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Testosterone activates mitogen-activated protein
kinase and the cAMP response element binding
protein transcription factor in Sertoli cells
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The androgen testosterone is essential for the Sertoli cell to
support the maturation of male germ cells and the production of
spermatozoa (spermatogenesis). In the classical view of androgen
action, binding of androgen to the intracellular androgen recep-
tor (AR) produces a conformational change in AR such that the
receptor-steroid complex has high affinity for specific DNA regu-
latory elements and is able to stimulate gene transcription. Here,
we demonstrate that testosterone can act by means of an alter-
native, rapid, and sustainable mechanism in Sertoli cells that is
independent of AR-DNA interactions. Specifically, the addition of
physiological levels of testosterone to Sertoli cells stimulates the
mitogen-activated protein kinase signaling pathway and causes
phosphorylation of the cAMP response element binding protein
transcription factor on serine 133, a modification known to be
required for Sertoli cells to support spermatogenesis. Androgen-
mediated activation of mitogen-activated protein kinase and cAMP
response element binding protein occurs within 1 min, extends for
at least 12 h and requires AR. Furthermore, androgen induces
endogenous cAMP response element binding protein-mediated
transcription in Sertoli cells. These newly identified mechanisms of
androgen action in Sertoli cells suggest new targets for developing
male contraceptive agents.
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Androgen actions are critical in the testis for the maturation
of male germ cells into spermatozoa (spermatogenesis). In
the absence of relatively high levels of testosterone (>70 nM) in
the testis, spermatogenesis is halted before the completion of
meiosis so that few if any spermatozoa are produced (1, 2). The
molecular mechanisms by which testosterone regulates spermat-
ogenesis are not well understood, but like other steroid hor-
mones, androgens exert many of their actions by diffusing into
target cells and binding specific intracellular receptor proteins
that are located in the cytoplasm and the nucleus (3). The
importance of the androgen receptor (AR) for maintaining
spermatogenesis is confirmed by mutations that eliminate AR
activity. These mutations result in the testicular feminization
phenotype (tfm) and the absence of mature male germ cells (4).
In the classical view of androgen action, binding of androgen to
its receptor produces a conformational change in AR such that
the receptor—steroid complex has high affinity for specific DNA
regulatory elements and is able to stimulate gene transcription
(5). The entire process required to initiate gene expression by
means of this classical mechanism takes at least 30—45 min (6,
7), and the length of time required to produce significant levels
of nascent proteins is in the order of hours.

Numerous genes and proteins are up-regulated in response
to testosterone (8—10), but few genes are known to be induced
by androgens through AR binding to promoter elements in
Sertoli cells (11, 12). In contrast, at least two observations
support the hypothesis that testosterone may act through
alternative mechanisms to complement classical AR actions in
Sertoli cells. First, studies using rats demonstrated that Sertoli
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cells require testicular testosterone levels >70 nM to support
spermatogenesis, even though testosterone binding to AR and
gene expression responses to testosterone are saturated at 1
nM (1, 2, 13). Second, intracellular calcium levels are elevated
in primary Sertoli cells within seconds of androgen stimulation
and thus cannot be dependent on AR-DNA interactions and
initiation of gene expression (14-16). Together, these obser-
vations suggest that testosterone may act in Sertoli cells
through alternative pathways as well as classical mechanisms to
regulate spermatogenesis.

Recent studies have demonstrated that androgen can directly
activate cellular signaling pathways independent of AR binding
to DNA (17-19). Evidence for androgen stimulation of the
mitogen-activated protein (MAP) kinase pathway includes the
finding that the nonhydrolyzable androgen agonist R1881 (1
nM) activates extracellular-regulated kinase (ERK) in human
PMCA42 breast cancer cells (20). Similarly, dihydrotestosterone
rapidly and transiently (2-60 min) increased ERK phosphory-
lation in primary prostate stroma cells (21). Phosphorylation of
ERK kinases was also elevated by dihydrotestosterone concen-
trations as low as 0.1 nM in LNCaP cells that contain AR and
in PC3 cells stably transfected with AR, but not in wild-type PC3
cells that are AR deficient.

We noted that MAP kinase or calcium-regulated pathways can
cause the cAMP response element binding protein (CREB)
transcription factor to be phosphorylated on serine 133 (22).
Once phosphorylated on serine 133, CREB bound to cAMP
response element motifs (TGACGTCA) in gene promoters is
able to associate with the CREB binding protein coactivator
(23), which facilitates the recruitment of RNA polymerase to the
transcription initiation site (23-25). The potential relevance of
testosterone regulation of CREB phosphorylation is highlighted
by our recent studies demonstrating that phosphorylated CREB
in Sertoli cells is an essential factor that is required for Sertoli
cells to support spermatogenesis (26). Specifically, spermatocyte
germ cells undergo apoptosis, and spermatozoa are not pro-
duced if CREB cannot be phosphorylated in Sertoli cells.

In this study, we test the hypothesis that androgen can regulate
Sertoli cell processes, and therefore spermatogenesis, by means
of nonclassical mechanisms. We explore androgen stimulation of
ERK MAP kinases as well as the CREB transcription factor and
investigate signaling pathways by which testosterone actions are
transduced in Sertoli cells. We determine whether AR is re-
quired for nonclassical actions of androgens in Sertoli cells.
Finally, we assay androgen induction of CREB-mediated tran-
scription in Sertoli cells.

Abbreviations: AR, androgen receptor; tfm, testicular feminization mutation; ERK, extra-
cellular-regulated kinase; CREB, cAMP response element binding protein; FSH, follicle-
stimulating hormone; siRNA, small inhibitory RNA; MAP, mitogen-activated protein; P-
CREB, phosphorylated CREB; P-ERK, phosphorylated ERK.
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Materials and Methods

Isolation of Primary Sertoli Cells and Cell Culture. Sertoli cells were
isolated from 15-day-old Sprague—Dawley rats and cultured in
serum-free media as described previously (26). Sertoli cells were
routinely >95% pure as determined by phase microscopy and
alkaline phosphatase staining (27). Animals used in these studies
were maintained and killed 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.

Preparation of Whole Cell Extracts, Western Blots, and Statistical
Analysis. Three days after isolation, Sertoli cells were treated for
1 min to 24 h with potential regulators of CR EB phosphorylation
including estradiol (100 nM), RU 5020 (100 nM), testosterone
(10-250 nM), follicle-stimulating hormone (FSH, 100 ng/ml), or
R1881 (100 nM). In some cases, cells were pretreated for 4 h with
actinomycin D (50 pg/ml), puromycin (10 pg/ml), ICI 182,780
(1 uM), or flutamide (1 uM) or 1 h with the signaling pathway
inhibitors PD 98059 (50 uM) or wortmannin (100 nM). Cells
were washed once with PBS and then lysed on the plates by using
boiling Laemmli sample buffer to minimize phosphatase activity
(28) and assayed by Western immunoblot (29). Primary antisera
used include those against the CREB phosphorylated on serine
133 (Upstate Biotechnology, Lake Placid, NY), the phosphor-
ylated, active forms of ERK1/2 and protein kinase B phosphor-
ylated on serine 473 (Cell Signaling Technology), as well as all
forms of CREB and ERK (Upstate Biotechnology). Digitized
autoradiograms were quantified by using NIH IMAGE 1.6 software.
Phosphorylated (P)-CREB and P-ERK levels were normalized
to overall CREB and ERK expression. Comparisons of andro-
gen-stimulated levels of P-CREB and P-ERK to that of vehicle-
treated controls were performed by using ANOVA and Fisher’s
post hoc analysis with STATVIEW 4.5 software (Abacus Concepts,
Berkeley, CA).

cAMP RIA. Sertoli cells were stimulated for 15 min with ethanol
(vehicle), FSH (100 ng/ml), or testosterone (100 nM). Media was
collected and boiled for 10 min before analysis. cCAMP concen-
trations in culture medium were analyzed by RIA by using
12I.cAMP-TME (2-0" monosuccinlyl cAMP tyrosine methyl
ester) and anti-cAMP in accordance to the instructions provided
by the National Hormone and Pituitary Program (National
Institute of Diabetes and Digestive and Kidney Diseases, Na-
tional Institutes of Health). Antiserum to cAMP (Lot CV-27)
was generously provided by the National Hormone and Pituitary
Program.

Small Inhibitory RNA (siRNA) and PCR Primer Oligonucleotides. The
sense strands used to construct AR and Luciferase siRNAs were
5'-AGGAGCGUUCCAGATAT-3" and 5’-Cy3-CGUACGCGG-
AAUACUUCGAJTAT-3’, respectively. PCR primers used in-
clude: AR, 5'-AGATGGCATGCATTCAGTATTCCTGGA-3’
and 5'-CATGCGATACTCATTGAAAACCAGGTC-3’; SRY,
5'-ACCTGCTGCAATGGGACAACAACC-3" and 5'-CT-
GCTGGTGCTGCTGTTTCTGCTG-3'; CREB, 5'-AGGGGT-
GCCAAGGATTGAAGAAG-3" and 5'-GCTTTTAGCTCCT-
CAATCAATGT-3'; LDH-A, 5'-ATGAAGGACTTGGCT-
GATGAGCT-3’' and 5'-TTAGAACTGCAGCTCCTTCT-
GGA-3'; EGRI1, 5'-TTCGCTCACTCCACTATCCAC-3’ and
5'-GGGGGATGGGTAGGAGGTAGC-3’; or GAPDH, 5'-
GCATGGCCTTCCGTGTTCCTA-3" and 5'-GTAGGCCAT-
GAGGTCCACCAC-3'".

RNA Interference, Culture of tfm-Derived Sertoli Cells, and Adenoviral
Infection. Two days after plating, Sertoli cells were transfected
with siRNAs (20 nM) by using TransIT-TKO (Mirus, Madison,
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WI) according to the manufacturer’s instructions. The duplex
siRNAs corresponded to +60 to +78 of AR or +153 to +171 of
the luciferase gene. Three days after transfection, the Sertoli
cells were stimulated with ethanol or testosterone (100 nM), and
whole cell extracts were collected in boiling Laemmli sample
buffer.

Pups from matings of wild-type males and tfm carrier females
were sexed after analysis of genomic DNA isolated from tail
clips. Positive results of PCR reactions employing SRY gene
primers were indicative of the presence of the Y chromosome
and male pups. To distinguish wild-type and tfm males, a 130-bp
region encompassing the AR mutation was amplified from
genomic DNA and sequenced. Separate Sertoli cell cultures
were prepared from each wild-type and tfm pup at 15 days of age.
In some cases, the Sertoli cells were infected 2 days after plating
with adenoviral constructs (1 X 10'° particles per ml) expressing
either B-galactosidase or wild-type AR. Sertoli cells were har-
vested for assays of CREB phosphorylation 3 days after plating
or infection with adenovirus.

Androgen Receptor Binding Activity. AR binding assays to deter-
mine AR binding activity in Sertoli cells were carried out as
previously described (30). Briefly, Sertoli cells (1 X 10°) were
plated onto 60-mm? dishes in serum-free media. After 3 days in
culture, the cells were washed with PBS and incubated in media
containing 5 nM 3H-R1881 in the presence or absence of 5 uM
cold R1881 for 4 h at 37°C. Cells were then washed five times
with PBS and resuspended in ethanol for 30 min. Total radio-
activity was determined by using a liquid scintillation counter
(Beckman Coulter), and AR levels were expressed as fmol/mg
protein.

RT-PCR Analysis of Gene Expression. Three days after transfection,
Sertoli cells were stimulated with vehicle (ethanol) or R1881
(100 nM) for 6 or 24 h, and RNA was isolated by using RNA
STAT60 (Tel-Test, Friendswood, TX). After digestion with
RNase-free DNase, the RNA was subjected to reverse transcrip-
tion by using gene-specific primers for CREB, LDH-A, EGRI1,
and GAPDH. The resulting cDNAs were amplified in separate
nested PCR reactions by using a predetermined number of cycles
found to amplify the cDNAs within a linear range (25 cycles for
CREB, LDH-A, and EGR1 and 20 cycles for GAPDH). Ten
percent of the PCR yields were resolved on 1% agarose gels.

Results

Androgen Stimulates CREB and ERK Phosphorylation in Sertoli Cells.
To evaluate nonclassical androgen activation of regulatory fac-
tors in Sertoli cells, we first assessed the phosphorylation status
of both the CREB transcription factor, a known target of
numerous signaling kinases (22) that is required for germ-cell
survival (26), and the MAP kinase ERK, a target of androgen
in breast cancer and prostate cells (20, 21). Exposure to testos-
terone (10-250 nM), the major androgen effector in the testis,
rapidly (within 15 min) induced the phosphorylation of CREB
(3.1-4.5-fold) as well as both forms of ERK (ERK1/2, 4.0-4.4-
fold) (Fig. 14). Overall CREB and ERK1/2 protein expression
was not altered by testosterone stimulation. Notably, the levels
of testosterone used are at the lower range of in vivo testicular
interstitial levels (200-825 nM) (2, 31, 32). Testosterone actions
were specific, as the steroid hormone estradiol did not induce
phosphorylation of CREB or ERK1/2. Addition of FSH, a
known activator of ERK and inducer of CREB phosphorylation
in Sertoli cells (28, 33), increased P-CREB and P-ERK1/2 levels
as expected. Together, these data demonstrate that testosterone
stimulation is capable of inducing the phosphorylation of
ERK1/2 and CREB within 15 min. These actions of testosterone
are not likely to require AR-DNA interactions because the
initiation of gene expression by means of this classical mecha-
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Fig.1. Testosterone induces phosphorylation of CREB and ERK in primary rat
Sertoli cells. (A) Sertoli cells were stimulated with ethanol (vehicle), estradiol
(E2), and testosterone (T) at the concentrations shown or ovine FSH (100
ng/ml) for 15 min. Western immunoblotting of whole cell extracts was per-
formed sequentially with antisera specifically recognizing CREB phosphory-
lated onserine 133 (P-CREB), P-ERK1/2, and all forms of ERK. Fractionation and
probing of the samples was repeated by using an antiserum recognizing all
forms of CREB. P-CREB and P-ERK1/2 levels were normalized to overall CREB
and ERK1/2 expression, and the normalized P-CREB and P-ERK1/2 levels for
vehicle-treated cells were arbitrarily set equal to 1. The mean fold induction
(+SE) of hormone-stimulated P-CREB (m) and P-ERK1/2 (OJ) over vehicle-
treated cells for five (P-CREB) and four (P-ERK1/2) independent experiments
is reported in the graph to the right. Values that are significantly different
from vehicle-treated controls (P < 0.05) are indicted with an asterisk (*). (B)
Sertoli cells were stimulated with ethanol for 15 min (0) or 100 nM R1881 for
the times shown. Western analyses were performed as in A. The mean (*=SE)
relative levels of P-CREB (m) and P-ERK1/2 (OJ) normalized for CREB and
ERK1/2 expression are provided for four (P-CREB) and six (P-ERK1/2) indepen-
dent experiments with statistical analysis as described in A. No changes in
protein expression were observed over 12 h with vehicle (EtOH) controls (data
not shown). (C) Sertoli cells were treated for 60 min with EtOH (vehicle),
estradiol (E2), RU 5020, or testosterone (T). Western analyses were performed
for P-CREB and CREB. The data shown are representative of three indepen-
dent experiments. (D) Sertoli cells were pretreated with DMSO, actinomycin D
(Actino D, 50 ug/ml), or puromycin (10 ug/ml) for 2 h before stimulation with
EtOH vehicle (—) or 100 nM testosterone (+). Western blot analyses of P-CREB
and CREB levels are shown. The blot shown is representative of at least three
experiments.

nism takes at least 30—45 min (7), and hours are needed to
produce significant levels of nascent proteins.

Androgen Induces an Inmediate and Sustained Increase in CREB and

ERK Phosphorylation. We used the nonhydrolyzable androgen
agonist R1881 (100 nM) to stimulate Sertoli cells for longer-term
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Fig.2. Testosterone-induced phosphorylation of CREB is mediated by means

of MAP kinase. (A) Sertoli cells were treated with FSH (100 ng/ml), testoster-
one (100 nM), or ethanol (vehicle) for 15 min. cAMP secreted into the media
was measured by RIA. The data shown represent the mean levels of CAMP
(+SE) for five observations. (B) DMSO (vehicle), PD98059 (PD, 50 uM), or
wortmannin (Wort, 100 nM) were added to Sertoli cell cultures 1 h before
stimulation with EtOH (—) or testosterone (+) (100 nM) for 15 min. Western
immunoblotting was performed as in Fig. 1. Fractionization and probing of
samples was repeated by using an antiserum recognizing phosphorylated
protein kinase B, a target for wortmannin-sensitive phosphoinositide 3-ki-
nase. The mean fold induction (+SE) of P-CREB levels over that of vehicle-
treated cells is shown for three experiments.

studies to determine the kinetics of CREB phosphorylation after
androgen stimulation. CREB phosphorylation increased an
average of 2.2- to 2.4-fold within 1-15 min after R1881 stimu-
lation (Fig. 1B); 1-2 h after the initial R1881 stimulation,
P-CREB levels increased 2.6- to 2.9-fold. ERK1/2 phosphory-
lation followed similar kinetics, supporting the hypothesis that
androgen-induced CREB phosphorylation is mediated by means
of the MAP kinase pathway. Again, the induction of CREB
phosphorylation 1 h after androgen stimulation was specific for
androgen, as stimulation with estradiol or the progestin agonist
R5020 did not enhance CREB phosphorylation (Fig. 1C).
Androgen-mediated activation of CREB was independent of
RNA or protein synthesis because the levels of phosphorylated
CREB were not reduced by either the RNA synthesis inhibitor
actinomycin D or the protein synthesis inhibitor puromycin
(Fig. 1D).

Testosterone Stimulates CREB Phosphorylation by Means of MAP
Kinase but Not cAMP. Testosterone is capable of elevating cAMP
levels by binding to sex hormone binding globulin (SHBG)
associated with its receptor, Rsupg (34, 35). We investigated the
possibility that testosterone could cause CREB to be phosphor-
ylated by means of a cAMP-dependent pathway in Sertoli cells.
Testosterone stimulation for 15 min actually reduced cAMP
levels by 33% to 0.04 = 0.02 pmol/ml from vehicle-treated levels
of 0.06 = 0.04 pmol/ml (Fig. 24). In contrast, FSH stimulation
increased cCAMP levels by at least 18-fold to 1.1 = 0.4 pmol/ml.
These data indicate that activation of the MAP kinase pathway
and CREB by testosterone is not associated with increases in
cAMP levels and that steroid hormone binding globulin is not
required for testosterone actions in Sertoli cells. In contrast,
pretreatment of Sertoli cells with the MAP kinase pathway
inhibitor PD 98059 reduced testosterone-induced phosphoryla-
tion of CREB to basal levels (Fig. 2B). Pretreatment with
wortmannin resulted in no inhibition of CREB phosphorylation
but eliminated phosphorylation of protein kinase B, a kinase that
can be activated by wortmannin-sensitive phosphoinositide 3-
kinase. These data confirm that androgen-induced phosphory-
lation of CREB is mediated by means of the MAP kinase
signaling cascade.

PNAS | July 27,2004 | vol. 101 | no.30 | 10921

BIOCHEMISTRY



A 5 3 B Luc AR

% k- SiIRNA  SiRNA

+ - -

= = - v = o =

= = = s £ T €

B o & 5 AL
o

g 3 s B > - > -

P-CREB W

CREB [ S —

P-CREE fold induction

Mean 1 3.6 0.7 0.4
sD 0.4 0.10.1

AR siRNA

L 8

Fig. 3. RNA interference knock-down of AR expression inhibits androgen-
mediated CREB phosphorylation. (A) Sertoli cells were pretreated with ICI
182,780 (ICl) or flutamide (Flut) (1 uM) for 4 h as indicated before stimulation
with EtOH (Veh) or 100 nM testosterone (T) for 60 min. The western analysis
shown of phosphorylated CREB and all forms of CREB is representative of
three independent experiments. (B) Sertoli cells transfected with control
luciferase (Luc) or AR siRNA oligonucleotides (20 nM) were stimulated 3 days
after transfection with EtOH (vehicle) or 100 nM testosterone (T) for 15 min.
Whole cell lysates were subjected to Western analysis as in Fig. 1. For each
condition, the mean fold induction and SD for P-CREB expression over that of
vehicle-treated cells transfected with luciferase siRNA is reported (n = 2). (C)
Sertoli cells were transfected with luciferase (Left) or AR siRNA oligonucleo-
tides (Right) (20 nM). Three days after transfection, immunofluorescence
analysis was performed with AR antiserum and Alexa 488-conjugated second-
ary antiserum.

AR Is Required for Androgen-Mediated CREB Phosphorylation. To
determine whether AR is required to propagate rapid andro-
gen actions, Sertoli cells were first pretreated with steroid
receptor antagonists before stimulation with testosterone.
Flutamide, an AR antagonist, decreased phosphorylation of
CREB in response to testosterone, whereas the estrogen
receptor antagonist ICI 182,780 had no effect (Fig. 14). An
RNA interference strategy was then used to knock-down AR
expression (36). Duplex siRNA oligonucleotides correspond-
ing to either AR or luciferase (control) transcripts were used
in transfections of rat Sertoli cells. Initial immunofluorescence
studies demonstrated that transfection efficiency of Sertoli
cells was >90% by using a fluorescently tagged luciferase
siRNA (data not shown). Transfection of Sertoli cells with AR
siRNA abolished testosterone-mediated induction of CREB
phosphorylation (Fig. 3B). Specifically, testosterone (100 nM,
15 min) stimulation resulted in a 3.6 = 0.4-fold increase in
P-CREB levels in Sertoli cells transfected with the control
luciferase siRNA, but P-CREB levels were not elevated by
testosterone (0.7 = 0.4-fold induction) in cells transfected with
AR siRNA. As expected, expression of AR (Fig. 3C), but not
the transcription factor Spl (data not shown), was reduced
dramatically in cells transfected with AR siRNA. Together,
these data provide evidence that AR is required for testos-
terone-meditated induction of CREB phosphorylation.

To confirm that AR is required to transduce nonclassical
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Fig. 4. Testosterone induces CREB phosphorylation in Sertoli cells derived

from wild-type but not AR-defective tfm mutant rats. (A) A portion of the
sequencing results after PCR amplification of AR genomic DNA from wild-type
and tfm rats is shown. The arrows denote the 1-bp difference in the sequences
for AR. (B) A DIC image of Sertoli cells from 15-day-old tfm rats stained for
peritubular cell-specific alkaline phosphatase activity after 3 days in culture
shows that peritubular cells account for <5% of the culture. (C) The relative
[3H]R1881-binding activities of wild-type (wt) and tfm Sertoli cells were de-
termined by hormone-binding assay. The data shown represent the means
(+SE) of three independent experiments. (D) Sertoli cell cultures from wild-
type or tfm rats were stimulated with ethanol vehicle (V) or 100 nM testos-
terone (T) for 15 min. Whole cell extracts were subjected to Western analysis
with antisera specific for P-CREB followed by reprobing with antisera against
all CREB isoforms. (E) The relative mean fold inductions (=SE) of P-CREB levels
for testosterone-stimulated cells versus ethanol-treated cells are shown for
the studies performed in D (n = 4). (F) Sertoli cells derived from tfm rats were
infected in duplicate with adenoviral vectors expressing p-galactosidase or AR
and then stimulated 3 days later with EtOH (V) or 100 nM testosterone (T).
CREB and P-CREB levels were determined by Western blot.

actions of testosterone, Sertoli cells were isolated from rats
having an R734Q mutation in AR that reduces affinity for
androgen and causes a tfm phenotype (37). DNA sequence
analysis of the genomic AR genes was used to distinguish the
genotypes of littermates (Fig. 44), and segregated cultures of
Sertoli cells were isolated from wild-type or tfm mutant rats.
Because Sertoli cells have not been cultured from tfm rats
previously, we confirmed that our cultures contained <5%
peritubular cells, the major contaminating testicular cell type
(27) (Fig. 4B). In agreement with earlier studies (37), androgen
binding capacity of Sertoli cells from tfm rats was reduced nearly
80% as compared to wild type (60 = 14 fmol/mg vs. 250 = 15
fmol/mg) (Fig. 4C). Testosterone stimulation of tfm Sertoli cells
did not induce CREB phosphorylation over vehicle-stimulated
levels (1.0 = 0.3-fold induction), whereas testosterone stimula-
tion (100 nM, 15 min) of wild-type Sertoli cells increased CREB
phosphorylation 2.9 + 0.4-fold over vehicle-treated levels (Fig.
4 D and E). Finally, androgen-mediated CREB phosphorylation
was restored after infection of tfm-derived Sertoli cells with
adenoviral constructs expressing wild-type AR, thus demon-
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Fig. 5. Androgen induces expression of endogenous CREB mRNA. RNA

isolated from Sertoli cells stimulated with EtOH vehicle (—) or 100 nM R1881
(+) for 24 h (A) or 6 h (B) as indicated was used in reverse transcriptase
reactions employing gene-specific primers. Reverse transcriptase reactions
were performed in the absence (—) and presence (+) of reverse transcriptase
enzyme (RT). PCR analysis was performed by using primers designed to amplify
portions of CREB, LDH-A, Egr1, or GAPDH cDNAs. The cDNAs from the reverse
transcriptase reactions were amplified for 25 cycles (CREB, LDH, and EGR1) or
20 cycles (GAPDH), and the resulting products were fractionated on agarose
gels. The data shown are representative of more than three experiments. The
migration of DNA size markers is shown to the left.

strating that the testosterone—AR complex is required to induce
the phosphorylation of CREB (Fig. 4F).

Androgen Stimulates Endogenous CREB-Mediated Transcription in
Sertoli Cells. We previously showed that the CREB gene is
autopositively regulated by P-CREB binding to the CREB
promoter (28). Therefore, the CREB gene was used as a first
model to test the assumption that androgen-induced phosphor-
ylation of CREB can stimulate CREB-regulated genes. Sertoli
cells were stimulated with vehicle or 100 nM R1881 for 6 or 24 h,
followed by semiquantitative RT-PCR analysis of CREB mRNA
expression. R1881 stimulation for 6 h did not alter CREB
mRNA levels (data not shown), but CREB mRNA levels were
elevated after 24 h of stimulation (Fig. 54). The observed timing
of CREB gene induction by androgen is similar to the previously
reported, delayed induction of the CREB gene promoter by
means of a cAMP and P-CREB-mediated mechanism (28). Two
other CREB-regulated genes that lack known AR response
elements, lactate dehydrogenase A (LDH-A) and early growth
response 1 (Egrl), were induced more rapidly within 6 h of
stimulation with R1881 (Fig. 5B). The kinetics of the androgen-
mediated induction of LDH-A and EGRI is similar to more
rapidly induced, CREB-regulated genes as exemplified by
proenkephalin and c-fos (38, 39). In contrast, the negative
control GAPDH housekeeping gene was not induced after
either 6 or 24 h of R1881 stimulation. Together, these results
demonstrate that androgen treatment can induce expression of
endogenous CREB-regulated genes in Sertoli cells.

Discussion

Our findings suggest a mechanism for androgen action in Sertoli
cells, that being the rapid activation of the MAP kinase pathway
and the CREB transcription factor. This mechanism seems to be
limited to androgens in Sertoli cells as neither estradiol nor a
progestin agonist was capable of activating ERK1/2 or CREB.
Together, the similar kinetics of ERK1/2 and CREB activation
in response to androgen and the finding that a MAP kinase
pathway inhibitor abolished androgen-mediated phosphoryla-
tion of CREB indicate that androgen signals in Sertoli cells are
transmitted through the MAP kinase pathway. These results are
similar to those observed in studies of breast cancer and prostate
stroma cells in which androgen activates ERKs and the MAP
kinase pathway within minutes (20, 21).
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Androgen-induced phosphorylation of ERK1/2 and CREB
was observed within 1 min of androgen stimulation and extended
for at least 12 h. The prolonged stimulation of CREB phos-
phorylation by androgen is significant because CREB-induced
alterations in gene expression patterns are thought to require
long-term (>20 min) elevations in P-CREB (22). Furthermore,
CREB phosphorylation has been linked to the activation of
numerous Sertoli cell genes that potentially contribute to germ-
cell development and survival (26).

Evidence for the nonclassical actions of androgens in Sertoli
cells being transmitted by means of the classical AR was
provided by three models systems (AR antagonist, RNA inter-
ference, and the tfm mutant rats) in which AR activity is
reduced. The mechanism by which the androgen—-AR complex
initiates signaling in Sertoli cells is currently under investigation.
However, recently AR has been localized to the plasma mem-
brane in Xenopus oocytes and in hypothalamic cell lines (40, 41),
just as estrogen and progesterone receptors were found to be
associated with the plasma membrane (42-44). Localization of
steroid hormone receptors to the membrane is believed to
facilitate interactions with their cognate ligands and place the
complex near membrane-associated signaling factors, such as G
proteins, or kinases, such as Src or phosphoinositide 3-kinase.

As a result of intracellular signals originating from andro-
gen—-AR interactions, the CREB-regulated LDH-A and CREB
genes are induced in Sertoli cells (28, 45). Androgen stimu-
lation also induced the Egrl gene that has been shown to be
activated by means of MAP kinase as well as CREB (46). None
of the genes activated by androgen in this study have been
shown to be regulated by androgen response elements in their
promoters, a finding that is consistent with the paradigm that
androgen can activate Sertoli cell gene expression by means of
the MAP kinase pathway and CREB. Presently, only two genes
(Pem and c-Myc) expressed in Sertoli cells are known to be
induced by means of the classical model of direct interactions
of AR with regulatory regions of gene promoter (11, 12). It is
possible that additional genes will be found that are regulated
by the classical mechanism. However, further study of the
signaling pathways resulting from androgen-induced activation
of the MAP kinase cascade will likely identify additional
transcription factors and genes that are activated in addition to
CREB. Examples of transcription factors that might be acti-
vated by androgen by means of MAP kinase include STATS,
NF-«B, Elk-1, fos, and jun (47). This potential mechanism for
regulating the expression of numerous genes would explain
how androgen is capable of sustaining the many processes
required to support spermatogenesis.

The significance of testosterone regulation of the CREB
transcription factor for the support of spermatogenesis is high-
lighted by studies demonstrating that spermatozoa are not
produced if CREB phosphorylation is inhibited in Sertoli cells
(26). CREB phosphorylation has been linked to the activation of
Sertoli cell genes that potentially contribute to germ-cell devel-
opment and survival including c-fos and C/EBP, AR, trans-
ferrin, and insulin-like growth factor (48-56). Previously, CREB
was thought to be phosphorylated in Sertoli cells predominately
by means of cAMP and Ca?*-mediated signaling pathways,
initiated by the binding of FSH to G protein-coupled receptors
on the Sertoli cell membrane (57). However, androgen stimu-
lation of Sertoli cells does not result in elevated cAMP levels,
suggesting that androgen acts by a pathway that is complimen-
tary to that used by FSH.

Although androgen does not elevate cAMP as FSH does, the two
hormones have a common mechanism of action because FSH is one
of the few known regulators of the MAP kinase pathway in Sertoli
cells, and FSH has been shown to regulate Sertoli cell proliferation
through the temporal control of MAP kinase (33). Together, FSH
and testosterone hormonal signals provide for maximal spermato-
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zoa production; however, in the absence of FSH, androgen is
capable of maintaining spermatogenesis (2). The finding that
androgen also stimulates phosphorylation of MAP kinase and
CREB provides a potential mechanism by which androgens could
support spermatogenesis in the absence of FSH. Most importantly,
the expansion of androgen responsibilities to the activation of MAP
kinase, CREB, and potentially other downstream factors will
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