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Abstract—The signal responsible for the nuclear localization of the progesterone receptor has been
characterized. The study of the mechanism of this nuclear localization has revealed that the receptor
continuously shuttles between the nucleus and the cytoplasm. The receptor diffuses into the cytoplasm
and is constantly and actively transported back into the nucleus. Preliminary evidence suggests that the
same mechanism exists for estradiol and glucocorticoid receptors. Experiments designed to study the
traffic of steroid hormone receptors have been applied to the determination of the molecular mechanism
of action of antisteroids. Using these techniques, we have shown that two major antiprogestins, RU486
and ZK98299, act at the same point in the cell as the hormone.

The subcellular localization of steroid hormone
receptors has been the subject of many studies for
over 20 years. Initially, it was observed that when
cell homogenates were prepared from animals
lacking in hormone, the corresponding receptor was
recovered in the soluble fraction. After hormone
administration, the activated steroid-receptor com-
plexes were found attached to chromatin. The
hypothesis was then put forward that the receptor
has a cytoplasmic location and migrates into the
nucleus under the effect of hormone [1,2]. The
development of monoclonal antibodies against ERY,
PR and GR allowed immunocytochemical studies to
be undertaken.

These studies reported exclusive nuclear local-
ization of the ER [3], the PR [4] and the AR [5]
even in the absence of endogenous hormone and
were in agreement with biochemical studies on
enucleated cells [6] showing that unoccupied ER
was almost exclusively in the nucleoplast fraction.
Thus, this group of steroid hormone receptors (ER,
PR, AR) is transported, after its synthesis, from the
cytoplasm to the nucleus where the receptors remain
in an inactive state. When subsequently the hormone
arrives it triggers an interaction of receptors with
high affinity DNA-binding sites where the primary
events involved in transcription activation occur.

NLSs of PR

The nuclear localization of proteins has been
shown to occur through two mechanisms [reviews in
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Refs. 7-9]. In the first, the protein diffuses through
the nuclear membrane and is then trapped by binding
to an intranuclear component. The second is an
active process; it is temperature dependent, requires
ATP and displays saturation kinetics. Active
transport into the nucleus requires that proteins
contain suitable NLS. They are mostly short basic
sequence motives, rich in arginines and lysines. The
first to be described was the SV40 large T antigen
signal (10, 11]. Since then, numerous signals have
been identified and it has been shown, in the case
of nucleoplasmin, that two interdependent basic
domains may constitute a bipartite signal [12]. These
NLSs are recognized by NLS-binding proteins (NBP)
which are thought to function as adaptor molecules
between the karyophylic protein and the transport
machinery of the nuclear pore complex. Several
candidate NBPs have been identified, by affinity
methods. Active nuclear import of proteins takes
place in at least two steps. The first step is the
interaction between the protein and the nuclear pore
complex through the NLS. The second step is the
translocation to the nucleus. Only the latter requires
ATP. Cloning of the receptors and in vitro
mutagenesis studies led to the description of
karyophylic signals in GR [13], PR [14, 15] and ER
[16].

We have studied the signals responsible for the
nuclear localization of rabbit PR wusing two
approaches. The first approach was to study the
subcellular localization of a series of deletion mutants
[14]. We have shown that its main NLS is a stretch
of amino acids located in the hinge region around
position 638-642 which bears similarities to the NLS
present in the SV40 large T antigen. This putative
signal is constitutive (acts in the absence of hormone)
and if it is deleted, the ligand-free receptor becomes
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cytoplasmic. Homologous sequences are found at
exactly the same position (10 amino acids after the
last conserved cysteine) in all other steroid hormone
receptors except in the case of the ER where a
homologous sequence is found 11 amino acids after
the last conserved cysteine. For a given steroid
receptor, this region is highly conserved in the
diferent species studied. A mutant deleted of the
first NLS (mutant A 638-642) is cytoplasmic in the
absence of hormone and is translocated to the
nucleus in the presence of hormone. This mutant
retains a complete biological activity when saturated
with hormone. Thus it can be used as a conditional
receptor.

Using in vitro mutagenesis we have shown that
there is a second NLS, located in the second zinc
finger [14]. This NLS is masked and unmasked by
identical mechanisms to those regulating the activity
of the DNA binding function. It bears the same
properties as previously described NLSs; its activity
is blocked by energy depletion. It has been shown
in different models that proteins carrying two NLSs
are more efficiently transported into the nucleus
than proteins carrying a single NLS [11, 17]. The
existence of multiple NLSs is a frequent feature of
nuclear proteins [18, 19].

The second approach was to characterize the
minimum NLS able to mediate the nuclear
localization of a cytoplasmic protein like pS-
galactosidase. Using this approach we have shown
that this NLS is a complex signal (unpublished data).
It is not a simple NLS, like SV40 large T antigen
NLS because the constitutive NLS (638-642) is
unable to localize B-galactosidase to the nucleus. It
is not a bipartite NLS, like nucleoplasmin NLS,
because a sequence encompassing two clusters of
basic amino acids including the constitutive NLS is
also unable to localize B-galactosidase to the nucleus.
The two NLSs (constitutive and hormone-dependent)
defined by deletion experiments are necessary to
locate B-galactosidase to the nucleus. This complex
NLS encompasses several stretches of basic amino
acids. Using a deletion mutant approach, it has been
shown that this signal is composed of multiple proto-
signals that cooperate together {15].

Interactions between receptor monomers during
nuclear transport

The interaction of dimeric receptors with pal-
indromic HREs is an important step in hormone
action. Such a process has been observed in vitro
using band-shift electrophoretic analysis of receptor—
DNA interactions [20,21]. In vitro studies using
purified receptors are, however, controversial
because of artifacts.

We have devised an experimental design allowing
us to study oligomerization in vivo. We have
constructed a receptor mutant in which epitope for
antibody Mi60 was deleted (this mutant will be called
Mi—). We have constructed a cytoplasmic mutant,
devoid of both constitutive and hormone-dependent
NLSs, in which epitope for antibody Let 126 was
deleted (this mutant will be called Let—). Preliminary
experiments showed that these deletions, both in
the N-terminal part of the protein, did not modify
the main physiological properties of the receptor.

The cDNA encoding for Mi— wild-type receptor
was then co-transfected with cDNA for Let—
cytoplasmic receptor. The antibody Mi60 was used
to detect Mi+ cytoplasmic receptor without
interference by the Mi— nuclear receptors. In these
conditions, we observed that, in the absence of
hormone the Mi+ cytoplasmic receptor remained in
the cytoplasm. However, if hormone was added, the
cytoplasmic mutant was shifted to the nucleus. Thus,
in the absence of ligand, the receptor is transferred
into the nucleus as a monomer. Hormone binding
provokes an interaction between receptor monomers
(oligomerization) allowing the form capable of
nuclear transfer to carry along the form initially
localized in the cytoplasm. Using different receptor
mutants, we have shown that this interaction occurs
through the steroid binding domain of both receptors
and is independent of any DNA binding event.

This oligomerization between a cytoplasmic and
a nuclear monomer, in the absence of protein
synthesis, implies that both monomers are not rigidly
confined to their respective compartments. A
dynamic situation must exist in which they may
contact each other.

Nucleocytoplasmic traffic of steroid hormone recep-
tors

(1) Energy depletion and nuclear receptor efflux.
Energy depletion prevents the mutant A 638-642,
devoid of the constitutive NLS, to enter into the
nucleus by blocking the hormone-dependent NLS.
We wonderedif it might impair receptor maintenance
in the nucleus, once it has entered this organelle.
We have administered the same treatment to
hormone activated mutant A 638-642 and to the
wild-type nuclear receptor and we have observed an
efflux of the receptor [22]. This phenomenon can be
generalized to steroid hormone receptors, because
we have observed the same result in the case of
estradiol receptor. It suggests that steroid hormone
receptors despite their size, exit continuously from
the nucleus to the cytoplasm and are constantly and
actively transported back into the nucleus.

(2) Nucleocytoplasmic shuttle of steroid hormone
receptor. To confirm directly the existence of a
nucleo-cytoplasmic shuttle of receptor we have
studied the migration of progesterone receptor
between nuclei in interspecies heterokaryons. We
fused a mouse L cell line permanently expressing
the progesterone receptor with human 293 cells
devoid of receptor, in the presence of protein
synthesis inhibitors. We observed the presence of
the receptor in human nuclei 12 hr after the fusion.
Thus the receptor had migrated from one nucleus
to the other, indicating a shuttle through the
cytoplasm.

The residency of the progesterone receptor in the
nucleus is a dynamic phenomenon resulting from
the continuous active transport into the nucleus
counterbalanced by some diffusion into the
cytoplasm. It is not known whether this diffusion is
a totally passive phenomenon or if it necessitates
the presence of a NLS in the protein. Interaction
with specific protein(s) in the pore could then take
place during nuclear exit of the protein. Shuttle
mechanisms have recently been demonstrated for
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nucleolar proteins, the inner nuclear membrane
protein p55 and proteins of the hsp70 family. Similar
experiments have been performed on ligand-bound
GR showing the same results [23].

This mechanism of nuclear localization of the
receptor explains some previous observations;
ligand-free PRs or ERs, which reside in the nucleus,
are found in the cytosol after homogenization even
when nuclear structures have been preserved. In
these conditions, active transport is blocked by
dilution and low temperature. So, the exit of
receptors from the nucleus to the cytoplasm is not
counterbalanced by active entry into the nucleus.
Incidently, association of receptors with nuclei after
homogenization of cells at 25° has been described
[24]. Moreover, localization of ligand-free GR in
cytoplasm or both cytoplasm and nuclei has been
considered as completely different to that of ERs or
PRs which are located in the nucleus. Many authors
have been puzzled by the fact that proteins having
such similar properties may exhibit such differences
in their subcellular localization. However, if receptor
continually shuttles between nucleus and cytoplasm
the case of the GR may be only quantitatively and
not qualitatively different from that of sex steroid
receptors. The ligand-free hormone binding domain
could mask the NLS region [15] leading to an
increased time of residency of the receptor in the
cytoplasm and to an apparent distribution between
cytoplasmic and nuclear compartment.

The understanding of receptor function may also
be modified by the fact that receptors shuttle between
nucleus and cytoplasm. Receptors could thus interact
with cytoplasmic components and exert biological
activities in the cellular cytoplasm. Such effects have
indeed been described [25, 26].

The mechanisms of receptor translocation across
the nuclear envelope and those of its traffic within
the cytoplasm remain to be elucidated. Co-
localization of cytoskeletal networks on the one
hand and of GR or heat shock protein 90 on the
other hand have been described [27, 28]. It has been
proposed that steroid hormone receptors “creep”
along these networks to enter the nucleus. We have
used the A 638-642 PR deleted of the constitutive
NLS to examine its localization in the cytoplasm.
Normal or detergent permeabilized cells were used
and examined by optical and confocal laser
microscopy. In all cases there was no co-localization
of receptor and actin, tubulin or vimentin [29]. The
functional involvement of microtubule, micro-
filament or intermediate filament networks was
studied by administration of specific inhibitors
(nocodazole, demelcocine or cytochalasin) either
separately or in combination. After disruption
of the cytoskeletal network(s), hormone was
administered to cells in order to activate the
hormone-dependent signal and to provoke the
transfer to A 638-642 PR into the nuclei. None of
the inhibitors impaired this transfer or even slowed
its rate. Similar results-were obtained with wild-type
receptor which had been shifted into the cytoplasm
under the effect of energy deprivation [29]. These
experiments thus suggest that the cytoskeletal
networks are not involved in the cellular localization
mechanisms of the PR.

The study of the cellular traffic of steroid receptors
is of interest not only for the understanding of the
mechanism of action of these hormones but also as
a model to understand the mechanisms underlying
the nuclear localization of the increasing number of
proteins implicated in the regulation of gene
transcription.

Mechanism of action of antiprogestins

Recently, there has been a great interest in the
study of antiprogestins for two main reasons. Firstly,
they have been shown to have a great therapeutic
potential; interruption of early pregnancy, post-
coital contraception, triggering of labour and
treatment of hormone-dependent tumors. Secondly,
antiprogestins have also been used as potent tools
to decipher the molecular mechanisms of action of
the hormone.

Antiprogestins can act at all the steps of hormone
action: activation, dimerization or binding of the
dimers to HREs. The experimental designs described
above can be used to study the first two steps of
hormone action. The hormone-dependent NLS,
located in the DNA binding region, is masked and
unmasked by mechanisms identical to those
regulating the activity of the DNA binding function
and can thus be used to study the agonist or
antagonist provoked activation. We have also devised
in vivo experiments allowing us to study agonist or
antagonist induced oligomerization.

The last step of hormone action is the binding to
HRE:s and we are able to study this step in vivo. A
receptor, deleted from the entire ligand binding
region becomes constitutively active, at about 60%
of the maximal activity of wild-type receptor. It is
of course totally unaffected by the presence of
antiprogestins [30]. If activated antagonist-wild-type
receptors bind to HREs, they will compete with the
constitutive receptor.

We have studied the effect of different anti-
progestins on these steps of hormone action. We
have shown that RU 486, the only antiprogestin
used in therapeutics, activates PR, induces its in
vivo oligomerization [14] and that the RU 486-wild-
type PR complexes do bind in vivo to HREs [30].
Thus RU 486 acts at a distal step of hormone action
(failure of trans-activation by RU 486-receptor
complexes bound to HREs).

Recently, a different antiprogestin molecule, ZK
08299 has been characterized. Studies of ZK 98299
PR complexes failed to detect in vitro binding to
HREs {31]. This led to the suggestion that ZK 98299
may be an example of a second class of antiprogestins
which act by preventing the formation of DNA-PR
complexes.

Using experimental designs described above we
have demonstrated that this compound in fact does
activate in vivo the PR, that it induces irn vivo
oligomerization and that ZK 98299-PR complexes
do bind in vivo to HRE:s. In each situation, we have
observed that RU 486 and ZK 98299 differ only
quantitatively and not qualitatively, RU 486 being
10-fold more potent that ZK 98299. This is correlated
with their differences in affinity for the receptor,
measured in vivo [32].

Thus, the experiments described in this study show
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amethod of general interest which allows the analysis
of effects of hormone antagonists in vivo, in intact
cells. It should also facilitate the design of new,
more efficient antiprogestins.
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