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S teroid hormone receptors are a class
of the nuclear receptor family whose

mechanism of transcriptional regulation
has been under intensive study for over 30
years. Yet beginning even 30 years ago
there were suggestions that at least some
effects of steroids, particularly prolifera-
tive and electrophysiological effects,
might be mediated at the plasma mem-
brane (refs. 1–3 for review). The evidence
was based largely on immunofluorescence
and the rapidity of the effects, but the
entire field of nongenomic signaling by
nuclear receptors was not widely appreci-
ated until the recent demonstration that
both the estrogen receptor and the pro-
gesterone receptor (PR) can activate the
cytoplasmic tyrosine kinase c-Src and
the mitogen-activated protein kinase
(MAPK) pathway (4, 5). Very recently
this activation of c-Src has been shown to
be associated with binding of a proline-
rich sequence in PR to the c-Src Src
homology 3 domain, leading to reduced
autoinhibitory repression of c-Src kinase
activity (V. Boonyaratanakornkit, M.
Porter-Scott, V. Ribon, L. Sherman, S. M.
Anderson, T. W. Miller, and D. P. Ed-
wards, personal communication). The ac-
tivated c-SrcyPR complex then mediates
activation of the MAPK pathway. The
proline-rich sequence of PR also binds to
the Src homology 3 domain of Cbl-
associated proteins and other signaling
molecules (Boon-
yaratanakornkit et
al., personal com-
munication). c-Src
is acylated at its N
terminus with myr-
istic acid, a modifi-
cation thought to di-
rect its localization
to the plasma mem-
brane (7). Thus, PR
activation of c-Src is
a presumed plasma
membrane effect of
PR. However, active c-Src also has been
localized on the nuclear periphery (8),
making it unclear where PR activation of
c-Src occurs.

Although these nongenomic actions of
progesterone are clearly mediated by the
nuclear receptor, in other systems it has
been assumed that nongenomic actions of

steroids are mediated by a distinct recep-
tor located at the cell membrane.

One example is the modulation of
g-aminobutyric acid (GABA)-ergic trans-
mission by certain steroids, including pro-
gestins, which may be important in general
anesthesia (9). These effects are thought
to reflect steroid binding to GABA recep-
tors. Another example is evident in pro-
gesterone stimulation of Ca21 release and
the acrosome reaction in mammalian
sperm, which lack nuclear receptors (10,
11). Sperm have GABA receptors but
whether these mediate the effect of pro-
gesterone on the acrosome reaction is not
clear (11). For many steroids that affect
GABA-ergic transmission, the effect is
not enantioselective and can be produced
roughly equally by steroid enantiomers
(12). The same lack of enantiomer selec-
tivity is true for progesterone stimulation
of the acrosome reaction in human sperm
(S. Meizel, J.L.M., and D. Covey, unpub-
lished data). This is different from classi-
cal nuclear receptor actions, which gener-
ally exhibit strict enantiomer selectivity.

Perhaps the best-characterized example
of nongenomic progesterone action is at the
membrane of the amphibian oocyte. During
growth oocytes are arrested at the G2y
prophase border of meiosis I and resume
meiosis after progesterone stimulation. Re-
sumption of meiosis is caused by alterations
in several signal transduction pathways,

including de-
activation of
cAMP-depen-
dent protein
kinase (pro-
tein kinase A,
PKA) and ac-
tivation of the
MAPK and
polo-like ki-
nase pathways
(ref. 13, for re-
view). These
pathways

eventually converge to promote dephos-
phorylation and activation of cyclin ByCdc2
(mitosis-promoting factor, MPF), the en-
zyme that catalyzes entry into M phase of
meiosis I (Fig. 1). The polo-like kinase path-
way leads to activation of the phosphatase
Cdc25C, which dephosphorylates and acti-
vates Cdc2ycyclin B (MPF), whereas the

MAPK pathway leads to activation of
p90RSK, which phosphorylates and inacti-
vates Myt1, the kinase that phosphorylates
and inactivates MPF (Fig. 1). The activation
of cyclin ByCdc2 can be monitored indi-
rectly by dissolution of the germinal vesicle
(nucleus; germinal vesicle breakdown,
GVBD), which is evident by appearance of
a white spot on the pigmented animal pole
of the oocyte. The concept that this action of
progesterone is nongenomic and mediated
by a membrane interaction dates from stud-
ies beginning 30 or more years ago that
showed injection of progesterone is unable
to induce GVBD, whereas steroid bound to
polymers is able to cause GVBD when
applied externally but not when injected or
when not touching the oocyte (14, 15). Oc-
casional reports that injected progesterone
is effective (16) invariably are found to
reflect leakage of injected steroid from the
oocyte to the extent that directly adjacent
uninjected oocytes also respond (Y. Masui,
personal communication). The nongenomic
nature of progesterone action is evident
from induction of GVBD in the presence of
actinomycin D and from cyclin ByCdc2
(MPF) activation in physically enucleated
oocytes treated with progesterone (14).

The earliest known biochemical events
in oocytes treated with progesterone are
a rapid decrease in cAMP due to inhi-
bition of adenylyl cyclase activity (ref. 17,
for review) and complex changes in phos-
pholipid metabolism (18). The decrease
in cAMP and subsequent decline in PKA
activity is both necessary and sufficient
to cause GVBD several hours later
(19, 20). The adenylyl cyclase inhibition
is GTP-dependent, like that seen for
numerous receptor-mediated cyclase ef-
fects, and is still evident in membranes
from oocytes treated with cholera toxin
or pertussis toxin. The progesterone-
dependent cyclase inhibition observed in
purified plasma membrane preparations
has an IC50 similar to the EC50 of pro-
gesterone for GVBD (17). Recently the
effect of progesterone on GVBD was
found to be enantioselective with over a
100-fold difference in potency of proges-

See companion articles on page 12607 of issue 23 of volume
97 and page 14358 of issue 26 of volume 97.

*E-mail: Jim.Maller@uchsc.edu.

Although these nongenomic actions of

progesterone are clearly mediated by the

nuclear receptor, in other systems it has

been assumed that nongenomic actions

of steroids are mediated by a distinct

receptor located at the cell membrane.

8–10 u PNAS u January 2, 2001 u vol. 98 u no. 1



terone enantiomers for the induction
of GVBD (J.M. and D. F. Covey, unpub-
lished data). This specificity suggests
that progesterone action on the oocyte
involves a different receptor binding site
than that associated with progestin ef-
fects on GABA receptors or mammalian
sperm. The concept that the oocyte
membrane receptor is likely to be distinct
from the conventional nuclear receptor
rests on several features of the response.
First, the GVBD response does not re-
quire transcription. Second, the EC50 for
GVBD, typically 200 nM for GVBD
within 6 h, is much higher than that
required for transcriptional activation by
the nuclear receptor (1 nM), suggesting a
different hormone binding domain is in-
volved than the one present in nuclear
receptors. Third, the structureyfunction
relations of steroids active for GVBD do
not fit those required for nuclear recep-
tor function (21). Indeed, GVBD can be
stimulated with almost equal potency by
progesterone, testosterone, certain glu-
cocorticoids (but not dexamethasone),
and certain mineralocorticoids (but not
aldosterone). Finally, the nuclear PR
antagonist RU486 does not block GVBD
induction by progesterone or R5020 and,
in fact, acts as a weak agonist (22). The
search for a membrane receptor in oo-
cytes and other systems has been ongoing
for many years, and several candidates
have been proposed (ref. 23, for review).
Some have been cloned, but little evi-
dence supports their function as a mem-
brane receptor. The search is hampered
by the lipophilic nature of steroids ren-

dering binding in membrane prepara-
tions highly nonspecific.

Two recent papers in PNAS, Tian et al.
(24) and Bayaa et al. (25), challenge the
dogma that a novel PR mediates oocyte
maturation, and they both present new
evidence suggesting the oocyte GVBD
response might be mediated by the nu-
clear PR. Tian et al. (24) have cloned an
apparent Xenopus homolog of nuclear PR
(xPR) and show that when overexpressed
in oocytes xPR modestly accelerates pro-
gesterone-induced GVBD and the rate of
MAPK activation, due to a more rapid
accumulation of Mos, a MAPK kinase
kinase. The dose of progesterone required
for maximal effect also is reduced. More-
over, injection of antisense oligonucleo-
tides against xPR reduces the percentage
of oocytes undergoing GVBD in response
to high-dose progesterone. The GVBD
response can be partially rescued by sub-
sequent injection of the heat-stable inhib-
itor of PKA, which acts downstream of the
receptor, or importantly, by overexpres-
sion of either xPR or human nuclear PR.
Rescue correlates with expression of Mos
and MAPK activation. The authors con-
clude xPR is required for oocyte GVBD.

Bayaa et al. (25) cloned a partial cDNA
encoding the same gene, including the
DNA binding domain and the hormone
binding domain. The gene product acti-
vates transcription of PR-reporter genes
after transfection into COS cells. Those
authors have produced an antibody that
shows the xPR protein is present in resting
oocytes and is extranuclear despite the
presence of a conserved nuclear localiza-
tion signal. However, when overexpressed

the receptor is found in both nuclear and
cytoplasmic fractions but not in the mem-
brane. They also show that overexpression
of xPR modestly accelerates the rate of
progesterone-induced GVBD and MAPK
activation, and it increases sensitivity to
progesterone. The accelerated rate of
MAPK activation also can be seen in
physically enucleated oocytes. The au-
thors conclude that xPR mediates proges-
terone-induced oocyte maturation by a
nongenomic mechanism.

The results in these two papers are
internally consistent. One can infer that
the effects on MAPK activation do not
require domains in the first 145 amino
acids of xPR because these are missing in
the partial clone isolated by Bayaa et al.
(25). The sequence of xPR has interesting
similarities to human and chicken PR,
including the proline-rich sequence im-
portant for binding the Src homology 3
domain of c-Src and other signaling mol-
ecules (Boonyaratanakornkit et al., per-
sonal communication). Like chicken PR,
xPR lacks the critical cysteine reported to
be required for PR binding of RU486; yet
Bayaa et al. (25) find that RU486 blocks
reporter gene transcription in Cos cells
expressing xPR, whereas RU486 induces
GVBD by itself, as reported (22). This
would be most consistent with RU486
acting on two different PR types in oo-
cytes, the nuclear receptor and a mem-
brane receptor. A caveat in both papers is
that the effects reported depend on mas-
sive overexpression of xPR, which causes
mislocalization of the receptor to both
nucleus and cytoplasm; yet the effects on
the hormone response are modest–only a
1-h acceleration of GVBD and MAPK
activation in a 10-h assay. Tian et al. (24)
used antisense oligos to attempt to show
endogenous xPR mediates normal
GVBD. A more complete analysis will be
available when antibodies are used to eval-
uate loss of endogenous xPr by antisense
treatment. Follow-up studies are particu-
larly important because the rescue exper-
iments performed by Tian et al. use PR
overexpression requiring oocyte culturing
for up to 6 days in a medium with no
nutrients, resulting in oocytes that are of
uncertain physiological status and often
morphologically atypical.

Perhaps the greatest question that comes
from these studies concerns how or whether
xPR is linked to the action of progesterone
on the plasma membrane adenylyl cyclase.
No xPR was detected in membrane frac-
tions by Western blotting even after over-
expression (25). The absence of xPR in the
cellular compartment where progesterone
signaling is initiated casts doubt on whether
it mediates progesterone-induced oocyte
maturation. This issue merits further study
with more sensitive reagents such as green
f luorescent protein–xPR, etc. Another

Fig. 1. Signal transduction pathways regulated by progesterone in meiosis. The model depicts proges-
terone acting through an unknown membrane receptor to inhibit adenylyl cyclase, reduce the level of
cAMP, and decrease the activity of PKA. Through multiple unknown steps decreased PKA leads to
translational activation of Mos mRNA and subsequent generation of an active MAPK pathway. A target
of MAPK, p90RSK, operates in meiosis I (MI) to promote MPF activation by inhibition of Myt1, and in meiosis
II (MII) p90RSK inhibits cyclin B degradation by the anaphase-promoting complex (APC) as an element
required for cytostatic factor (CSF)-mediated metaphase arrest. Decreased PKA also leads to activation of
the polo-like kinase cascade by multiple unknown steps. This kinase cascade pathway results in activation
of Cdc25C, the phosphatase that dephosphorylates and activates MPF (cyclin ByCdc2) at the G2yM
transition in meiosis I. Feedback loops exist in which activated MPF can directly activate Cdc25, and Mos
mRNA translation andyor stability can be increased by active MPF and active MAPK via multiple unknown
steps. PG, progesterone; xPlkk1, Xenopus polo-like kinase kinase; Plx, Xenopus polo-like kinase; MEK, MAP
kinase kinase.
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question concerns the binding parameters
of xPR. Neither report shows that xPR binds
progesterone and with what Kd. The appar-
ent EC50 for transcriptional activation by
overexpressed xPR in Cos cells (10 nM) is
lower than that usually required for GVBD
(200 nM), but direct comparison is compli-
cated because the temperatures and time
parameters of the two assays are different.
Of particular importance is whether the
binding specificity of xPR for other steroids
fits the unusual profile of steroids able to
induce GVBD. Also, does RU486 bind to
xPR and compete for progesterone binding
despite the absence of the critical cysteine
residue implicated in RU486 binding to
human PR?

An alternative explanation for the re-
sults of Tian et al. (24) and Bayaa et al. (25)
is evident based on the known effects of
MAPK activation on progesterone-

induced GVBD. Previous work demon-
strated that microinjection of pp60v-Src

into oocytes activates p90RSK, a target of
MAPK, and this leads to acceleration of
the rate of GVBD (26). Several other
effects of MAPK in oocytes are mediated
solely by the activation of p90RSK (27) and,
indeed, accelerated GVBD and increased
sensitivity to progesterone are also evi-
dent in oocytes expressing a constitutively
active form of p90RSK (S. D. Gross and
J.L.M., unpublished work). Thus, if xPR
interacts with Xenopus c-Src and activates
its kinase activity, this could account for
both early MAPK activation and acceler-
ation of GVBD through p90Rsk indepen-
dently of a membrane steroid receptor.
The accelerated appearance of Mos in
oocytes overexpressing xPR noted in both
papers could derive from an established
feedback loop between active MAPK and

activation of mos mRNA translation (6). If
cytoplasmic xPR affects oocyte matura-
tion only indirectly via c-Src and MAPK
activation, then a prediction is that some
MAPK activation would be evident in
xPR-overexpressing oocytes treated with
progesterone in the presence of cyclohex-
imide. Moreover, inhibition of adenylyl
cyclase by progesterone should be unaf-
fected by xPR overexpression, which ap-
pears to act distal to the membrane. Fur-
ther work is clearly necessary to evaluate
these possibilities. Even if xPR turns out
not to be the receptor that mediates oo-
cyte maturation, these papers establish
that cytoplasmic actions of xPR, including
possibly c-Src and MAPK activation, may
be ideally studied in the oocyte, which
lacks the complications of transcriptional
effects and nuclear localization of xPR.
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