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Abstract

In addition to causing M̈ullerian duct regression in fetal males, Müllerian inhibiting substance (MIS) inhibits the expression of the bifunc-
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ional cytochrome P450, C17 hydroxylase/C17–20 lyase (Cyp17), the enzyme that catalyzes the committed step in sex steroid synth
nvestigate the paracrine effects of MIS on steroidogenic activity, we have performed assays with microsomes from mouse MA-
ells. With microsomes from untreated MA-10 cells, progesterone was largely metabolized by 5�-reductase and subsequently converte
-keto steroid reductases to allopregnanolone and epiallopregnanolone. Addition of cAMP to the cells shifted microsomal steroid

o the Cyp17 product androstenedione and its 5�,3�-reduced form, epiandrosterone. Microsomes from MIS-treated cells were less acti
he progesterone substrate than those of untreated cells but co-treatment of the cells with both MIS and cAMP mitigated the cAM
hift of the microsomes to androstenedione production. Quantitative analyses of steroid production by Cyp17 showed that cAMP
he amount of 17-hydroxyprogesterone produced relative to the androstenedione, suggesting that cAMP signaling lowers the effic
yp17 hydroxylase activity or else increases the efficiency of its lyase activity. Addition of MIS to the cAMP-treated cells partially

his effect, as well. These results indicate that cAMP induces MA-10 cells to switch from producing 5�-reduced progesterone metabolite
roducing androstenedione and its metabolites by increasing Cyp17 expression and its relative lyase activity, both of which are i
IS.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Müllerian inhibiting substance (MIS, also known as anti-
üllerian hormone or AMH[1]) is a glycoprotein hormone
ember of the transforming growth factor-� (TGF� family

Abbreviations: MIS, Müllerian inhibiting substance; MD, M̈ullerian
uct; Cyp17, cytochrome P450 C17 hydroxylase/C17-20 lyase; A, androste-
edione; T, testosterone; P, progesterone; 17-OHP, 17-hydroxyprogesterone;
�-P, 5�-pregnan-3,20-dione; 5�,3�-P, 5�-pregnan-3�-ol-20-one, epiallo-
regnanolone; 5�-A, 5�-androstan-317-dione; 5�,3�-A, 5�-androstan-3�-
l-17-one, epiandrosterone; HSD, hydroxysteroid dehydrogenase; KSR, ke-

osteroid reductase
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of cytokines that is produced by Sertoli cells shortly a
commitment of the bipotential gonad to testis differentia
and is required for regression of the Müllerian ducts (MD
in the male fetus (reviewed in[2]). The absence of MIS
females or its downstream signaling in males with persis
Müllerian duct syndrome, allows the MDs to develop into
internal female reproductive tract: the Fallopian tubes, ut
and the upper portion of the vagina. MIS continues to be
pressed in males at a relatively high level until puberty,
after MD regression has occurred. Coincident with pub
MIS expression in males decreases to a lower level, w
is similar to that observed in females, who begin expres
MIS during the neonatal period[3]. Regulation of steroido
genesis[4–6], follicular development[7,8], and tumor sup
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pression[9–11] have all been ascribed to the physiological
significance of MIS expression in the adult. Additionally, re-
cent evidence suggests that natural and synthetic estrogens
may be inhibiting folliculogenesis by increasing MIS expres-
sion in the ovary[12–14]. These putative postnatal roles for
MIS expression have greatly expanded the interest in MIS
signaling.

Male mice that are deficient in MIS signaling either from
deletion of the MIS ligand or its requisite type II receptor have
retained MD-derived structures and have hyperplasia of the
gonadal testosterone-producing Leydig cells[15]. Females
suffer from increased follicle recruitment and subsequent
premature ovarian senescence[8]. Male mice overexpress-
ing MIS are undervirilized because of low testosterone levels
that result from the relative paucity of Leydig cells[16,17]as
well as MIS-mediated suppression of testosterone synthesis
by these cells, which has been shown both in vitro[18,19]and
in vivo [5]. The physiological role for the paracrine regula-
tion of steroidogenesis by MIS has yet to be determined but
abnormalities in reproductive tissues because of perturbed
MIS signaling suggest that MIS is required for normal repro-
ductive function.

We are using MA-10 cells to study the paracrine effects of
MIS on steroidogenesis. MA-10 cells express the MIS type
II receptor (MISRII) [4], which is required for MIS signal
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tration, either in serum or in conditioned media, was rou-
tinely 1/10th that observed without MIS, the 17-OHP con-
centrations, although significant, were only 10–20% lower
with MIS. We speculated that, in addition to its inhibition of
Cyp17 expression, MIS might be affecting the Cyp17 lyase
activity. Other possibilities are that this difference could be
the result of inhibition of ketosteroid reductase expression or
activity by MIS or that MIS might be inducing the expres-
sion of another enzyme that converts testosterone to another
metabolite with the resultant lowering of its concentration.

Here, we report our studies comparing and contrasting
microsomal steroidogenesis and the differential response of
MA-10 cells to cAMP and MIS. We show that cAMP causes
the cells to switch from producing progesterone metabo-
lites to producing androstenedione, that cAMP increases the
Cyp17 lyase activity relative to its hydroxylase activity, and
that MIS partially reverses both these effects.

2. Material and methods

2.1. Chemicals and reagents

Radionucleotides were purchased from Amersham Phar-
macia Biotech, Piscataway, NJ, or Perkin-Elmer, Boston,
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ransduction[4,15]and they respond to LH and cAMP by
reasing steroid hormone production[20], including low bu
easurable amounts of testosterone[6]. The major metabo

ites of MA-10 cells with and without induction by hCG ha
een described[21] but their steroidogenic responses to M
ave not been thoroughly investigated.

The cytochrome P450 C17 hydroxylase/C17-20 ly
Cyp17) is a bifunctional microsomal enzyme that cataly
he hydroxylation of the carbon 17 of the C21 steroids, p
enolone and progesterone, and performs the committe

n androgen biosynthesis, the cleavage of the C17–C20
hich converts these C21 steroids to the C19 steroids, d
roepiandrosterone and androstenedione, respectively[22].
onadal Cyp17 is found in the Leydig cells of the te
nd the theca cells of the ovary, the major steroid produ
ells of the gonads. Its expression is induced by LH b
ng to its G protein-coupled receptor, which activates ad
yl cyclase and subsequently, the cAMP-dependent pr
inase A (PKA). Following production of androstenedio
7-ketosteroid reductase (KSR) converts the 17-keto g

o a hydroxyl, generating testosterone. Dihydrotestoste
DHT) is a potent androgen that is made from testoste
y the activity of 5�-reductase, which exists as two isozym
ncoded by two different genes[23].

We have shown that, in MA-10 cells, MIS inhibits t
xpression of the Cyp17 at the transcriptional level[4] by
locking the PKA signaling pathway[6]. Additionally, in
oth in vivo and in vitro assays for 17-hydroxyprogester
17-OHP) and testosterone, MIS appears to inhibit the
uction of testosterone more effectively than it does 17-O

5,6]. Whereas with MIS treatment the testosterone con
A. Waymouth’s MB 752/1 medium, gentamicin, and ho
erum were purchased from Invitrogen Life Technolo
nc., Carlsbad, CA. Steroids were from Steraloids, Newp
I or Sigma, St. Louis, MO. All other chemicals were

ained from Sigma or Fisher Scientific, Pittsburgh, PA un
therwise noted. MK386 was a kind gift from Dr. Barry Ge
Merck Research Laboratories, Piscataway, NJ). Mouse�-
eductase cDNAs[24] were from Dr. Mahendroo (UT Sout
estern, Dallas, TX). MA-10 cells were provided by
ario Ascoli, University of Iowa, Iowa City, IA[20]. The

�-reductase type I antibody was from Santa Cruz Biot
ology, Santa Cruz, CA. Recombinant human MIS was
ressed and purified as described earlier[25].

.2. Preparation of microsomes

Mouse Leydig MA-10 cells were cloned and cultu
s previously described[6] and plated at 2× 106 cells per
00 mm dish on day 0. Culture medium was changed on
prior to treatment. There were four experimental group

reatment (NT), 50�M 8Br-cAMP, 50�M 8Br-cAMP with
5 nM MIS (MIS was added 30 min prior to cAMP tre
ent), and 35 nM MIS alone. Cells were incubated overn
t 37◦C, and were collected at day 3 or 4 for TLC or HPLC,
pectively. To isolate microsomes, cells were resuspend
ml of microsomal buffer (10 mM Tris pH 7.4, 1 mM EDT
.3 M sucrose) and then dounce homogenized with a
estle. The suspension was then centrifuged at 2000×g for
0 min at 4◦C and the supernatant was collected for a se
pin (105 ×g for 1 h at 4◦C). The microsomal pellet was th
esuspended by gentle douncing in 1/5 of the original b
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volume. Testes were harvested from 150 to 175 g rats 24 h
after they were injected with 100 IU LH or with LH and 1 mg
MIS i.p. [5] for preparation of testicular microsomes as above
for cells except that the first centrifugation was performed at
27,000×g. All animal protocols were approved by the In-
stitutional Animal Care and Use Committee. Protein content
was measured by the Bradford method[26].

2.3. Steroid assays

In a given experiment, 105 cpm of 3H- or 14C-labeled
steroids were diluted with unlabeled substrate for use as sub-
strates and mixed with 100�g protein microsomes in a total
volume of 200�l of reaction buffer (200 mM Hepes pH 7.4,
0.2 mM EDTA). Final concentration of steroid substrates was
10 nM–2�M for the MA-10 cells and 7�M for rat testicular
microsomes. Except where stated, NADPH was also added
at a final concentration of 1 mM to the reaction mix. MK386
was used at a final concentration of 100 nM. Microsomal as-
says were performed for 30 min and the reaction was stopped
by simultaneous addition of ethanol (500�l) and 0.1N HCl
(20�l). Steroids were extracted with diethyl ether and dried.
The assays were repeated at least twice.

2.4. Thin layer chromatography
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exact position of the peak. The remainder of the fraction was
dried by N2 then reconstituted in 200�l of methanol for the
HPLC experiments and 20�l of methanol for the TLC exper-
iments. The cpm for 17-OHP, androstenedione, and testos-
terone were combined to determine 17-hydroxylase activity
and the cpm for androstenedione and testosterone were com-
bined to determine the 17–20 lyase activity. The mean cpm
from two replicate experiments was used for calculations and
graphical analyses performed with Prism software (Graph-
Pad, San Diego, CA). Significant differences between the
ratios of products were determined by ANOVA using Bon-
ferroni’s multiple comparison test of the aggregate data for
each activity.

2.6. Northern and Western analyses

MA-10 cells were treated as above with cAMP and MIS
overnight before total RNA was isolated using Trizol (Invit-
rogen) and quantitated by absorbance at A260. RNA (10�g)
samples were denatured with dimethylsulfoxide and gly-
oxal at 65◦C, separated in a 1.5% agarose gel, blotted
overnight onto nylon membranes, and UV-cross linked. Blots
were prehybridized with 100�g/ml sonicated salmon sperm
DNA in 50% formamide hybridization solution and hy-
bridized overnight at 65◦C with 2× 106 cpm/ml32P-labeled
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Steroids were spotted on 250�m layer silica plates wit
fluorescence indicator (Whatman, Germany). Unlab

tandards were separated in parallel experiments to
ify the tritiated metabolites by migration distance. The s
late was run for approximately 2 h in a glass-sealed cha
reviously equilibrated for approximately 90 min with ch
oform/ethylacetate (3:1)[27]. When the solvent front wa
cm below the top of the plate, it was removed from
hamber and air-dried. Cold steroids were visualized
hort-wave ultraviolet light or by incubating the TLC pl
n a sealed chamber with iodine pellets. With3H-steroids
n3Hance Spray (Perkin-Elmer) was applied to the s
late before exposure to film. TLC experiments shown
epresentative of at least three separate experiments.

.5. High-performance liquid chromatography

Resuspended steroids were centrifuged at 104 ×g for
min. The supernatants were collected and injected o
�m, 4.6× 150 mm C18 Symmetry column (Waters, Be

ord, MA), which was developed using a step gradient ge
ted by Water 510 HPLC pumps. The solvent system was
ethanol for the fractions 1–35, and 70% methanol for

ractions 36–70. The flow rate was 1 ml/min and the frac
ize was 2 ml. All 70 fractions were collected and the am
f radioactivity was determined by scintillation counting. T
pm for each fraction was corrected for total recovery be
alculating the mass of the steroid peaks based on speci
ivity. For the experiments where the unknown steroids w
solated, 10�l of each fraction was counted to determine
ntisense riboprobes against mouse 5�-reductase types
nd 2 [24]. Blots were washed at 65◦C with 0.1× SSC
1× SSC = 150 mM sodium chloride and 15 mM sodi
itrate)–0.1% SDS and exposed to radiographic film
ntensifying screens at−70◦C. The Western blot for 5�-
eductase type I protein expression was performed u
tandard techniques. Approximately 15�g of microsoma
rotein was electrophoresed on a 4–12% Novex gel (In-
itrogen) with MOPS buffer, transferred to nitrocellulo
nd probed with antibody according to the supplier’s
tructions. Relative molecular weight was determined
agicMark (Invitrogen) protein ladder. Both northern a
estern blots were repeated at least once with sim

esults.

. Results

.1. MIS and cAMP alter the microsomal activities of
A-10 cells on progesterone

In order to test the hypothesis that, in addition to inh
ng the expression of Cyp17, MIS might also be affec
ther enzymatic reactions involved in androgen biosynth
nd or progesterone metabolism, we prepared micros

rom MA-10 cells either untreated or treated variously w
0�M 8Br-cAMP (cAMP), 35 nM MIS, or both. MA-10
ells are a mature mouse Leydig cell line that we and o
ave used to recapitulate the effects of exogenous treat
n steroidogenesis[20,21]. We have previously shown th

here is a several-fold induction of Cyp17 mRNA in M
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Fig. 1. Thin layer chromatography of progesterone metabolites from assays
with MA-10 microsomes. MA-10 cells were treated overnight as indicated
(NT, no treatment; C, 50�M 8Br-cAMP; M, 35 nM MIS; CM, both cAMP
and MIS). Microsomes from the cells were incubated with 200 nM3H-
progesterone substrate as described in Section2 with or without MK386,
a 5�-reductase type 1-specific inhibitor. After completion of the assay, the
steroids were extracted and separated by TLC in chloroform:ethyl acetate,
3:1. The plate was sprayed with En3Hance and exposed to X-ray film for
approximately 1 week at−70◦C. The metabolites were identified by their
migration distance relative to standards (indicated on the right).

10 cells treated with 50�M 8Br-cAMP within 4 h that is
inhibited by co-treatment with 35 nM MIS, the concentra-
tion normally required for complete M̈ullerian duct regres-
sion in an organ culture assay[6]. Fig. 1 shows the quali-
tative results of a representative TLC experiment performed
with 200 nM progesterone substrate concentration for 30 min.
The reduced progesterone, allopregnanolone, (5�,3�-P) was
the most abundant product of microsomes prepared from un-
treated cells (lane 1) with smaller amounts of steroids that co-
migrate with epiallopregnanolone (5�,3�-P) also observed.
Androstenedione and 5�,3�-P migrate the same distance in
the chromatography system used, therefore from these re-
sults we cannot preclude the possibility that untreated cells
also produce androstenedione. If the microsomes were incu-
bated with MK386, a 5�-reductase type 1-specific inhibitor
(lane 5), more progesterone substrate remains unconverted
and the amount of 5�,3�-P is greatly reduced. In contrast,
addition of cAMP to the cells (lane 2) shifted their steroid
production so that androstenedione and its 5�,3�-reduced
form epiandrosterone (5�,3�-A) were the major products
of the microsomes. Additionally, all of the progesterone
substrate was converted with the microsomes from cAMP-
stimulated cells suggesting that kinetics of Cyp17 are much
more efficient than those of 5�-reductase with progesterone
under these conditions. Conversion of androstenedione to

5�,3�-A was greatly diminished by the addition of MK386
(lane 6).

Treatment of the cells with MIS (lane 3) resulted in an
increased level of unused progesterone substrate but as with
the untreated microsomes, the conversion of progesterone
observed was to 5�,3�-P and to a lesser extent 5�,3�-P, the
production of both of which were inhibited by MK386 (lane
7). The effect of treating cells with both MIS and cAMP
(lane 4), resulted in more progesterone substrate remaining
unconverted than with microsomes from cells treated with
cAMP alone and the production of 5�,3�-A was also inhib-
ited, suggesting that the major product of these microsomes
is 5�,3�-P. However, addition of MK386 shows that micro-
somes from cells treated with both MIS and cAMP are likely
to produce a combination of androstenedione and 5�,3�-P
since (lane 8). In all the above studied reactions, the amount
of 17-OHP observed was trivial indicating that very little is
released from the Cyp17 enzyme before conversion to an-
drostenedione. If either microsomes or NADPH was not in-
cluded in the reactions, no conversion of progesterone was
observed indicating that all the observed metabolites were
enzymatically generated by an NADPH cofactor-dependent
process (data not shown).

3.2. MA-cells show very little microsomal activity with
downstream substrates
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Microsomal assays were also performed with 17-O
ndrostenedione, and testosterone at 200 nM substrat
entrations to determine whether their conversion to o
teroids might be affected by MIS or cAMP (Fig. 2). Micro-
omes from untreated cells showed very little activity w
he 17-OHP substrate (Panel A, lane 1) but did convert s
7-OHP to androstenedione. Using microsomes from cA
timulated cells (Panel A, lane 2) showed a marginal incr
n androstenedione production over that of untreated m
omes with the 17-OHP substrate in contrast to the amou
ndrostenedione produced with progesterone as the sub
Fig. 1, lane 2). As has been previously reported[28,29],
7-OHP is a relatively poor substrate for conversion to
rostenedione by the lyase activity of Cyp17 when comp

o progesterone. However, as with progesterone, additi
IS to the cells strongly repressed the lyase activity, bo

he absence (Panel A, lane 3) and in the presence of c
Panel A, lane 4). The major metabolite of assays using
rosomes from untreated cells or from cells treated with
nd with androstenedione as the substrate is 5�,3�-A (Pane
, lanes 5 and 7). Microsomes from cells treated with cA
ere less able to reduce the androstenedione substrate
, lanes 6 and 8). As was observed with the progesterone
trate (Fig. 1), very little, if any, testosterone was produc
y the microsomes incubated with androstenedione. As
ith microsomes from any of the cells with testosteron

he substrate showed negligible activity (Panel C) sugge
hat in this microsomal assay system testosterone is a
ubstrate for 5�-reductase type 1.
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Fig. 2. TLC of androgen pathway substrates incubated with MA-10 microsomes. MA-10 cells were treated overnight as indicated (NT, no treatment; C, 50�M
8Br-cAMP; M, 35 nM MIS; CM, both cAMP and MIS). Microsomes from the cells were incubated with 200 nM. Panel A: 17-hydroxyprogesterone, Panel B:
androstenedione, or Panel C: testosterone as a substrate. Migration of standards is indicated on the right.

3.3. Neither cAMP nor MIS affect 5�-reductase 1 mRNA
expression

In order to rule out the possibility that cAMP or MIS
might have a confounding affect on steroidogenesis by reg-
ulating the expression of 5�-reductase type 1, we harvested
total RNA from MA-10 cells after overnight treatment with
cAMP and/or MIS for northern analysis (Fig. 3A). Neither
cAMP nor MIS had any apparent effect on 5�-reductase
type 1 mRNA expression. We also examined whether 5�-
reductase type 1 protein expression was affected by the treat-
ments using Western analysis but, as with the mRNA, did
not observe any changes in the protein levels (Fig. 3B).
The possibility that 5�-reductase type 2, which is normally
not expressed in Leydig or MA-10 cells[30] might be
regulated by cAMP or MIS was also examined but 5�-
reductase type 2 mRNA expression was not detected (data not
shown).

3.4. MIS and cAMP have opposing effects on
progesterone metabolism.

We have shown, qualitatively, inFig. 1 that cAMP and
MIS alter the steroidogenic activities of MA-10 Leydig cells
but determining any differential effect MIS might have on
s rox-
y tive
a ether
t had
o ent
p ation

and MA-10 microsomes to ensure that the HPLC could re-
produce the results we had observed by TLC. In Panel A,
microsomes from untreated MA-10 cells convert the bulk the
progesterone substrate to 5�-reduced progesterone metabo-

Fig. 3. Analysis of 5�-reductase type 1 expression in MA-10 cells. (Panel A)
Total RNA from MA-10 cells was collected after overnight treatment of the
cells as indicated. The RNA was denatured, separated by gel electrophore-
sis and blotted to a nylon membrane. The blot was cross-linked, probed
with 32P-labeled riboprobe to mouse 5�-reductase type 1, and exposed to
X de
s tion
o roso-
m nts as
i s
were subjected to PAGE, transferred to nitrocellulose and probed with a
mouse 5�-reductase type 1-specific antibody.
teroidogenesis, in general, and on the ratio of Cyp17 hyd
lase to lyase activities, in particular, required quantita
nalyses using HPLC. Therefore, we first assessed wh

he results from HPLC analyses reflected the results we
bserved by TLC.Fig. 4shows a representative experim
erformed with 200 nM progesterone substrate concentr
-ray film overnight at−70◦C with intensifying screens. Ethidium bromi
tained RNA is shown to control for loading below the blot and migra
f molecular weight standards are shown on the right. (Panel B) Mic
al 5�-reductase type 1 protein expression after overnight treatme

ndicated was analyzed by Western blot. Approximately, 15�g microsome
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Fig. 4. Quantitative analysis of steroidogenesis in MA-10 cells. MA-10 cells
were either untreated (Panel A), treated with 50�M 8Br-cAMP (Panel B),
or both (Panel C). Microsomes were harvested from the cells and incubated
with 200 nM 3H-progesterone (P) and 1 mM NADPH. At the end of the
incubation, steroids were extracted, resolved by HPLC and counted as de-
scribed in Section2. The cpm for each HPLC fraction were normalized
to the total cpm and plotted. The elution fraction of tritiated standards are
shown with P, progesterone; A, androstenedione; T, testosterone; 17-OHP,
17-hydroxyprogesterone. 5�,3�/�-P are known metabolites of progesterone
[21].

lites. The 5�-reduced peaks were collected and applied to a
TLC plate and confirmed as allopregnanolone and epiallo-
pregnanolone (data not shown). Additionally, if the collected
fractions were used as a substrate in the microsomal reac-
tion, no conversion was observed (data not shown). Because
we were unable to collect the peaks separately, we could
not assign the peaks to either 3� or 3�-reduced allopreg-
nanolone or epiallopregnanolone products. However, since
5�,3�-P was the major product by TLC, we suspect that the
major peak from the HPLC profile is also 5�,3�-P. In Panel
B, androstenedione was the major product of microsomes
prepared from cells that were stimulated with cAMP. As with
the TLC results, relatively little 5�-reduced progesterone was
produced compared to the untreated cells. Addition of MIS to

the cAMP-stimulated cells greatly decreased the ability of the
microsomes to produce androstenedione but not 5�-reduced
progesterone (Panel C). Again, as with the TLC results, in
all the reactions the amount of 17-OHP observed was trivial
indicating that very little is released from the Cyp17 enzyme
before conversion to androstenedione. Addition of MIS alone
showed very little conversion of the progesterone above back-
ground (data not shown). If either microsomes or NADPH
was not included in the reactions, no conversion of proges-
terone was observed indicating that all the observed metabo-
lites were enzymatically generated by an NADPH cofactor-
dependent process (data not shown). We therefore concluded
that HPLC reflected the results we had observed by TLC and
was a suitable mechanism by which to measure the effect of
MIS on the Cyp17 hydroxylase activity relative to its lyase
activity.

We also wanted to ensure that in the assays we were per-
forming, the reactions were going to completion at 75 min
in order to measure end products. We had previously ob-
served that the progesterone substrate is depleted by 30 min
in cAMP-stimulated cells but were unsure of the unstimulated
cells. A time course with 200 nM progesterone substrate and
with microsomes from untreated cells is shown inFig. 5.
By 75 min, nearly all of the progesterone substrate has been
largely converted to the 5�-reduced products but with some
o
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.5. MIS increases the production of 17-OHP by Cyp17
elative to androstenedione

MIS appears to inhibit the Cyp17 lyase activity more
ectively than its hydroxylase activity[5], which we hypothe
ized was due to a differential effect of MIS on the efficie
f the two reactions performed by this bifunctional enzy
e tested this hypothesis by performing microsomal as
ith radiolabeled progesterone substrate.Fig. 6 shows the

esults of our studies plotted as the velocities of the reac

ig. 5. Time course of microsomal activities. Microsomal assays were
ormed in duplicate with3H-progesterone for the indicated times and
teroids separated by HPLC. The cpm from each of the resultant peak
easured, averaged from two replicate experiments and plotted. Erro

ndicate the range of values.
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Fig. 6. Cyp17 activities in response to cAMP and MIS. Assays were performed in duplicate with microsomes harvested from MA-10 cells as inFig. 1 with
NADPH and increasing concentrations of3H-progesterone substrate for 75 min. The average velocity of Cyp17 hydroxylase activities (Panel A) for each
concentration of progesterone was determined by combining the resultant amounts of 17-hydroxyprogesterone, androstenedione, testosterone produced and
plotted. The average velocity of the Cyp17 lyase activities (Panel B) was determined by combining the amounts of androstenedione and testosterone produced
and plotted. 5�-reductase activity was measured by combining the amounts of 5�,3�/3�-P (Panel C). The ratios of 17-OHP to total of 17-OHP, androstenedione,
and testosterone are shown plotted (Panel D). Significant differences between the aggregate ratios are shown;*p< 0.05 and** p< 0.001. Symbols: (�) 50�M
8Br-cAMP; (�) 50� M 8Br-cAMP and 35 nM MIS; (�) untreated; (�) 35 nM MIS. Panel E, TLC analysis with14C-progesterone incubated with testicular
microsomes prepared from rats treated with and without MIS as described in Section2. The migration of steroid standards is indicated on the right.

as a function of progesterone concentration, which begins at
25 nM and continues to 2�M in the case of cAMP-treated
cells. As expected, the velocity of the Cyp17 hydroxylase
reaction with microsomes from cAMP-treated MA-10 cells
was more than six-fold higher over that of untreated cells
(Fig. 6A). Co-incubation of the cells with cAMP and MIS
reduced the velocity of the hydroxylase reaction back to the
unstimulated state. Treatment of the cells with MIS alone re-
sulted in very little measurable conversion of progesterone
to 17-OHP or androstenedione above background. The lyase
step in the conversion of 17-OHP to androstenedione is the
second step catalyzed by Cyp17 but it does so with 17-OHP
as an intermediate that does not dissociate from the enzyme,
indicating that progesterone is the proper substrate for assay-
ing the lyase activity[28,29]. Therefore, we assayed Cyp17
lyase activity with progesterone as the substrate. As with the
hydroxylase activity, these data also show that the velocity of
the lyase activity is greatly enhanced by addition of cAMP
to the cells and is similarly reduced to that of unstimulated
cells by co-incubation with MIS (Fig. 6B).

We also measured the effect of cAMP and MIS on the
production of 5�-reduced progesterone to determine whether
the effect of MIS was specific to Cyp17 activity (Fig. 6C). As
expected, unstimulated MA-10 microsomes metabolize pro-
gesterone to its 5�-reduced forms with a greater velocity than

is seen with microsomes from cAMP-stimulated cells or from
cells treated with both cAMP and MIS. However, unlike the
reversal of cAMP-stimulated Cyp17 activity observed with
added MIS, a marginal effect is seen on 5�-reductase activity.

Because of the number of products formed in the microso-
mal assays and because the assays were performed to comple-
tion, Michaelis–Menton kinetics could not be accurately as-
sessed with the data collected. However, assessing the ratios
of the 17-OHP released by Cyp17 to the 17-OHP converted to
androstenedione reflects the activities of the enzyme and are
shown inFig. 6D. Untreated MA-10 microsomes produced
approximately equal amounts of 17-OHP and androstene-
dione at the lowest concentration of progesterone (25 nM)
but the amount of 17-OHP decreased to 25% of the total at
the higher concentrations. In contrast, the amount of 17-OHP
was never greater than 20% of the total with the microsomes
from cells treated with cAMP and at the higher concentrations
of progesterone substrate was approximately 10%. Addition
of MIS and cAMP to the cells resulted in microsomes that
also produced a higher ratio of 17-OHP, approximately 38%,
at the lower concentrations, which was reduced to less than
20% at the higher concentrations of progesterone substrate
when compared to addition of cAMP alone. The data from
microsomes of MA-10 cells treated with MIS alone were too
low to be interpreted (data not shown).
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Fig. 7. MA-10 steroidogenic pathways in response to cAMP or MIS. In MA-10 microsomes, progesterone is normally converted to its 5�-reduced metabolites.
If the cells are treated with cAMP and Cyp17 expression is induced, progesterone is converted to androstenedione and its 5�-reduced forms. MIS, when added
to cAMP-stimulated cells, inhibits Cyp17 expression, mitigating the shift of the microsomes to androstenedione production. Carbons are shown numbered in
the progesterone molecule.

A TLC of rat testicular microsomes with progesterone
substrate was performed to determine whether MIS affects
the Cyp17 lyase activity in vivo (6E). Unlike MA-10 cells,
the main metabolites of rat testicular microsomes were an-
drostenedione, DHT, and testosterone. Conversely, the ability
of microsomes from MIS-treated rats to convert progesterone
was greatly reduced and 17-OHP appears to be the major
metabolite. As with MA-10 cells, treatment with MIS inhib-
ited Cyp17 lyase activity, which in the testicular microsomes
resulted in greatly reduced production of the downstream
products, androstenedione, testosterone, and DHT and rela-
tively more 17-OHP production. These results suggest that
MIS inhibits Cyp17 lyase activity in vivo, as well as in MA-10
cells.

4. Discussion

Steroidogenesis in Leydig cells has been well studied (for
reviews see[22,31,32]). However, the paracrine control of
steroidogenesis in Leydig cells by MIS has only recently been
addressed. MIS inhibits androgen synthesis in Leydig cells
largely by inhibiting the expression of Cyp17 both in vitro
and in vivo[2] probably by interfering with PKA signaling
[6] but the exact mechanisms involved are still unknown.

ajor
s
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efficiently converting progesterone to androstenedione and
its metabolites (Fig. 7). This is observed in spite of the un-
changed 5�-reductase activity in the microsomes since nei-
ther addition of cAMP or MIS appears to affect the expression
of 5�-reductase type 1 (Fig. 3). A possible explanation for
this observation is that progesterone is a better substrate for
Cyp17 than it is for 5�-reductase. TheKm of rat Cyp17 has
been reported in the 26–79 nM range[33] while theKm for
5�-reductase is in the low�M range[34], supporting this
hypothesis.

As opposed to the Cyp17, MIS does not appear to af-
fect greatly the 5�-reduced progesterone, which has been
described as a salvage pathway for progesterone that may
be necessary for its rapid elimination during cervical ripen-
ing and parturition[35–37]. In MA-10 microsomes, the 5�-
reduced progesterone appears to be rapidly metabolized by
3�-reduction but the physiological significance of this activ-
ity is not clear. In the brain, 5�,3�-P is a potent neurosteroid
sedative[38] whose binding to the GABA receptor can be
blocked by its epimer, 5�,3�-P [39]. The physiological sig-
nificance of 5�,3�-P production by Leydig cells and their
responses to cAMP and MIS are unknown.

Activation of PKA by cAMP and its subsequent down-
stream signaling cascade induces Cyp17 expression and
Cyp17 phosphorylation in Leydig cells; the Cyp17 phos-
p tivity
[ be
a ase
a om-
p ce of
The 5�-reduced forms of progesterone are the m
teroid hormones produced by MA-10 cells[21]. By induc-
ng Cyp17 expression, cAMP essentially switches the MA
eydig cell from being a cell producing predominantly 5�-
educed progesterone metabolites to one that is much
horylation has been proposed to increase its lyase ac
40,41]. Our results suggest that cAMP and MIS might
ltering the kinetics of either the Cyp17 hydroxylase or ly
ctivities. We are unaware of any published studies c
aring the kinetics of Cyp17 in the presence or absen



A.M. Trbovich et al. / Journal of Steroid Biochemistry & Molecular Biology 92 (2004) 199–208 207

cAMP. However, Miller and colleagues have reported that
overexpression of human cytochrome P450 oxidoreductase
with human Cyp17 in yeast results in a 10-fold higher Vmax
and a 50% higherKm with progesterone substrate[42]. Per-
haps activation of the PKA signaling pathway decreases the
dissociation rate of 17-OHP from Cyp17 thus favoring its
cleavage to androstenedione. In order to study changes in
the Michaelis–Menton kinetics of Cyp17 activity with cAMP
and/or MIS signaling, similar additional studies would be re-
quired.

Differential effects on Cyp17 activities by cAMP and their
reversal by MIS may be a mechanism allowing LH-stimulated
Leydig cells to continue to produce relatively higher amounts
of 17-OHP for use in other steroidogenic pathways after
achieving optimal levels of androstenedione, a more com-
mitted steroid intermediate. For example, a recent report by
Wilson and colleagues has shown that 5�-reduced 17-OHP is
an intermediate in one of two pathways used to produce the
predominant androgen 5�-androstane-3�,17�-diol in testes
of early tammar wallaby pouch young[35]. Although Cyp17
lyase activity was still required later on in the pathway for
androgen production in this case, the relatively less modified
17-OHP was a good substrate for use by another enzyme.
This is particularly important in human adrenals where 17-
OHP is converted to cortisol by the activity of P450c21 and
P nals
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