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I. Introduction

SINCE the early observations by Mueller
(72) of the estrogen-enhanced incorpora-
tion of labeled precursors into uterine RNA
and by Clever and Karlson (15) of the in-
duction by ecdysone of chromosomal puffs
in insect salivary glands, it has been well
established that steroid hormones regulate
biochemical reactions in target cell nuclei.
There is much evidence to indicate that a
principal action is on the production of
RNA, apparently by enhancing the tem-
plate function of target cell chromatin and
possibly by other effects as well. Consistent
with an influence on nuclear processes are
the observations with all classes of steroid
hormones that administration of physiolog-
ical amounts of tritiated steroid to a hor-
mone-deprived animal leads to an accu-
mulation of radioactive hormone in target
cell nuclei.

A major advance in the understanding of
steroid hormone action came with the dem-
onstration that target cells contain charac-
teristic hormone-binding components or
“receptors” and that it is a steroid-receptor
complex rather than the steroid itself that
exerts a regulatory effect in the cell nucleus.
The concept of a two-step translocation
mechanism, in which an activated hor-
mone-receptor complex of cytoplasmic ori-
gin modulates RNA synthesis in the nu-
cleus (Fig. 1), was originally developed for

the interaction of estrogenic hormones with
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the rat uterus; it was later shown to provide
a general model for the interaction of all
classes of steroid hormones with their re-
spective target tissues.

The overall pattern of the interaction of
estrogenic hormones with the rat uterus is
based largely on information derived from
experiments that involved tritiated estro-
gens of high specific radioactivity to follow
their reaction with receptor. The principal
stages (and concepts) in the development
of this knowledge were the following:

1) Uptake and retention of the hormone
by reproductive tissues in vivo (receptor).

2) Uterotrophic action without meta-
bolic alteration of estradiol.

3) Inhibition of specific binding by estro-
gen antagonists; correlation of binding in-
hibition with growth inhibition.

4) Uptake and retention of tritiated es-
trogens by uterine tissue in vitro, sensitive
to the same binding inhibitors effective in

* vivo.

5) Two intracellular sites of hormone lo-
calization; temperature dependence of nu-
clear binding.

6) Identification and differentiation of
nuclear and cytoplasmic estradiol-receptor
complexes; direct formation of cytosol com-
plex in vitro.

7) Extranuclear origin of nuclear com-
plex (receptor translocation).

8) Hormone-induced conversion of cy-
tosol complex to nuclear form (receptor
activation).
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F1G6. 1. Schematic representation of the estrogen
interaction pathway and biochemical responses in tar-
get cells. The hormone (E) enters the cell and binds to
an extranuclear receptor protein (Rc), inducing its
conversion to an activated form (Rn) that is translo-
cated to the nucleus where the hormone-receptor com-
plex enhances the production of preribosomal and
messenger RNAs involved in the synthesis of func-
tional and/or secreted proteins.

9) Binding of activated estrogen-recep-
tor complex by nuclei and chromatin (ac-
ceptor).

10) Tissue-specific influence of activated
estrogen-receptor complex on transcription
in isolated target cell nuclei.

In this paper, the experimental evidence
on which the foregoing concepts are based
is summarized, and more recent investiga-
tions into the nature of receptor activation,
translocation, and nuclear binding, as well
as the relation of these phenomena to RNA
synthesis and growth induction, are de-
scribed. Finally, mention will be made of
the recent preparation of specific antibodies
to purified estrogen receptor protein and
their potential use as a new approach to
unresolved questions of receptor structure,
localization, and function. For the most
part, the discussion will be limited generally
to the estrogenic hormones, for which the
interaction pathway was first elucidated,

be found in more extensive review articles
and monographs (23, 39-41, 56, 60, 66, 81,
82, 88, 91, 122).

II. Hormone Binding in Target
Tissues

That the female reproductive tissues,
such as uterus, vagina, and anterior pitui-
tary, contain characteristic estrogen-bind-
ing components, now called estrogen recep-
tors or estrophilin, was first indicated by
their striking ability to take up and retain
tritiated hexestrol (20) and estradiol (45,
104) after the administration of physiolog-
ical doses of these substances to immature
animals. It is now recognized that most, if
not all, mammalian tissues contain small
amounts of estrogen receptor and that the
unique characteristic of the hormone-de-
pendent tissues is the magnitude of their
estrophilin content (50). Estradiol was
found to combine reversibly with the recep-
tor and initiate growth of the immature rat
uterus without itself undergoing chemical
change (46), suggesting that the action of
the hormone involves its influence on mac-
romolecules rather than participation in re-
actions of steroid metabolism as had once
been assumed. When excised uterine tissue
is exposed to dilute solutions of tritiated
estradiol at physiological temperature in
vitro, an interaction of hormone with recep-
tor takes place that shows all the charac-
teristics of that observed in vivo (43, 106,
111), including sensitivity to inhibitors and
formation of the same estradiol-receptor
complexes that are found in vivo (51).

The specific uptake and retention of es-
tradiol by target tissues, both in vivo (38,
93, 105) and in vitro (43, 47), are inhibited
by a class of estrogen antagonists that are
themselves very weak estrogens, but which
prevent the uterotrophic action of the nat-
ural hormone. These substances, which in-
clude clomiphene, nafoxidine, Parke Davis
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CI-628, and tamoxifen, provide a useful
means for distinguishing specific binding of
hormone to receptor from the nonspecific
binding that estradiol shows with all tissues
or with various macromolecules in broken
cell systems (47). The correlation observed
between the reduction in hormone incor-
poration and the inhibition of uterine
growth when different amounts of nafoxi-
dine are administered along with estradiol
to the immature rat first provided evidence
that binding of hormone to receptor ac-
tually is involved in its biological action
(38). In contrast, actinomycin-D and puro-
mycin, substances that prevent the growth
response to estradiol (71, 116), show no

inhibition of the characteristic uptake and
retention of hormone (38). This suggests

that the binding of estradiol to receptor is
an early step in the uterotrophic process,
initiating a sequence of biochemical events
that can be blocked at later stages by these
inhibitors of RNA and protein synthesis.

III. Estrogen-Receptor Interaction in
Target Cells

A. Intracellular Localization of Bound
Hormone

When uterine homogenates from estra-
diol-treated rats are subjected to differen-
tial centrifugation, the incorporated steroid
appears in two cellular fractions (37, 43, 54,
76, 109, 118). Most of the hormone (70%-
80%) is found in the nuclei (19, 43), with a
smaller amount present in the high-speed
supernatant or cytosol fraction. The pre-
dominance of nuclear binding, controversial
in earlier reports, was confirmed by auto-
radiographic studies, (44, 107, 108) with a
dry-mount procedure that minimizes ste-
roid translocation during tissue processing.
Similar nuclear localization of hormone is
seen when excised uteri are exposed to es-
tradiol at physiological temperature in vi-
tro. The ratio between nuclear and extra-
nuclear steroid remains remarkably con-
stant over a wide variation in the amount
of hormone administered, either in vivo (43,
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118) or in vitro (19). In contrast to the
nuclear localization seen at physiological
temperature, after exposure of excised uteri
to estradiol at 2°C, the incorporated steroid
is mostly extranuclear, shifting to the nu-
cleus as the tissues are warmed to physio-
logical temperature (26, 51) and indicating
that nuclear incorporation of estradiol is
much more temperature dependent than is
cytoplasmic binding.

B. Estrogen-Receptor Complexes

The estradiol taken up by rat uterus is
associated with a different form of the re-
ceptor in the cytosol than in the nucleus.
The application by Toft and Gorski (112)
of ultracentrifugation in sucrose density
gradients for characterizing the estrogen-
receptor complexes of uterine cytosol was
an important advance, for it provided a
means for distinguishing between different
modifications of the receptor. By this tech-
nique the radioactive hormone in the cy-
tosol is found to sediment as a discrete band
with a coefficient close to 8 S (Fig. 2a). In
salt concentrations greater than 0.2 M, the
8 S complex is reversibly dissociated into
subunits (18, 59) that sediment at about 4
S, just behind bovine plasma albumin (Fig.
2b). The estradiol bound in the nucleus can
be solubilized, unaccompanied by DNA, by
extraction with 0.3 M or 0.4 M KCl (52, 85)
to yield an estradiol-receptor complex that,
in the presence of salt, sediments at about
5 S, slightly faster than bovine plasma al-
bumin (50, 52). As shown in Figure 2b, the
nuclear complex is readily distinguished
from the cytosol complex by careful ultra-
centrifugation in salt-containing sucrose
gradients; this difference in sedimentation
rates provided the first criterion for recog-
nizing the important phenomenon of recep-
tor activation (49).

The 8 S estradiol-receptor complex, or its
4 S subunit, forms directly in the cold when
estradiol is added to the cytosol fraction of
uteri not previously exposed to hormone
(51, 52, 113). Thus, the receptor content of
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F1c. 2. Sedimentation patterns of radioactive estradiol-receptor complexes of rat uterine cytosol and nuclear
extract (400 mM KCl) from uteri of immature rats excised 1 h after the subcutaneous injection of 100 ng (20.8
uCi) tritiated estradiol in saline. To saturate its receptor capacity the cytosol fraction was made 5 nM with
additional tritiated estradiol. y-GLOB and BPA indicate positions of bovine immunoglobulin (7.0 S) and bovine
plasma albumin (4.6 S) markers. Gradients are: (a) 10% to 30% sucrose without added salt; (b) 5% to 20% sucrose
containing 400 mM KCL. (From E. V. Jensen and E. R. DeSombre [41].)

the cytosol is estimated easily by adding
sufficient tritiated estradiol to saturate the
binding sites and determining the radioac-
tivity present in the 8 S sedimentation
peak. This interaction of estradiol with cy-
tosol receptor is prevented by the presence
of antiestrogens, such as nafoxidine or CI-
628. Although noncovalent, the binding of
estradiol to receptor proteins of uterine tis-
sue is remarkably strong; association con-
stant values from 10° to 10'> M~ have been
reported for the cytosol complex (56), with
the nuclear form of the receptor showing
even greater affinity (117). This tight bind-
ing appears to result from a very slow rate
of dissociation (114); once formed, the com-
plex does not readily lose estradiol in the
cold except by receptor decomposition
(117). From the sensitivity of their com-
plexes to proteases but not to nucleases, the
estrogen-binding substances of both cytosol
(112) and nucleus (49) appear to be mainly
protein in nature.

C. Receptor Translocation

A major advance in the understanding of
the interaction of steroid hormones with
target cells came with the recognition that
the estradiol-receptor complex of the uter-
ine nucleus is derived from the cytosol com-
plex by a temperature-dependent process
in which association with the hormone
causes the extranuclear receptor to accu-
mulate in the nucleus (Fig. 1). It was later
shown that the temperature-dependent as-
pect of this phenomenon is the hormone-
induced conversion of the native estrophilin
to an active form that can bind in the
nucleus. Although this two-step, receptor
translocation mechanism is not proved with
absolute certainty, it is supported by many
different types of experimental evidence
(Table 1).

A relation between the two intracellular
sites of estrogen localization was first indi-
cated by observations that a given dose of
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TABLE 1
Evidence for Translocation Mechanism

1. Equal inhibition by nafoxidine of nuclear and extranuclear binding

2. Unsaturable uptake; saturable retention

3. Temperature-dependent intracellular redistribution
4. Cytosol dependence of nuclear complex formation
5. Hormone-induced depletion of cytosol receptor

6. Enhanced nuclear binding of activated receptor

7. Tissue-specific effect of activated complex on RNA synthesis
8. Immunochemical similarity of nuclear and cytosol receptors

In vivo
In vivo
In vitro
In vitro
In vivo and in vitro
In vitro
In vitro
In vivo and in vitro

nafoxidine in vivo inhibits cytosol and nu-
clear binding of estradiol by the rat uterus
to the same degree (43), and that more
radioactivity is bound to uterine nuclei
when they are incubated with tritiated es-
tradiol in uterine cytosol than in buffer
alone (9). When it was found that there is
a difference in saturability between the in-
itial uptake of estradiol by the rat uterus in
vivo and its longer term retention by the
nucleus (43), and that the 8 S extranuclear
complex can be produced in surprisingly
large amounts by adding the hormone di-
rectly to uterine cytosol (52, 113), it was
suggested as early as 1966 that the extra-
nuclear 8 S protein, present in considerable
reserve, might serve as an “uptake” recep-
tor, bringing the hormone to the nucleus
where it is retained in limited amount by a
nuclear receptor (42). In the following year
it was proposed independently from two
laboratories (26, 51) that the nuclear recep-
tor actually is an altered form of the cytosol
receptor that has been translocated to the
nucleus. At that time, this hypothesis was
based on three principal experimental ob-
servations: 1) No 5 S nuclear estradiol-re-
ceptor complex is formed by treatment of
immature rat uterine nuclei or nuclear ex-
tracts with estradiol alone, but incubation
of nuclei with hormone in the presence of
receptor-containing cytosol gives rise to ex-
tractable 5 S complex (51, 99); 2) when
excised rat uteri are exposed to estradiol at
2°C, cell fractionation as well as autoradi-
ographic experiments demonstrate that
most of the hormone is present as extra-
nuclear 8 S complez, shifting to nuclear 5 S

complex if the tissues are then warmed to
37°C (26, 51); and 3) exposure to estradiol
either in vivo (50, 51, 95) or in vitro (26, 99)
causes a depletion of the receptor content
of the uterine cytosol, consistent with its
movement to the nucleus. Subsequent ex-
perimentation, discussed in the following
sections, has provided additional evidence
that supports the concept of the two-step
receptor translocation mechanism (Table
1).

D. Receptor Activation

When it was recognized that the 8 S
extranuclear receptor is composed of 4 S
subunits, it became evident that the alter-
ation of estrophilin that accompanies its
hormone-induced migration to the nucleus
is reflected by an increase in sedimentation
rate of the hormone-binding unit from 4 S
to 5 S (50). Originally this transformation
was believed to involve nuclear factors, but
later it was found that conversion of the 4
S cytosol complex to the nuclear form is
effected simply by warming uterine cytosol
to 25°C to 37°C in the presence of hormone
(29, 36, 49). The 5 S estradiol-receptor com-
plex thus produced, like that extracted from
uterine nuclei, has two properties not
shown by the native form; it can bind to
isolated nuclei (14, 48a), chromatin (68), or
DNA (70), and, as described below, it can
enhance the RNA polymerase activity of
isolated nuclei from hormone-dependent
tissues and tumors. Because of these new
properties acquired, the hormone-induced,
temperature-dependent transformation of
the native receptor to the biochemically
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functional nuclear form is known as recep-
tor activation.

That hormone-induced receptor activa-
tion can occur in the absence of nuclei does
not preclude the possibility that, in the
living cell, this process takes place prefer-
entially in the nucleus (61a, 100), especially
since the nuclear membrane might be ex-
pected to be more permeable to the smaller
4 S form of the receptor than to the larger
5 S form. There is evidence that DNA may
increase the rate of the activation process
(120), while, in the case of glucocorticoid
receptors, it has been demonstrated that
the cytosol contains a dissociable factor
inhibitory to receptor activation (4a). In
certain instances estrophilin is found in the
cell nucleus uncomplexed with hormone. In
contrast to results with uterus, nuclei of rat
pituitary tumor (101) and MCF-7 human
breast cancer cell lines (124), as well as
chick (69, 83) and toad (83) liver, have been
found to contain substantial amounts of
unoccupied estrogen receptor even before
exposure of the tissue to hormone, but
whether this estrophilin is in the native or
activated form has not been established.
These findings suggest that native receptor
may be distributed throughout the target
cell, even though accumulation in the nu-
cleus may depend on its conversion to the
activated form that binds to chromatin,
displacing an equilibrium between nuclear
and extranuclear distribution. As discussed
in a later section, more definite information
about the intracellular localization of estro-
philin before exposure to hormone could be
provided by techniques for identifying the
receptor that do not depend on labeled
hormone as a marker.

Although the molecular details of recep-
tor activation are not completely under-
stood, the transformation of the native 4 S
estradiol-receptor complex to the nuclear 5
S form appears to involve more than simply
a conformational change. The activated
complex has a higher molecular weight
than the native form (62, 79, 120) and the
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conversion reaction follows second order
kinetics, indicative of dimerization (63, 78).
Contrary to some earlier observations, it
was demonstrated recently that the acti-
vated form of estrophilin binds estradiol
more tightly than the native form so that
interaction with the hormone drives the
equilibrium to the higher affinity dimeric
state (117). How hormone-induced dimeri-
zation endows the activated receptor with
the ability to bind to chromatin, as well as
to DNA and other polyanions, is not com-
pletely clear.

E. Generality of Intracellular Interaction
Mechanism

Investigations from many laboratories
(60, 66, 81, 88, 92) have established that the
interaction of all types of steroid hormones
with their respective target cells takes place
by a two-step, translocation mechanism,
similar to that originally elucidated for the
estrogens. In all cases accumulation of the
extranuclear steroid-receptor complex in
the nucleus is accompanied by a tempera-
ture-dependent, hormone-induced conver-
sion of the receptor to a form that shows
enhanced binding to chromatin. However,
only in the case of estrogens is receptor
activation characterized by an increase in
sedimentation rate. Activation of the dihy-
drotestosterone-receptor complex of rat
prostate causes a decrease in sedimentation
rate from 3.8 S to 3.0 S (60); similar de-
creases have been reported for the proges-
terone receptor complexes of hamster (12)
as well as guinea-pig and rabbit (94) uterus,
while no difference was observed in the
sedimentation rates of native and activated
progesterone-receptor complex of chick
oviduct (10). Whether activated receptors
for these other classes of steroid hormones
form dimers that are dissociated under the
conditions of sedimentation analysis or
whether dimerization is merely incidental
to the acquisition of chromatin-binding
properties by the estrogen receptor remains
to be elucidated.
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F. Nature of the Nuclear Interaction

Although it is clear that hormonal regu-
lation in target cell nuclei is effected by
steroid receptor complexes translocated
from the cytoplasm, detailed understanding
is lacking as to the precise nature of the
nuclear “acceptor” sites with which the ac-
tivated receptor complexes interact and the
way in which this interaction modulates
biochemical events, in particular RNA syn-
thesis. In the case of estrogens, early studies
indicated that radioactive estradiol, incor-
porated into rat or calf uterine nuclei after
exposure of the tissue to hormone in vivo
(55, 110) or in vitro (67), is associated with
chromatin; however, the precise location of
this binding is still uncertain. The conclu-
sion from nuclear fractionation experi-
ments with heifer endometrium (4) and
with chick liver (5a) that estrogen is bound
in the nucleolus is at variance with autora-
diographic studies that show no indication
of hormone localization in rat uterine nu-
cleoli (108).

The concept of a limited number of ac-
ceptor sites involved in the regulation of a
few specific genes is not supported by ex-
perimental observations. Although the ca-
pacity of rat uterine nuclei to retain estra-
diol in vivo shows saturability as the dose
of administered hormone exceeds what is
considered to be physiological (1, 43), the
number of estradiol-receptor complexes
translocated by a physiological amount of
hormone is still rather high, having been
variously estimated as 6,000 (2), 10,000 (73),
and 14,000 (49) per cell nucleus. Yet in
investigations of early responses to estra-
diol, such as the synthesis of induced pro-
tein in immature rat uteri (19) or of mRNA
for ovalbumin and conalbumin in chick
oviduct (73, 84), or the appearance of initi-
ation sites for RNA synthesis on oviduct

_chromatin (52a), linear correlation between
the concentration of nuclear receptors and
biological response has been observed up to
several thousand receptors per nucleus. It
has been suggested (121, 122) that many of
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the translocated hormone-receptor com-
plexes may be bound with low affinity to
nonspecific sites in the nucleus, thus mask-
ing the interaction with a limited number
of true acceptors actually involved in gene
regulation. Treatment of rat uterine nuclei
with micrococcal nuclease has provided ev-
idence supporting the concept that estra-
diol-receptor complexes may be bound to
two types of sites in the chromatin, one
associated with nu bodies and the other
with a region of the chromatin that is di-
gested by the nuclease (98a). Observation
of a lag of 3 h between the time that estra-
diol-receptor complex is bound in the nu-
cleus and ovalbumin mRNA begins to ac-
cumulate has led to the interesting sugges-
tion that there may be a rate-limiting trans-
fer of receptor from initial, nonproductive
chromatin binding sites to productive sites
(84). However, comparable lag periods are
not seen in other systems, such as mRNA
for induced protein in rat uterus (17, 119),
and the possibility that essentially all the
receptor complexes translocated by physi-
ological amounts of hormone participate
equally in hormonal regulation cannot be
ruled out on the basis of present knowledge.
Experiments relating uterine growth to es-
trogen receptor concentration in the nu-
cleus show clearly that full uterotrophic
response requires the continued presence of
substantial amounts of estrogen-receptor
complex in the nucleus for a prolonged pe-
riod of time (2, 25).

In attempts to detect a nuclear acceptor
substance through its receptor-binding
properties, it has been found that, under
certain conditions, the estradiol-receptor
complex can be extracted from rat uterine
nuclei in combination with ribonucleopro-
tein (61), suggesting a role of this substance
in nuclear binding and possibly in biological
action. The activated but not the native
form of the estradiol-receptor complex of
bovine uterus is reported to bind strongly
to nucleohistone (36). In other studies, a
basic nonhistone nuclear protein has been
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isolated from calf uterine nuclei, which,
when attached covalently to Sepharose,
shows a strong ability to bind estrogen-re-
ceptor complexes (86). Apparently this pu-
tative acceptor substance is not a specific
component of target cell nuclei for it is
found in varying amounts in all calf tissues
tested (87). Because the activated or nu-
clear form of the steroid hormone-receptor
complexes shows a strong tendency to bind
to DNA as well as to chromatin, many
investigators believe that DNA itself may
participate in the nuclear binding of recep-
tors in the nucleus. Supporting this concept
are observations that careful exposure of
uterine nuclei from estrogen-treated mice
with deoxyribonuclease releases the bound
complex (33), while pretreatment of nuclei
with DNase destroys their ability to bind
complex on subsequent incubation with
hormone and uterine cytosol (74). More-
over, experiments with hormone-insensi-
tive variants of glucocorticoid-sensitive
lymphoma cells suggest that the decreased
ability of the insensitive cells to accumulate
hormone in their nuclei can be correlated
with a lower affinity of the isolated DNA
for the hormone-receptor complex (123).
However, the limited availability of ex-
posed DNA in the living cell and the lack
of tissue specificity associated with DNA
binding make it unlikely that DNA alone
serves as the biochemically functional ac-
ceptor substance.

Attempts to study specific binding of re-
ceptor to chromatin in broken cell systems
have yielded controversial results, probably
because of artifacts resulting from the in-
terference with receptor binding by nonre-
ceptor cytoplasmic proteins (11). Although
there have been some reports of saturable
and selective binding of activated estradiol-
receptor complexes to target cell nuclei or
chromatin (49, 103), most studies have
failed to confirm this tissue specificity (11,
14, 36, 41, 48, 74a). Doubt as to the biolog-
ical relevance of chromatin binding studies
in vitro is raised by experiments in which
preincubation of whole rat uteri with estra-
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diol in concentrations sufficient to produce
maximal nuclear binding *7as found to have
no effect on the subsequent ability of the
isolated nuclei to bind estradiol-receptor
complex in vitro (34). Similar results were
observed for glucocorticoid receptor bind-
ing in nuclei from hepatoma cells pre-
treated with dexamethasone (34), support-
ing the concept that receptor binding in
isolated nuclei may not be the same phe-
nomenon as that which takes place in vivo.

In the case of androgen (65) and proges-
terone (103) receptors, chromatin from tar-
get cell nuclei is reported to bind more
hormone-receptor complex than does chro-
matin from nontarget tissues. The most
extensive studies have been carried out
with the chick oviduct, where the selective
binding of progesterone-receptor complex
was shown to depend on the AP; subfrac-
tion of the nonhistone proteins of oviduct
chromatin (102). On the basis of observa-
tions that the progesterone receptor of
chick oviduct can be separated into two
hormone-binding subunits, an A chain that
binds nonspecifically to DNA but not to
chromatin and a B chain that shows specific
affinity for oviduct chromatin (96),
O’Malley et al (82) have proposed a modi-
fied version of the two-step mechanism in
which there is binding of the translocated
progesterone-receptor complex both with
DNA and with nonhistone proteins, with
the latter association, involving the B com-
ponent of the receptor, responsible for tis-
sue specificity. This dual interaction is pos-
tulated to enhance template activity of the
chromatin by making initiation sites avail-
able for the synthesis of mRNA for avidin
(80) and other oviduct proteins. Extension
of this model to the action of estrogens and
other types of steroid hormones awaits ex-
perimental verification, although evidence
has been presented for a role of nonhistone
proteins in the estrogenic activation of the
ovalbumin gene in chick oviduct chromatin
(115).

Although the enhanced affinity for chro-
matin of the activated receptor has usually



NUCLEAR INTERACTIONS

been considered responsible for the accu-
mulation of steroid-receptor complex in the
nucleus, there are certain experimental ob-
servations that are difficult to reconcile
with this simple explanation. It has been
found that on exposure to varying amounts
of estradiol, either in vivo (43, 118) or in
vitro (19), the ratio of nuclear to extranu-
clear binding remains constant over a wide
range of concentrations. If, as indicated by
the saturability of nuclear retention in rat
target cells by hyperphysiological doses of
estradiol in vivo (2, 43), the number of
nuclear acceptor sites that avidly bind ac-
tivated estrogen-receptor complex is lim-
ited, one would expect the ratio of extra-
nuclear to nuclear hormone to increase at
higher hormone doses where most of the
acceptors become occupied. In view of these
considerations, it has been proposed (19)
that translocation of extranuclear estrogen-
receptor complex to the nucleus may not
result from nuclear binding of the activated
complex but rather from a “cytoplasmic
exclusion” process, similar to that postu-
lated to explain intracellular movement of
solutes in oocytes (35), in which an ex-
cluded solute is distributed in accordance
with the volume of the intracellular solu-
tion to which it has free access. Obviously
more experimental information, perhaps
obtained by using novel approaches, is re-
quired before the details of the interaction
of hormone-receptor complexes in target
cell nuclei can be elucidated.

IV. Estrogen-Receptor Complexes
and RNA Synthesis

For all classes of steroid hormones, an
early response is the enhancement of RNA
synthesis in target cells. In the case of the
primary stimulation of a hormone-deprived
tissue, such as the immature rat uterus,
incorporation of labeled precursors into all
types of RNA is accelerated after the ad-
ministration of estrogen (7, 24, 30, 57, 64,
116), although some early observations of
extremely rapid stimulation probably re-
flect increased transport of nucleotide pre-

OF STEROID HORMONES 485

cursors rather than actual enhancement of
synthesis itself (6, 28a, 79a). An especially
rapid effect is on the production or process-
ing of high molecular weight RNA (51a,
56a, 57, 68, 64) and on the synthesis of
mRNA for a characteristic “induced pro-
tein” (17, 119), the synthesis of which is an
early response to estrogenic stimulation
(53, 77). In the secondary stimulation of a
previously developed tissue, the effect of
estrogen is predominantly to enhance the
production of mRNAs required in the syn-
thesis of specific proteins for export, such
as ovalbumin and conalbumin in the estro-
gen-pretreated chick oviduct and vitello-
genin in the stimulated frog liver. A detailed
account of the many experiments concern-
ing the molecular biology of the effect of
steroid hormones on transcription is be-
yond the scope of this paper. We consider
here the evidence for the participation of
steroid-receptor complexes in the tissue-
specific stimulation of RNA synthesis and
the importance of receptor activation in
this phenomenon.

Although the complete action of hor-
mone-receptor complexes in target cell nu-
clei may involve various aspects of RNA
synthesis and processing, a particularly
striking effect is seen on RNA polymerase
systems. It was first shown that the admin-
istration of testosterone to castrated rats
leads to an increase in the ability of their
isolated prostatic nuclei to incorporate la-
beled precursors into RNA (31), while sim-
ilar enhancement of RNA polymerase ac-
tivity was observed in uterine nuclei from
rats injected with estradiol (22, 30). The
template function of uterine chromatin
from estrogen-treated rats (5, 110) or rab-
bits (13), or of oviduct chromatin from es-
trogen-treated chicks (98), is increased over
that of corresponding chromatins from un-
treated animals. After estradiol injection,
both nucleolar (I) and nucleoplasmic (II)
RNA polymerases are stimulated in rat (21,
32) or rabbit (8) uterine nuclei but with
different time patterns. Polymerase II ac-
tivity shows an increase at 15 to 30 minutes
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and then subsides to be followed by a sec-
ond rise after 2 to 3 h, whereas polymerase
I activity, as well as template function of
the uterine chromatin, shows a prolonged
enhancement, first detectable at about 1 h.
The transient early increase in polymerase
II activity is not in itself sufficient for hor-
monal response, because a single injection
of estriol, which induces the transient stim-
ulation of polymerase II but not the pro-
longed effect on both polymerase I and
polymerase II, does not promote apprecia-
ble uterine growth (32). There is evidence,
however, that the enhancement of poly-
merase I is somehow dependent on the
initial stimulation and action of polymerase
II, inasmuch as the increase in polymerase
I is blocked by a-amanitin (8, 90), a sub-
stance that selectively inhibits the action of
polymerase II. Moreover, the stimulation
of polymerase I, but not polymerase II, is
inhibited by the administration of cyclohex-
imide (8), which suggests that protein syn-
thesis is a prerequisite for the estrogen-
induced enhancement of polymerase I ac-
tivity, a conclusion that also has been
reached on the basis of different experimen-
tal findings (75).

The participation of hormone-receptor
complexes in the enhancement of RNA syn-
thesis in target cell nuclei is substantiated
by their direct effect on the RNA poly-
merase activity of isolated nuclei or on the
template function of target cell chromatin.
The RNA polymerase I activity of uterine
nuclei, while not affected by estradiol itself,
is doubled after the nuclei are incubated
with estradiol in the presence of uterine
cytosol containing the receptor (89). Only
the activated or nuclear form of the estro-
gen-receptor complex is effective in stimu-
lating RNA synthesis in isolated uterine
nuclei, and the effect is specific for nuclei
of hormone-dependent tissues (48). Nuclei
of hormone-dependent rat mammary tu-
mors resemble uterine nuclei in the sensi-
tivity of their RNA polymerase systems to
enhancement by estrogen-receptor complex
in vitro, whereas nuclei from autonomous
tumors are not susceptible to such stimu-
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lation (3). With either bacterial or endo-
metrial RNA polymerase enzyme, the tem-
plate function of chromatin isolated from
target, but not from nontarget, cells is sig-
nificantly increased after exposure to estra-
diol-receptor complex in vitro (48). This
tissue-specific effect of estrogen-receptor
complex on polymerase I activity is difficult
to reconcile with the above-mentioned evi-
dence suggesting a need for polymerase II
stimulation and protein synthesis in the
estrogenic enhancement of uterine poly-
merase I in vivo. Moreover, stimulation of
endogenous RNA polymerase I activity has
been observed by the direct addition of
estradiol-receptor complex to chromatin
from chick liver nucleoli (5a).

In case of androgenic hormones, incuba-
tion of prostatic nuclei with the dihydrotes-
tosterone-receptor complex of prostatic cy-
tosol leads to the enhancement of both
polymerase I and polymerase II activities,
with the largest effect seen on the poly-
merase I system, which also is stimulated
in isolated nucleoli by exposure to the arr-
drogen-receptor complex (16). Highly puri-
fied progesterone-receptor complex from
chick oviduct enhances the template func-
tion of chick oviduct chromatin, but not of
liver or erythrocyte chromatin or of chick
DNA, when the number of initiation sites
is determined with a bacterial polymerase
enzyme (97).

From the foregoing observations it ap-
pears that hormone-dependent tissues and
tumors have a characteristic limitation in
the activity of their RNA synthesizing or
processing systems, probably involving, at
least in part, a restriction on chromatin
template function, which can be alleviated
by an activated hormone-receptor complex
of extranuclear origin. As mentioned ear-
lier, full stimulation of uterine growth ap-
pears to require the continued presence of
estrogen-receptor complexes in the nucleus
for a period of several hours (2, 25). Thus it
appears that the uterotrophic effect of es-
trogen involves a process requiring the on-
going participation of substantial numbers
of hormone-receptor complexes rather than
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the triggering of an initial event at a few
specific gene sites.

V. Immunochemical Approaches to
Receptor Studies

As mentioned above, essentially all our
information about the occurrence, proper-
ties, and interactions of steroid hormone
receptors has been obtained from experi-
ments that involve the radioactive hormone
as a marker for the receptor to which it
binds. The recent preparation of antibodies
to purified estrophilin (27, 28) provides for
the first time a means to detect the receptor
in the absence of bound steroid.

Immunoglobulin from the serum of rab-
bits or goats, immunized with highly puri-
fied preparations of the nuclear form of the
estradiol-receptor complex of calf uterus,
reacts with estradiol-receptor complexes to
yield nonprecipitating products without
release of the bound hormone. Thus, in
addition to using conventional techniques
of immunochemistry, one can conveniently
study the interaction of antibody with es-
trophilin by examining its effect on the
sedimentation properties of the receptor or
on its elution in gel filtration, with the
radioactive steroid as a marker. The anti-
body reacts with both nuclear and extra-
nuclear estrophilin, not only of calf uterus
from which the immunogen was obtained,
but also from estrogen-dependent tissues of
all species so far tested, including rat,
mouse, guinea-pig, rabbit, sheep, and mon-
key uterus; monkey and hen oviduct; rat
mammary, endometrial and pituitary tu-
mors; and human breast cancer.

Nuclear and extranuclear forms of estro-
philin differ in their reaction pattern with
the antibody. The purified calf nuclear es-
tradiol-receptor complex reacts with the
rabbit antibody to form a single, more rap-
idly sedimenting product (11-12 S), crude
nuclear complexes from various species
yield this entity in addition to an appar-
ently smaller (8 S) product, whereas extra-
nuclear estradiol-receptor complexes show
only the slower peak, which sediments at
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7.5 S in salt-containing sucrose gradients.
After hormone-induced activation, the cy-
tosol receptor complex resembles the nu-
clear one in showing both the 8 S and 11-12
S peaks in the presence of antibody.

The fact that antibodies raised against
the nuclear form of estrophilin crossreact
with extranuclear as well as nuclear estro-
gen receptors from many tissues provides
additional evidence for the concept that the
nuclear receptor is derived from the trans-
location of the cytosol receptor (Table 1).
The greater increase in sedimentation rate
observed with activated or nuclear estro-
philin suggests that the nuclear receptor
can bind more antibody units per molecule
than the extranuclear form, consistent with
the proposal that receptor activation may
involve dimerization of native estrophilin
units.

In contrast to their reactivity with estro-
gen-receptor complexes from various
sources, antibodies to estrophilin do not
crossreact with either androgen-receptor
complexes of rat prostate or with proges-
terone-receptor complexes from rabbit
uterus, rat endometrial tumor or chick ovi-
duct. Thus there is immunochemical simi-
larity among estrophilins from different tis-
sues of a wide variety of species, but recep-
tors for different classes of sex hormones
appear to be immunologically distinct.
These crossreacting estrophilin-specific
antibodies offer promise as useful reagents
for the purification and assay of estrophilin
through immunochemical techniques and
for providing insight into many of the un-
resolved questions of receptor synthesis
and activation, as well as intracellular lo-
calization before receptor distribution is
perturbed by the entry of hormone.

V1. Summary

A principal action of steroid hormones
takes place in the nucleus, mediated
through the reversible interaction of a ste-
roid-receptor complex with target cell chro-
matin. As illustrated for the case of estro-
gens, reaction of steroid hormones with
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their responsive cells takes place by a two-
step process in which the hormone binds to
an extranuclear receptor protein, inducing
its conversion to an activated form with a
strong affinity for chromatin. Either before
or after hormone-induced activation, the
steroid-receptor complex is translocated to
the nucleus, where it binds in the chromatin
and in some way enhances the synthesis
and/or processing of RNA. Present knowl-
edge concerning steroid-receptor interac-
tion in hormone-dependent tissues has
been derived from experiments with the
radioactive steroid as a marker for the re-
ceptor. The recent preparation of specific
antibodies to the estrogen receptor protein
promises a new approach to unresolved
questions of receptor structure, localization,
and function.
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