
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