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In addition to the “classical” genomic effects on cells,
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Progesterone has previously been shown to exert
on-genomic effects on human spermatozoa by open-

ng plasma membrane ion channels and by stimulating
rotein tyrosine phosphorylation. Here we examined
ow these two activities are influenced by 11-hydroxyl
ubstitution of the steroid molecule either in the a- or
n the b-configuration. Both the 11a-OH and the
1b-OH derivatives of progesterone were more effec-
ive than progesterone in stimulating tyrosine phos-
horylation, although 11a-OH-progesterone was a
arkedly weaker Ca21-influx inducing agonist than

he other two steroids. In Ca21-containing medium, the
gonist activity of the 11a-OH derivative was weaker
han that of the 11b-OH derivative, and it was com-
letely abolished by genistein, whereas that of proges-
erone and its 11b-OH derivative was inhibited only
artly by this drug. In contrast, when applied in Ca21-
ree medium, the 11a-OH derivative was the strongest
f the three agonists tested, and the effects of all the
hree steroids were completely abolished by genistein.
hese data show that the structural motifs of steroid
olecules that are responsible for the stimulation of

yrosine phosphorylation are different from those me-
iating the steroid action on Ca21 influx through
lasma membrane channels. The synthesis of selective
gonists of both activities may lead to the develop-
ent of new pharmacological agents to be used in the

reament of steroid-dependent pathologies. © 1999

cademic Press

Key Words: non-genomic steroid effects; calcium sig-
aling; tyrosine phosphorylation; progesterone; hu-
an sperm.
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23
arious steroids also exert rapid non-genomic effects
ithout entering the cell, acting at receptors localized
t the plasma membrane. Such effects have been de-
ected in a variety of cell types, such as spermatozoa,
ocytes, granulosa cells, pituitary cells, neurons, hepa-
ocytes, myocytes, leucocytes, osteoblasts and others
1, 2). In sperm cells, the known steroid non-genomic
ffects are exerted by progesterone (P4) and structur-
lly related progestins; they involve the opening of a
lasma membrane calcium (3–6), sodium (7) and chlo-
ide (8–12) channels, and the stimulation of protein
yrosine phosphorylation (13–16). Recent studies have
uggested that the final biological effect resulting from
on-genomic steroid action on cells may be due to a
uperimposition of partial effects, possibly involving
ifferent types of steroid receptor; such a dual steroid
ction may involve different kinds of ion channels (7,
7) or an ion channel and an independent receptor
oupled to a protein tyrosine kinase (PTK) activation
ystem (18, 19). Moreover, nongenomic steroid effects
re suspected to be implicated in different pathological
onditions including carcinogenesis (2). In this context,
teroid effects on tyrosine phosphorylation are of par-
icular interest (2, 20).

With regard to the multiplicity of cell signaling path-
ays that can be simultaneously stimulated by non-
enomic action of a steroid at the cell surface, the
uestion arises whether all these different responses
re equally dependent on the same structural motifs of
he ligand or whether different motifs are preferen-
ially involved in different types of response. To ad-
ress this question, this study examines the respective
ctivities of P4 and of its two 11-OH derivatives as
gonists of two different responses in human sperma-
ozoa, Ca21 influx and PTK activation.
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.



MATERIALS AND METHODS
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Sperm source and preparation. Semen samples were obtained
rom 16 healthy donors. Each sample was divided into two aliquots
hat were used for the examination of the intracellular free Ca21

oncentration ([Ca21]i) and for the analysis of protein tyrosine phos-
horylation, respectively. Ejaculated spermatozoa were washed from
eminal plasma and incubated for in-vitro capacitation as described
21). After the incubation (6 h), all samples to be used in further
xperiments showed .95% motile spermatozoa.

Steroids. All steroids used in this study were purchased from
igma (St. Louis, Missouri, USA). These were P4 and two C-11
ydroxyderivatives of P4, 11a-OH-P4 and 11b-OH-P4, previously
eported to possess different calcium-influx-inducing activities (22).
orgestrel, a steroid known to be a potent agonist of the P4 nuclear

eceptor but devoid of non-genomic activity in human spermatozoa
22), was used as a negative control in some experiments. Aliquots of
apacitated sperm suspensions were treated with different steroids
hat were added at a standard concentration of 3 mM. This concen-
ration was chosen because, in the case of P4, it gives repeatable
esponse patterns in human spermatozoa, both as to the induction of
a21 influx (4, 23) and as to the stimulation of tyrosine phosphory-

ation (13). All steroids were first dissolved in dimethylsulfoxide
DMSO; cell culture grade, Sigma) and then in culture medium (23,
4). DMSO alone was used as solvent control.

Evaluation of [Ca21]i. Spermatozoa were loaded with indo-1 by
ncubation with 5 mM indo-1/AM (Sigma) and analyzed under con-
inuous stirring in a Hitachi F-2000 fluorescence spectrometer. Dur-
ng the recording period, additions of different steroids (3 mM) were

ade. After calibration (23), [Ca21]i was expressed in nM. For com-
arison of the agonist activity of different steroids, the Ca21 response
fter the addition of individual steroids was expressed as percent
ncrease over the value measured for solvent control. Details of all
hese methods, including the composition of incubation media, sperm
oading with indo-1, the conditions of [Ca21]i measurement, and
alibration of [Ca21]i curves, have been described in detail elsewhere
23, 24).

Evaluation of protein tyrosine phosphorylation by Western blotting.
efore dividing into aliquots to be treated with individual steroids,
perm suspensions were carefully homogenized to distribute sper-
atozoa as equally as possible among the aliquots. The estimated
umber of spermatozoa per aliquot was comprised between 5 3 106

nd 10 3 106 in individual experiments. Each aliquot was incubated
ith a steroid at 37°C for 25 min followed by centrifugation at
0,000 3 g for 5 min. Triton-soluble sperm proteins were extracted
s described (25), and the samples were subsequently supplemented
ith SDS-sample buffer (26), boiled for 5 min and subjected to
lectrophoresis in 10% polyacrylamide slab gels (26). Some aliquots
ere incubated with the PTK inhibitor genistein or its inactive
nalog daidzein (both purchased from Sigma and added at a concen-
ration of 100 mg/ml) for 30 min preceding the steroid addition and
uring the steroid treatment. This concentration of genistein has
een shown previously to produce a significant inhibition of P4-
nduced tyrosine phosphorylation in human spermatozoa without
roducing any apparent toxic effects (13).
Western blots were prepared essentially as described (27) but for

he use of polyvinylidendifluoride membranes instead of nitrocellu-
ose. After blocking with bovine serum albumin, blots were incubated
ith RC-20 anti-phosphotyrosine monoclonal antibody conjugated
ith horseradish peroxidase (Transduction Laboratories, Lexington,
entucky, USA). The immunoreactivity was detected using an
nhanced-cheminiluminiscence system ECL (Amersham, Bucking-
amshire, UK) and quantified with the use of the Bio-Image Whole
and programme (Millipore, Bedford, Massachusetts, USA).
24
utoradiography. Suspensions of capacitated spermatozoa (;150 3
06/ml) were incubated for 5 h with NaH2

32PO4 (ICN, Costa Mesa,
alifornia, USA) at a radioactivity concentration of 50 mCi/ml. This

ncubation was carried out at 37°C in B2 medium (Bio-Mérieux,
arcy l’Etoile, France) equilibrated with 5% CO2 in air (pH 7.4). To

ssess the eventual superimposition of the respective steroid effects
n the calcium influx and on protein tyrosine phosphorylation, met-
bolically labeled spermatozoa were further treated both in Ca21-free
nd Ca21-containing media. In experiments evaluating the response
f spermatozoa to steroids in Ca21-free medium, spermatozoa were
rst loaded with controlled levels of calcium by incubation for 5 min
t 37°C in B2 medium containing 10 mM ionophore A23187 (Sigma).
his medium contained 1.7 mM Ca21. After washing twice in PBS
ontaining 0.02% EDTA (PBS/EDTA; Sigma), the cells were resus-
ended in PBS/EDTA with 1 mM sodium orthovanadate (Sigma), in
hich subsequent steroid additions were made. Steroid solutions
ere prepared as above but for the use of PBS/EDTA as the final

ncubation medium. In experiments evaluating the response of sper-
atozoa to steroids in Ca21-containing medium, spermatozoa were

xposed to steroids while in PBS supplemented with 1.7 mM CaCl2

nd 1 mM sodium orthovanadate, and no ionophore pretreatment
as used.
After the addition of individual steroids, the incubation was con-

inued for an additional 30 min. After two cycles of centrifugation
500 3 g, 15 min) and resuspension in PBS (or in PBS/EDTA for
xperiments in Ca21-free medium), each sperm suspension was
elleted again by centrifugation, and Triton-soluble proteins were
xtracted as described (13). After clearing, each sperm extract was
ivided into two aliquots. One aliquot was used, after precipitation
ith trichloracetic acid, for measurement of total radioactivity incor-
orated to sperm phosphoproteins. This measurement was per-
ormed with the use of a Beckman LS 6000TA b-counter. After the
ddition of 35 ml sample buffer (26) to the other aliquot and incuba-
ion for 5 min at 100°C, the sample was processed by electrophoresis
n 10% polyacrylamide slab gels (26). Dried gels were covered with
yperfilm MP high performance autoradiography film (Amersham)
nd left for 10 days at room temperature in an Amersham Hyper-
assette. Autoradiographs were subjected to image analysis using
dobe Photoshop 4.0 software. After exposure, the portion of each gel
ontaining the 94-kDa protein band was cut out and used for radio-
ctivity determination as described (13).

Statistical analysis. Statistical analysis was performed by anal-
sis of variance (ANOVA) using the StatView II statistical package
Abacus Concepts, Berkeley, California, USA). Means were com-
ared by paired or unpaired Student’s t-test.

ESULTS

When added to suspensions of living indo-1-loaded
permatozoa, P4 and 11b-OH-P4 showed a similar ac-
ivity as agonists inducing calcium influx into sperma-
ozoa, whereas 11a-OH-P4 was a significantly weaker
gonist (Table 1). The effect of norgestrel was not
ignificantly different from that of solvent control
Table 1).

In Western blots probed with the RC-20 anti-
hosphotyrosine antibody, a number of bands, corre-
ponding to proteins whose apparent molecular weight
as comprised between 30 kDa and 115 kDa, were
istinguished (data not shown). However, only three
egions with a strong reaction with the antibody, cor-
esponding to proteins of 75-85 kDa, 90-100 kDa and
05-115 kDa, were consistently present in the blots
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nd were subjected to quantitative evaluation. Of these
hree regions, only proteins in the 90-100-kDa region
howed a significant increase in the level of tyrosine
hosphorylation in response to P4 as compared to sol-
ent control (Table 2). Interestingly, the relative in-
rease in tyrosine phosphorylation of proteins within
his region was not lower for 11a-OH-P4 as compared
o P4 and 11b-OH-P4, although 11a-OH-P4 was a sig-
ificantly weaker agonist as to the induction of Ca21

nflux (Table 2). The values for norgestrel were similar
o those for solvent control (Table 2). Genistein (100
g/ml), but not its inactive homologue daidzein, de-
reased the basal tyrosine phosphorylation level in all
f the three blot regions evaluated and inhibited the
teroid-induced increase in tyrosine phosphorylation of
roteins in the 90–100-kDa region (data not shown).
Measuring of 32P radioactivity incorporated to total

riton-soluble sperm protein extract after sperm expo-
ure to steroids in Ca21-containing medium showed

Comparison of Different P4-Related Steroids as Agonists
Inducing Ca21 Influx into Spermatozoa

Component added
Maximum [Ca21]i increase

(nM)a

Solvent control 7 6 2b

P4 709 6 74c

11a-OH-P4 381 6 40d

11b-OH-P4 698 6 71c

Norgestrel 9 6 2b

a Calculated as the difference between the highest [Ca21]i value
chieved after each respective addition and the baseline value before
he addition. Values are mean 6 SEM (n 5 6).

b,c,d Values with different superscripts are significantly different
rom each other (P , 0.05).

TABLE 2

Relative Efficiency of Different P4-Related Steroids as
gonists Stimulating Ca21 Influx and PTK Activity in
permatozoa

Component
added

Ca21 responsea

(%)

Relative increase in tyrosine
phosphorylationa

75-85
kDa (%)

90-100
kDa (%)

105-115
kDa (%)

4 567 6 59b 2 6 1b 24 6 4b 4 6 3b

1a-OH-P4 304 6 32c 3 6 2b 26 6 5b 2 6 2b

1b-OH-P4 558 6 56b 2 6 1b 25 6 4b 1 6 1b

orgestrel 7 6 2d 2 6 1b 1 6 1c 1 6 1b

a Calculated as percent increase over the value (in nM for Ca21 and
n arbitrary units for optical density of protein regions in western
lots probed with anti-phosphotyrosine antibody) measured for sol-
ent control (mean 6 SEM).

b,c,d Values with different superscripts in each column are signifi-
antly different from each other (P , 0.05).
25
hat the increase in radioactivity occurring in response
o each of the 11-OH-derivatives of P4 was significantly
igher (P , 0.05) as compared to unsubstituted P4,
hereas no difference was found between the two 11-
H-derivatives (Fig. 1A). In contrast, when spermato-

oa were exposed to steroids in Ca21-free medium, 11a-
H-P4 was a significantly stronger (P , 0.05) agonist

han the other two steroids (Fig. 1B). Moreover, the
ffects of P4 and 11b-OH-P4 on 32P incorporation to
otal sperm proteins were inhibited by genistein only
artly, whereas the inhibition by genistein of the 11a-
H-P4 effect was complete (Fig. 1A). This contrasted
ith the effects of the three steroids produced in Ca21-

ree medium, which were equally and completely in-
ibited by genistein (Fig. 1B).
Autoradiographic analysis of protein extracts of

permatozoa metabolically labeled with 32P and ex-
osed to individual steroids confirmed the preferential
ncorporation of 32P to a protein band of 94 kDa, al-
hough labeling intensity of a protein band of ;67 kDa
as also increased after sperm exposure to the steroids

Fig. 2). Quantitative evaluation of 32P incorporation to
he 94-kDa protein band in response to the three ste-
oids tested showed the same relationships as for 32P

FIG. 1. Effects of P4, 11a-OH-P4 (11alpha-P4) and 11b-OH-P4
11beta-P4) on the incorporation of 32P to Triton-soluble sperm pro-
eins in the absence (full bars) and in the presence (empty bars) of
enistein (100 mg/ml). Panels A and B show the effects of the steroids
dded in Ca21-containing and Ca21-free medium, respectively.
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ncorporation to total Triton-soluble protein fraction
data not shown).

ISCUSSION

The results presented in this study have shown that
he activity of P4 as an agonist operating Ca21 influx
nto human spermatozoa can be modified by OH-
ubstitution on C-11. In fact, 11a-OH-P4 was a mark-
dly weaker agonist as compared to 11b-OH- P4 or
nsubstituted P4. This finding is in agreement with
reviously published data (22). If the stimulation of
yrosine phosphorylation, another known effect of P4
n human spermatozoa, were mediated by the P4-
nduced Ca21 influx, it could be expected that the abil-
ty of 11a-OH- P4 to stimulate tyrosine phosphoryla-
ion would also be lower as compared to P4 and 11b-
H-P4. This study, however, did not show any
ifference in the PTK-stimulating activity of these
hree steroids, when added to spermatozoa in Ca21-
ontaining medium. This is in agreement with our
revious findings showing that the induction of Ca21

nflux and the stimulation of tyrosine phosphorylation
re two ar least partly independent actions exerted by
4 at cell surface receptors (18).
To compare the Ca21-independent activity of the

hree steroids as PTK stimulators, the incorporation of
32P to sperm phosphoproteins was determined after
perm exposure to steroids in Ca21-free medium. The
esults of this experiment have shown that 11a-OH-P4
s a markedly stronger PTK stimulator as compared to
4 and 11b-OH-P4, both of which displayed a similar
ctivity. This contrasted with the findings obtained
hen spermatozoa were exposed to steroids in Ca21-

ontaining medium, where all the three steroids under
tudy stimulated tyrosine phosphorylation to the same
xtent. This difference can be explained by the exis-
ence of two mechanisms mediating the nongenomic
ffect of steroids on tyrosine phosphorylation – one
a21-dependent and the other Ca21-independent.

FIG. 2. Representative autoradiograph of Triton-soluble sperm
roteins after sperm incubation with 32PO4 and exposure, in Ca21-
ontaining medium, to different steroids: lane, solvent control; lane
, P4; lane 3, 11b-OH-P4; lane 4, 11a-OH-P4. The positions of mo-
ecular weight markers and of the main tyrosine-phosphorylated
rotein (p94) are indicated to the left and to the right, respectively.
26
nduced PTK activation is also supported by the
resent experiments using the PTK inhibitor
enistein. In agreement with a previous study (13),
nhibition of P4-induced tyrosine phosphorylation by
enistein is incomplete even with the highest nontoxic
oncentration of this drug. The same applies to 11b-
H-P4. In contrast, genistein produced a complete in-
ibitition of the tyrosine phosphorylation stimulated
y 11a-OH-P4. Moreover, tyrosine phosphorylation in-
uced by any of these three steroids was inhibited
ompletely by genistein when spermatozoa were
reated with the steroids in Ca21-free medium. Conse-
uently, it appears that different types of PTK, with
istinct sensitivities to genistein, are preferentially ac-
ivated by the steroids in the presence and in the
bsence of external Ca21, respectively. The PTK pref-
rentially involved in the former case appears to be
timulated by the steroid-induced Ca21 influx. On the
ther hand, the PTK involved in the latter mechanism
ppears to be activated by the steroid ligand either
irectly or by means of association with a steroid-
ound receptor.
The PTK involved in the Ca21-independent steroid

esponse appears to be identical with Hu9, a sperm-
pecific receptor PTK whose physiological agonist is
P3, a sperm-activating glycoprotein from the mam-
alian egg9s zona pellucida (28). This contention is

upported by the following arguments. Firstly, phos-
hoaminoacid analysis of proteins phosphorylated in
uman spermatozoa in response to P4 has shown that
8.5% of 32P incorporated to the 94-kDa phosphopro-
ein of the human sperm extract actually corresponds
o phosphorylation on tyrosine residues, whereas other
roteins incorporating 32P became preferentially phos-
horylated on serine and threonine (13). Secondly, ex-
ept Hu9, no tyrosine-phosphorylated protein with a
imilar molecular weight, subcellular distribution and
olubility in detergents appears to be present in human
permatozoa. In fact, the major sperm substrates for
yrosine phosphorylation, A-kinase anchoring protein
nd its precursor, have a slightly larger molecular
eight, are associated with structures of the sperm
agellum and are resistent to detergent extraction
29). Finally, an increase in in-situ tyrosine phosphor-
lation of the human sperm head region corresponding
o the localization of Hu9 has been demonstrated in
uman spermatozoa treated with P4 in Ca21-free me-
ium (13). Interestingly, no steroid binding domain can
e predicted from the amino acid sequence of Hu9 (28).
onsequently, Hu9 appears to be able to act as both a
eceptor PTK (with regard to ZP3) and as a nonrecep-
or PTK (with regard to P4). In the latter case, physical
ssociation of Hu9 with a yet unknown receptor (see
elow) would be necessary.
With regard to the current knowledge of steroid-

ctivatable PTKs present in mammalian spermatozoa
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he sperm plasma membrane which subsequently co-
ggregates with Hu9, leading to Hu9 autophosphory-
ation. Tyrosine phosphorylation of a protein whose
lectrophoretic mobility corresponded to Hu9, and
hich was in all probability identical to the major
riton-soluble sperm phosphoprotein previously shown
o be phosphorylated on tyrosine in response to P4 (13)
nd solubilized zona pellucida proteins (30), could ac-
ually be stimulated by all the three steroids tested in
his study. This early response is Ca21-independent.
ecause binding sites for several Scr homology
-containing proteins are present in the intracellular
egion of Hu9 (28), the autophosphorylated Hu9 can
ubsequently trigger a cascade reaction involving the
hosphorylation of Shc (31) and the activation of the
rc/p21ras/Erk pathway (32). This cascade reaction ap-
ears to require a concomitant increase in the cytosolic
ree Ca21 concentration, mediated by an idependent
teroid action at a plasma membrane Ca21 channel.
oth components of this compound response are
eeded for the physiological response – the sperm ac-
osome reaction (19).

A recent study has demonstrated the presence of two
harmacologically distinct types of steroid receptor on
he human sperm surface (33). It is tempting to spec-
late that one of these receptors is instrumental in the
a21 response and the other mediates the PTK-

nitiated pathway. The present identification of selec-
ive agonists of each of the two responses opens a new
erspective to testing this hypothesis. This research is
xpected to explain the relationship between steroid
tructure and nongenomic activity and to enable the
dentification of specific agonists and antagonists of
ndividual nongenomic effects with potential therapeu-
ical use in the treatment of steroid-dependent diseases.
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