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Regulation of Cell Signalling Cascades
by Steroid Hormones
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Abstract Steroid hormones control awide variety of cellular functions important for cell homeostasis, proliferation,
differentiation, and apoptosis. Evidence collected in the last few years indicates that this regulation is mediated by a
complex interface of direct control of gene expression (so-called ‘‘transcriptional’’ action, driven by receptors that are
localized in cell nucleus) and by regulation of cell signaling/phosphorylation cascades (‘‘extranuclear’’ action, mediated
by receptors that are localized in close proximity to cellular membrane). Regulation of gene expression takes place via
ligand-dependent receptor binding to target gene promoters as part of the preinitiation complex,which leads to chromatin
remodeling and ultimately regulates the rate of gene expression. Steroid-mediated regulation of cell signaling does not
depend on gene transcription or protein biosynthesis. The molecular mechanism of this phenomenon is not fully
understood. This review will focus on recent developments related to our understanding of the molecular mechanism of
the extranuclear action of steroid hormones. J. Cell. Biochem. 93: 20–27, 2004. � 2004 Wiley-Liss, Inc.
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Action of steroid hormones, as well as certain
vitamins and lipid metabolites, is mediated by
their intracellular receptors that are tradition-
ally characterized as ligand-inducible tran-
scription factors [Mangelsdorf et al., 1995;
McKenna and O’Malley, 2002]. The receptors
of steroid hormones include estrogen receptor
(ER), androgen receptor (AR), progesterone re-
ceptor (PR), and glucocorticoid receptor (GR).
AR and GR in the absence of ligand remain in
the cytoplasm in association with chaperone
complexes. Ligand binding by inducing confor-
mational changes, leads to dissociation of these
complexes, receptor dimerization, and trans-
location to the nucleus where they bind to

response elements within the regulatory re-
gions of target genes. Receptors for nonsteroidal
ligands, such as the vitamin D receptor (VDR),
retinoic acid receptors (RARs), retinoid X recep-
tors (RXRs), and peroxisome proliferators acti-
vated receptors (PPARs) are primarily localized
in the nucleus. In the absence of ligand, they are
associated with histone deacetylase-containing
complexes tethered through corepressors. This
process results in silencing of the promoters.
Binding of receptor agonist, reduces affinity of
binding to corepressors and leads to dissociation
of these complexes. Liganded receptors (either
steroid or nonsteroid receptors) bring to the
DNA template the coregulatory complexes, in-
cluding chromatin remodeling and ATP-depen-
dent chromatin-modification complexes. These
events facilitate the recruitment of the tran-
scription machinery in a coordinated and/or
combinatorial manner leading to activation of
RNA and protein biosynthesis (for review see
McKenna and O’Malley [2002]).

While it has been well established that steroid
receptors can act as ligand-inducible transcrip-
tion factors, it has been apparent for many
years that not all biological effects of steroid
hormones are accomplished via direct regula-
tion of gene expression. In addition, they induce
rapid activation of diverse signal transduction
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pathways in a time frame (seconds to minutes)
that is too rapid to be mediated by biosynthesis
of RNA or protein and that is insensitive to
inhibitors of RNA and protein synthesis. Rapid
actions of steroid hormones were reported as
early as 60 years ago [Sutter-Dub, 2002]. This
phenomenon received major attention in 1967,
when Szego and Davis reported that physiologic
doses of 17b-estradiol given intravenously in-
creased uterine adenosine 30,50-monophosphate
(cAMP) concentration in ovariectomized mice
within 15 s [Szego and Davis, 1967]. Later,
Pietras and Szego described the presence of
cytoplasmic membrane binding sites for estra-
diol (E2) in endometrial cells [Pietras and Szego,
1977]. Progress in this field has been very slow
and had mostly empirical character until a few
years ago, when evidence at the molecular level
started accumulating to support and elucidate
the mechanisms of alternative signaling action
of steroid hormones. Different terms have been
used to describe these mechanisms. Reflecting a
relatively low level of understanding, most of
them are based on a negative definition. The
most popular ones have been ‘‘non-genomic,’’
‘‘non-transcriptional,’’ or ‘‘non-classical.’’ The
designation ‘‘non-genomic,’’ or ‘‘non-transcrip-
tional’’ however is not satisfactory, because the
activation of cell signaling cascades by steroid
hormones via post-translational modification of
transcription factors may affect the rate of gene
expression. For simplicity, we are going to call
them ‘‘extranuclear’’ action of steroid hormones
and define them as: (1) action that is originated
in cytoplasm, (2) is too rapid to be compatible
with RNA or protein synthesis, and (3) is not
sensitive to inhibitors of biosynthesis of RNA, or
protein.

RECEPTORS THAT MEDIATE EXTRANUCLEAR
ACTION OF STEROID HORMONES

An important question still remains regard-
ing the identity of proteins that initiate these
extranuclear responses. Several possibilities
have been suggested so far: (i) the same classical
‘‘nuclear’’ receptor in a non-nuclear locations;
(ii) other known membrane receptors, enzymes
or channels, which are capable of binding ster-
oids; and (iii) new membrane receptors of steroid
hormones. Finally, this action may be mediated
by a (iv) complex network of steroid binding
proteins,whichmayincludeclassical receptoras
well as other steroid binding proteins.

While some studies have suggested the
existence of a membrane ERs unrelated to
conventional ERa, or b (for review see Wehling
[1997]), confirmation of existence of the bona
fide novel membrane ERs has not been accom-
plished. Several lines of evidence indicate that
classical ER is involved not only in transcrip-
tional action, but also in regulation of rapid
extranuclear effects of estrogens. Immuno-
histochemical evaluations using antibodies
against different epitopes of ERa demonstrated
positive staining at the plasma membrane,
indicating that ERa can be localized in close
proximity to extracellular membrane [Pappas
et al., 1995]. Confocal microscopy studies showed
that treatment with E2 rapidly induces forma-
tion of membrane ruffles, pseudopodia, and
ERa translocation to cell membrane in MCF-7
breast cancer cells. The E2-induced morpholo-
gical changes were prevented by antiestrogens
[Song et al., 2002]. Endogenous ERa was
purified from plasma membrane and caveolae
fraction of endothelial cells [Pyo Kim et al.,
1999]. Good correlation was found between the
level of expression of the classic receptor and
ability of receptor’ ligands to stimulate activa-
tion of cell signaling cascades. Estradiol stimu-
lation of nitric-oxide synthase (NOS) could be
further increased by overexpression of ERa. The
acute response of endothelial NOS (eNOS) to
17b-estradiol could be reconstituted by ectopic
expression of ERa in COS-7 cells [Shaul et al.,
1997]. Finally, targeting of ERa to cell nucleus
abrogated signaling action of E2 [Razandi et al.,
2002].

A new membrane progesterone receptor
(mPR) in spotted sea trout oocytes has been
recently identified using monoclonal antibodies
directed against progestin-binding membrane
proteins [Zhu et al., 2003b]. Sea trout mPR has
little sequence homology to GPCRs, it contains
seven putative hydrophobic transmembrane
domains, and thus could be considered a novel
member of the GPCRs receptor family. Based on
its sequence, a new family of mPR-related pro-
teins was identified in a number of different
species, including frog, human, and mouse
[Zhu et al., 2003a]. Although the mPR might
be critical for oocyte physiology, its existence
is unlikely to explain all extranuclear effects
of progestins. Compelling evidence suggests
that just like ER, classical PR is also playing
an important role in mediating extranuclear
action in multiple tissues. In the frog oocyte,
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modulation of classical PR levels has been
shown to regulate progesterone-induced matu-
ration [Bayaa et al., 2000; Boonyaratanakorn-
kit et al., 2001], classical PRs have been shown
to be associated with Src [Boonyaratanakornkit
et al., 2001] and PI3K in cell membranes
[Bagowski et al., 2001].

Therefore, perhaps both the classical and
membrane steroid receptors are utilized, at
least in case of PRs, in mediation of extra-
nuclear action. Possibly, the expression levels of
these receptors could vary in different cells,
they could also have different selectivity for
ligand binding. Most importantly, ligand bind-
ing by these receptors could result in activation
of different signaling pathways. Therefore,
receptor-specific ligands could potentially reg-
ulate distinct cellular functions.

EXTRANUCLEAR ACTION
OF STEROID HORMONES

Almost all members of the steroid hormone
family, from the corticosteroids (glucocorticoids
and mineralocorticoids) to the gonadal hor-
mones (estrogens, progestins, and androgens),
can exhibit extranuclear effects [Falkenstein
et al., 2000; Watson and Gametchu, 2003].
These effects range from activation of adenylyl
cyclase (AC), mitogen-activated protein kinases
(MAPKs), phosphatidylinositol 3-kinase (PI3K),

to rise in intracellular calcium concentrations
(Fig. 1). One of the earliest observed rapid
actions of sex steroids is the regulation of
transmembrane ion fluxes. Sex steroids act as
vasodilators, and part of this effect relies on the
modulation of intracellular Ca2þ in endothelial
and smooth muscle cells. It is unclear however,
whether these steroid hormones play a direct
role in the control of membrane ion channels,
or their action is mediated via activation of
cell phosphorylation cascades (for review see
Falkenstein et al., 2000).

Activation of Src/MAPK Pathways by ERa

One of the best-characterized extranuclear
actions of steroids is the rapid activation of
the Ras/Raf/ERK pathway. In nerve cells, E2
rapidly triggers Erk 1/2 activation, leading to
cFos gene expression [Watters et al., 1997].
Rapid activation of this pathway was also found
in osteoblasts [Endoh et al., 1997] and in white
adipocytes [Garcia Dos Santos et al., 2002].
Estrogen activated growth of human colon
carcinoma-derived Caco-2 cell is mediated
through rapid and reversible stimulation of
the cSrc and cYes and activation of Erk1 and
Erk2 kinases [Di Domenico et al., 1996]. In the
human breast cancer cell line MCF-7, estradiol
triggered rapid increase in the active form of
p21ras, rapid tyrosine phosphorylation of Shc

Fig. 1. Signaling pathways regulated by estrogen receptor.
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and p190, and association of p190 with the
guanosine triphosphatase (GTPase) activating
protein (GAP). Both Shc and p190 are sub-
strates of activated Src, and once phosphory-
lated, can interact with other proteins and
stimulate p21ras. Estrogen-mediated stimula-
tion of Ras/Raf/ERK pathway promotes MCF7
cell proliferation [Migliaccio et al., 1996].

Several mechanisms have been proposed to
explain the initial steps that trigger this path-
way. Levin and colleagues have suggested that
ERa in presence of estradiol, via activation of
Src, stimulates Gaq, Gai, and Gbg -dependent
activation of matrix metalloproteinases 2 and 9
(MMP-2 and -9). Using an antisense approach
they have shown that MMP-2 and MMP-9 are
required for fast E2-induced heparin-binding
EGF (HB-EGF) cleavage and release, activation
of EGFR, and downstream signaling to ERK
and PI3K in breast cancer cells, and p38 MAPK
in endothelial cells [Razandi et al., 2003]. This
model however did not clarify initial steps
leading to activation of Src.

It has been also demonstrated that AF1
domain of ERa can directly interact with SH2
domain of the adapter protein Shc and that this
interaction is important for E2-mediated activ-
ation of the MAP kinase pathway [Song et al.,
2002]. The same group has later demonstrated
that Shc, ERa, and IGF-1R form a ternary
complex and that this interaction leads to IGF-
1R phosphorylation and activation [Song et al.,
2004]. These data, however, do not explain the
ability of ERa ligand binding domain (LBD),
which is inactive transcriptionally, to mediate
estrogen responses in regulating cellular sig-
naling pathways [Castoria et al., 2001; Kousteni
et al., 2001].

Multiple evidence suggests that activation of
the tyrosine kinase, cSrc, represents one of the
initial steps in ER mediated cell signaling
[Migliaccio et al., 2002]. In vitro, ER is able to
interact with the SH2 domain of Src [Migliaccio
et al., 2000; Boonyaratanakornkit et al., 2001;
Castoria et al., 2001; Wong et al., 2002],
however, this interaction does not appear to be
sufficient for Src activation [Boonyaratana-
kornkit et al., 2001; Wong et al., 2002]. Under
basal conditions, the catalytic domain of Src is
constrained in an inactive state through intra-
molecular interactions. Binding of the SH2
domain to the C-terminal phosphorylated tyr-
osine and the SH3 domain to the proline-rich
region in the Src linker domain locks the mole-

cule in an inhibited conformation [Matsuda
et al., 1990]. Full catalytic activation requires
release of these constraints. The kinase activity
of Src can be enhanced by binding of phospho-
tyrosine-containing sequences to the SH2
domain and binding of proline-rich sequences
to the SH3 domain [Hubbard et al., 1998].

Using affinity purification we [Wong et al.,
2002] have recently isolated ER-interacting
protein, termed MNAR (modulator of non-
genomic action of ER) that promotes ligand-
dependent interaction between the ERa and
members of the Src family of tyrosine kinases.
Sequence analysis of MNAR has revealed
presence of 10 LXXLL motifs. Similar motifs in
other transcription factors have been shown
to interact with a hydrophobic groove on the
surface of the ligand-binding domain of nuclear
hormone receptors. MNAR also contains three
PXXP motifs. These motifs may interact with
Src homology domain 3 (SH3) present in multi-
ple signal transducing molecules [Kay et al.,
2000]. In addition to ER aand b; AR, GR, and PR
also interact with MNAR in a ligand-dependent
manner [Wong et al., 2002]. Interaction analy-
sis and functional evaluation of ERa, MNAR
and Src mutants, demonstrated that coordinate
binding of MNAR and ER to Src’s SH3 and SH2
domains, respectively, stabilized by ER–MNAR
interaction through MNAR’s LXXLL motifs,
leads to activation of cSrc and Src-mediated
signaling (Fig. 2) [Barletta et al., 2004]. MNAR
therefore is a scaffold protein that mediates
formation of multi-protein complexes by provid-
ing various interaction surfaces. It is possible
that MNAR is just the first member of a family of
adaptor proteins that integrate action of ER,
and potentially some other receptors, in regula-
tion of cell signaling cascades.

Activation of Src/MAPK Pathway by PR

Classical PR, in addition to its role as a tran-
scription factor also regulates cellular signaling
cascades. Especially well documented is its
ability to activate Src/MAP kinase pathway.
Two isoform of classical PR exist, A and B, where
PRA is a shorter version of receptor, which is
lacking the first 168 N-terminal amino acids. It
has been initially demonstrated that PRB

activation of Src and MAPK pathway requires
ERa [Migliaccio et al., 1998]. However, an ana-
lysis of protein interactions provided no evi-
dence for the existence of a ternary complex that
would include PRB, ERa, and cSrc. Authors
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therefore postulated that ERa and PRB interact
in the absence of ligand, and that in the presence
of progestin ERa is released from the complex
and can now interact with cSrc. It is the ERa–
cSrc interaction that triggers activation of Src
and MAPK pathway. Progesterone activation of
Erk1/2 was inhibited by antiprogestins, as well
as by antiestrogens [Migliaccio et al., 1998].

Ballare et al. [2003] have recently extended
this model by reporting that activation of cSrc
by progestins depends upon the presence of
unliganded ERa, which interacts with two
domains that are localized in the N-terminal
part of PRB. They proposed that cSrc/MAPK
activation by PR is mediated indirectly by the
interaction of the Src-homology (SH2) domain
of cSrc with phosphotyrosine 537 of ERa. In
mammalian cells, the interaction of PRB with
ERa and the progestin-mediated activation of
the Src/Erk cascade were abolished by deletion
of either one of these domains of PR. Deletion
of these domains did not affect PRB transcrip-
tional activity.

In contrast with these data, direct and
hormone-dependent interaction of PR and cSrc
SH3 domain was demonstrated by Boonyarata-
nakornkit et al. [2001]. The authors have also
shown that endogenous as well as overex-
pressed and purified proteins interact and that
this interaction is mediated by polyproline
region encoded by aa 421–428 of PRB with Src’
SH3 domain. This interaction was necessary
and sufficient for activation of Src and down-

stream targets, leading to phosphorylation/
activation of Erk 1/2. In addition to cSrc, PR
also interacted with SH3 domains of hemato-
poietic cell kinase (Hck), the regulatory subunit
of PI3K, p85, Grb2, and the tyrosine kinases
Fyn and Crk [Boonyaratanakornkit et al.,
2001]. Reasons for this seeming incongruity
between these models are presently unknown.

Activation of Src/MAPK Pathway by AR

In addition to ER and PR, androgen receptor
(AR) also mediates rapid activation of MAPK
pathway by direct binding and activation of
cSrc [Migliaccio et al., 2000]. In agreement with
these data, dihydrotestosterone (DHT)-induced
activation of Erk 1 and Erk 2 kinases was
blocked by Src inhibitor PP1 [Kousteni et al.,
2001]. In HeLa cells, the response to a trans-
fected ER, but not to AR, was abrogated by
the cotransfection of Src mutant lacking the
SH2 domain (Src dSH2). On the other hand, the
action of AR, but not of ER, was decreased by Src
mutant lacking the SH3 domain (Src dSH3)
[Kousteni et al., 2001]. These findings suggest
that the two receptors mediate cSrc activation
by binding to different domains of Src. Indeed,
the ERa interacts with SH2 domain, whereas
proline-rich stretch of AR interacts with the
SH3 domain of Src [Migliaccio et al., 2000].
In cells expressing AR and ERa, treatment
with DHT, or E2, leads to ER–AR–Src complex
formation. Antagonists of both ER and AR,
prevented both assembly of ER–AR–Src

Fig. 2. Model forMNAR/ER/Src interaction.Coordinate interactionbetweenSrc SH3andSH2domains and
MNAR and ER correspondingly, stabilized by ER-MNAR interaction leads to Src activation.
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complex and activation of Src/MAPK pathway
[Migliaccio et al., 2000]. In contrast with these
findings, Boonyaratanakornkit et al. [2001]
have recently failed to detect direct interaction
between AR and Src. Potential explanation for
these discrepancies could be that some scaffold
proteins, such as MNAR for example [Wong
et al., 2002], could potentially mediate interac-
tion between AR and Src.

SR Mediated Activation of PI3 Kinase Pathway

In addition to Src/MAPK pathway, extra-
nuclear action of steroid hormones can be medi-
ated by the recruitment of lipid kinases. In
presence of E2, ERa interacts with the regula-
tory subunit of PI3 kinase, p85, thus triggering
an activation of the catalytic subunit and in-
creasing intracellular production of phosphoi-
nositides [Simoncini et al., 2000]. Recruitment
and activation of PI3K by ER–E2 complex does
not involve ER binding to SH2 domain of p85.
It is therefore not clear whether ER binds to
p85 alone, or as part of a multiprotein complex,
components of which may interact with SH3
and SH2 domains of p85, leading to activation
of PI3K. One of the principal targets of this
cascade is the serine–threonine protein kinase
Akt/protein kinase B. Activation of Akt med-
iates many of the downstream cellular effects of
PI3K triggered by E2, including rapid activa-
tion of the endothelial isoform of the nitric oxide
(NO) synthase (eNOS) [Simoncini et al., 2000].
Mice treated with estrogen show increased
eNOS activity and decreased vascular leuko-
cyte accumulation after ischemia and reperfu-
sion injury. Activation of PI3K by estrogens is
important also in breast cancer cells, where E2
rapidly triggers association of ERawith Src and
p85 [Castoria et al., 2001]. Formation of this
complex leads to activation of Src/MAP and
PI3K/Akt pathways, which stimulates cell cycle
progression [Castoria et al., 2001] and inhibits
apoptosis [Campbell et al., 2001]. Other SRs,
such as AR and GR also interact with p85
[Simoncini et al., 2000].

CONCLUSIONS

It is well established that steroid hormones,
in addition to classical transcriptional action,
also regulate cellular processes outside of the
cell nucleus. Extranuclear signaling represents
a mechanism through which they regulate
activity of cellular proteins and thus rapidly
fine-tune important cellular functions.

Some classical receptors trigger cell signaling
via direct interaction and activation of various
kinases. Interaction with PR, for example,
is sufficient for activation of Src. Other recep-
tors require adaptor proteins, like MNAR, that
provide interaction surfaces for assembly of
functionally distinct multi-protein complexes.
ER–MNAR–Src complex is capable to phos-
phorylate proteins in response to changes in E2
concentration. Presence of ten LXXLL motifs in
the MNAR molecule suggests that it can inter-
act with multiple steroid receptors. Our pre-
liminary data indeed indicate that steroid
receptors may utilize distinct LXXLL motifs
for their binding to MNAR (F. Barletta and B.
Cheskis, unpublished). An interesting question
remains, whether they can interact simulta-
neously, which could potentially explain why
activation of Src by AR requires presence of ER.
It is presently unclear also why PR interaction
with Src is sufficient for Src activation, while ER
requires MNAR. It is possible that PR binds to
the SH3 domain with higher affinity than ER
binds to the SH2 domain. Binding of MNAR
could potentially stabilize the ER–Src complex.
It is also possible that at different receptor ex-
pression levels steroid receptors may or may not
require adaptor proteins for activation of some
kinases. Extranuclear signaling is particularly
important in non-traditional steroid target
tissues, such as bone, cardiovascular and cen-
tral nervous systems where the expression level
of steroid receptor is low. It is possible that
expression of adaptor proteins, like MNAR, is
especially important in these tissues.

Good understanding of the molecular mech-
anisms through which extranuclear actions of
steroids are exerted is essential as we contem-
plate newer and more selective pharmacological
tools for endocrine therapies.
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