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Estrogen Action: An Inroad to Cell Biology’

CGeranp C. MuerLer, Barsara VonbpeErHAAR, Un Her Kin,
AND Mary L MaHIEU

MeArdle Laboratory, University of Wisconsin,
Moadison, Wisconsin

I. Introduction

A deseription of the mechanisui of estrogen aetion must account for
the rapid and diverse responses whieh this hormone ean ineite in a range
of tissues. To list just a few examples, estrogens have been shown to
effect: the suppression of gonadotropin prodaction and release by an
action on the hypothalamic—pituitary axis (DaLage, 1966; Flerké, 1957;
Schwartz, 1969), the growth and differentiation of mammary tissues
when combined with appropriate adrenal and pituitary hormones (Lyons
et al., 1958; Hilf et al., 1967), accelerated growth and cornification
of vaginal epithelium (Bigger and Claringbold, 1954; Ladinsky et al.,
1968), the synthesis of phosphoproteins in the liver (Greengard et al.,
1965), the syvnthesis and accumulation of fat in adipose cells (Gassner
et al., 1958), and the growth and differentiation of uterine tissue
(O'Malley et al., 1969; Mucller et al., 1958; Oka and Schimke, 1969).
Looking for common denominators among the many studies dealing with
a broad spectrum of responses two observations stand/ out: (1) Cells
which are responsive to estrogens, contain a receptor protein (or receptor
aggregate) that interacts specifically with certain structural features
of the estrogen molecule to form a high affinity, noncovalent complex
(Table I). (2) Many of the hormone responses (but not all) involve
and are highly dependent on a hormonal aeceleration of the genetic
expression mechanisms in the sensitive cells (Table 1I). In the analysis
of estrogen action which follows, an attempt is made to relate these
two observations in molecular and biophysical terms. A concept of estro-
gen action is proposed in which: (a) the receptor protein is characterized
by a remarkable propensity to enter into distinetive associations or ag-
gregations with certain classes of macromolecules of the cell; (b) the
character, composition, or stability of protein components in these com-
plexes is modified through some function of the receptor protein which
is activated by the binding of estrogen; (e) the character of the meta-
bolic response which ensues is determined by the extent to which a

*The Gregory Pincus Memorial Iecture.
* Present address: National Institute of Arthritis and Metabolic Diseases, National
Institutes of Health, Bethesda, Maryland.
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2 GERALD C. MUELLER ET AL.

limited cellular process is affected by the availability, state, or activity
of the specific altered component of such receptor complexes, either
catalytically or genetically. In this concept the hormone is visualized
as a modulator in the class expression of multiple genes through con-
trolling the availability or state of specific proteins which are essential
in the nuclear scene for the expression of these genes. It is also suggested
that the same mechanism may as well regulate certain extragenomic

processes.
TABLE 1
Evidence for Estrogen Receptor Mechanism
Target tissue References
Rat uterus See Table III
Mammary gland Sander (1968), Sander and Attramadal (1968), Puca and

Bresciani (1969a)

Hormone-dependent Jensen et al. (1967c), Mobbs (1968), Puca and Bresciani

mammary tumors (1968b), Terenius (1968a), Stumpf (1969), Korenman and

Dukes (1970), Lemon (1970)

Hypothalamus Eisenfeld and Axelrod (1965), Kato and Villee (1967), Pfaff
(1968), Stumpf (1968b), Anderson and Greenwald (1969),
Kahwanago e/ al. (1969), Whalen and Maurer (1969),
Woolley et al. (1969), Chader and Villee (1970), Eisenfeld
(1970)

Pituitary " Eisenfeld and Axelrod (1966), Eisenfeld (1967, 1970), Kato
and Villee (1967), Stumpf (1968¢), Anderson and Greenwald
(1969), Kahwanago et al. (1969), Kato et al. (1969, 1970),
Leavitt et al. (1969)

Mouse uterus and Martin and Stone (1965), Stone and Baggett (1965a,b),

vagina Terenius (1966, 1968b), King et al. (1968), Folman and Pope
(1969a,b), Harris (1971)
Chick oviduet Jonsson and Terenius (1965), Terenius (1969)
Chicken liver Arias and Warren (1971)

1

J1. Some General Aspects of Nuclear—Cytoplasmic
Interactions in Liviag Cells

Before taking up experiments dealing with estrogen action let us first
consider some general properties of nuclei and nucleochromatin—particu-
larly the manner in which the chromatin interacts with its environment
in the control of gene expression. This subject is important in our analy-
sis of estrogen action since the hormone appears to act chiefly by modifv-
ing the function of chromatin.

As revealed in the electron microscopic studies of Dr. Hans Ris, nu-
cleochromatin is a highly complex molecular aggregate of DNA and
proteins (Ris and Chandler, 1963; Ris, 1967). Using Kleinschmidt’s tech-
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nique to disrupt and gently spread nuclei on a water—air interface (Klein-
schmidt et al., 1961) he demonstrated that native chromatin consists
of a complicated web of 200-250 A nucleoprotein fibers (Fig. 1A-D).
Treatment of the chromatin with chelating agents separates certain of
these proteins and unravels the structure of the chromatin webs yielding
100 A fibers with a “beaded” appearance. Progressive digestion with
pronase removes the protein “beads” and reveals a core of 25 A double-
stranded DNA fibers in each branch of the web. It is apparent that

TABLE II
The Acceleration of Genetic Expression by Estrogens

Observation ¥ References

Early general stimulation Mueller et al. (1958), Jervell et al. (1958), Gorski and
of uterine RNA'fsyn- Nicolette (1963), Wilson (1963), Hamilton et al. (1965),
thesis Means and Hamilton (1966a), Unhjem et al. (1968),

Barry and Gorski (1971), Kapadia ef al. (1971)

Estrogen induction cf *Gorski (1964), Nicolette and Mueller (1966b), Nicolette

RNA polymera.sej et al. (1968), Barker and Anderson (1968), Raynaud-
Jammet and Baulieu (1969), Arnaud ef al. (1971)
Inhibition of estrogen Ui and Mueller (1963), Szego and Lawson (1964), Nico-

action by the inhibition lette and Mueller (1966a), DeAngelo and Gorski (1970)
of RNA synthesis ;
Early general stimulation Mueller (1953), Mueller et al. (1958), McCorquodale and

of uterine protein syn- Mueller (1958), Noteboom and Gorski (1963), Green-
thesis man and Kenney (1964), Szego and Lawson (1964)
Induced synthesis of Notides and Gorski (1966), Cecil and Bitman (1967),
uterine specific proteins DeAngelo and Gorski (1970), Teng and Hamilton
by estrogens (1970), Cohen et al. (1970), Barker (1971)
Inhibition of estrogen Mueller et al. (1961), Gorski and Axman (1964), Gorski

action by inhibitors of and Morgan (1967), Cecil and Bitman (1967)
protein synthesis

the webs of the native chromatin arise by the sticking together of pro-
tein-coated DNA structures and that in many cases a double-stranded
chain of DNA may course its way into an arc of the web only to double
back in the same are, yielding what appears to be blind loops and blun
ends of nucleochromatin.

From these studies it is obvious that proteins play an important role
in the structure of chromatin. In the analogy of the repressors of bac-
terial systems it appears quite likely that some proteins are highly spe-
cifie in recognizing nucleotide sequences in DNA. An example of a transi-
tory recognition of this type in baecterial systems is the initiation of
RNA synthesis by RNA polymerase and the modifications of the tem-
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FiG, 1. The macromolecular character of nucleochromatin. Erythroeyte nuclei
from the salamander Triturus viridescens have been spread with the indicaied
treatments at an air-water interface and examined electron mieroscopicaily.

(A) Nuclei have been spread directly at air-water interface, fixed in cthanol,
dried from amyl acetate. Note that the webs are made up of 250 A fibers. X 40.500.
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Fic. 1B. Nuelei have been treated for 10 seconds with 5 mJ/ sodium citrate. fixed
with 10% formalin, stained with 1% uranyl acetate. and dried from amyl acetate.
Note that the 250 A fibers consist of two 100 A fibers which separate when treated
briefly with chelating agents. X96.000. See caption Fig. 1A.
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Frc. 1C. Nuclei have been spread on 5 mM sodium citrate, stained with 1% uranyl

acetate, fixed in ethanol, and dried from amyl acetate. Note the knobby projections
and “moth-eaten” character of the 100 A fibers after more extensive treatment

with the chelating agents. % 96,000. See caption Fig. 1A.

—
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Fie. 1D. Nucleochromatin has been digested with pronase before fixation and
staining as in (C). Note that digestion of the protein releases 20 A double-stranded
DNA. In many instances, the DNA folds back on itself to yield projections which
appear to be residuals of the original web structure of the nucleochromatin. x96,000.
See caption Fig. 1A.

The author is very grateful to Professor Hans Ris, Department of Zoology,
University of Wisconsin, for these electron microscopical studies and the permission
to include the prints in this chapter. Further details of this study are present
in his publication (Ris, 1967).
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plate specificity of this enzyme by sigma factors (Burgess et al., 1969;
Travers and Burgess, 1969; Summers and Siegel, 1969; Crouch et al.,
1969). In eucaryotic nuclei a nonrandom distribution of certain proteins
in chromatin is revealed in the distinetive nuclear distributions of antinu-
clear immunoglobulins from patients with systemic lupus erythematosis
(Beck, 1961, 1963; Casals et al., 1963). Similarly the reassociation ex-
periments of ‘Paul and Gilmour (1968) with acidic proteins and DNA
attest to ordered relationships for some of these proteins with DNA.

Whereas the above observations point to the existence of unique nu-
cleoprotein eomplexes within chromatin, it is quite likely that a large
fraction of the proteins of chromatin recognize only general features
of DNA such as the helical structure of the exposed c¢hains of negatively
charged phosphate groups. Histones appear to belong to this class. Still
other proteins must recognize and interact with the proteins that already
coat the DNA core to account for the bridging and webbing of the chro-
matin fibers seen in the elee!ron-microscopical pictures. Whether or not
RNA, ribonueleoproteins, complex lipids, and carbohydrates participate
in the assembly or structure of chromatin remains to be studied. In
any case chromatin is best viewed as the product of a self-assembly
process in which the various protein subunits assemble along the chains
of DNA according to their individual complementarities.

The mnportance of the complex and varied ultrastructure of chromatin
in hormone action studies arises from its influence on gene expression.
In order for given segments of DNA to be transeribed into RNA, the
template must be accessible to RNA polymerase. Nucleochromatin, with
its DNA existing as chains of DNA-protein aggregates, presents highly
restricted templates for transeription. In a sense the chromatin system
is a molecular capacitor in which information of the gene is stored in
specific protein-DNA aggregates. The problem of releasing or discharg-
ing this information (i.e., the transcription of DNA into RNA by poly-
merase) 18 one of molecular mechanies involving the formation and
dissolution of macromolecular aggregates amid the chromatin structure.
It can be anticipated that the stability of each complex is a function of
the degree of ecomplementarity which exists between the molecular com-
ponents of a particular aggregate. To change a molecular aggregate in
preparation for transeription of the eontained DNA it may be necessary
to alter the existing complementarities in a specific manner; this re-
quires the intervention of some outside foree such as an approaching
protein molecule. It is proposed that when an incoming molecule inter-
acts with one of the components of the existing aggregate so as to induce
a  conformational ¢hange in this component, the bonding of the com-
ponent to other units of the aggregate will be disturbed. A new comple-
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mentarity will arise which in eertain cases will expose the underlying
template DNA or facilitate the transeription process.

In this field of molecular mechaunies the incoming or perturbing mole-
cules may be large or small, stable or unstable, and belong to any com-
positional class; the only important requirements are that they exhibit
some complementarity to a component of the existing aggregate and
induce some change in it through the interaction. The changes may
be implemented simply through the mass of the mcoming molecule in
the case of large molecules or may result from localized enzyme catalysis.
Selectivity of the response can be expected to be greater and more effi-
cient as the degree of complementarity increases between the entering
molecule and the interacting component of the chromosomnal site.

In this pieture of nucleochromatin it is obvious that structure and
function are inseparable. [t is also obvious that the control of gene
expression is a function of the availability of the specific inducing or
perturbing molecules in the extranuclear environment. To regulate this
availability Nature has invented a seeond set of molecular capaciiors
which oppose the operation of the nuclear melecular capacitor; these
are the membrane systems of the cell. The latter, like the nueleochroma-
tin, are molecular aggregates, and also guided in their sclf-assembly
by the complementarity of the constituent macromolecules. The stability
and perturbability of the assoeciations are subject to the same physical
bouding prineiples which operate in the nucleochromatin or, for that
matter, in any macromolecular aggregation. Existing in direct contact
with both the eytoplasm and extracellular compartment, however, the
membranes provide a bridge for moment to moment sensing and buffering
of molecular changes in the environment. Through processes of sequestra-
tion, metabolism, and transport, the membranes act as a second molecu-
lar capacitor to control the availability of certain molecules that can
interact with chromatin to regulate gene expression. Distinet equilibrium
states are expected to arise between these two opposing systems; situa-
fions in which the molecules needed for the induction of specific gene
expressions in the chromatin system are retained in specific molecular
_associations amid the membrane structures and are only released or
transported In response to the entry of some molecule from outside the
affected cell, such as a hormone.

Thus the living cell is portrayed as an interaction between two molecu-
lar capacitor systems: the nucleochromatin and the membrane of the
cell. Since both capacitors record moment-to-moment changes in the
cell, the interaction is of a cascading nature as depicted in Fig. 2. Ac-
cordingly, both systems are modulated by factors that may affeet inter-
mediately the translational steps in protein synthesis, nueleie acid matu-
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Fic. 2. A diagrammatic view of the interaction between nucleochromatin and
the membrane systems of a cell during the sequential ordering of gene expressions.
Nucleochromatin and membranes are visualized as two types of molecular capacitor
systems which interact through the exchange of macromolecular components. In
the diagram the synthesis of messenger R NA (M-RNA,) gives rise to the synthesis
of Protein, which in turn recognizes and associates with some specific site or com-
ponent in the membrane (Site I). Tt is proposed {hat the perturbation which results
leads to a localized activation of membrane metabolism and the release of a re-
strained inducer. By transport or diffusion the free inducer enters the nucleochro-
matin to react with a specific component, of this structure to make the DNA avail-
able for transcription (messenger RNA, M-RNA.). Carried through successive stages.
a type of cascading control of gene expression ensures. The partienlar ordering rests
in the character and stability of the macromolecular associations wnich ean form in
a given cell. Both the cell phenotype and the extracellular environment. i.c., factors
from adjacent cells, influence the progression of gene exprossions.



ESTROGEN ACTION: AN INROAD TO CELL BIOLOGY 11

ration or metabolism, and any other processes that modify the character
of existing macromolecules.

III. The Activation of Genetic Expression Mechanisms by Estrogens

In the framework of these concepts of cell biology, let us now examine
and analyze the effects of estrogens in a highly responsive system, the
rat uterus. Administration of a single physiological dose of a natural
estrogen rapidly converts the atrophic uterus of the immature or
ovariectomized female rat into an actively growing organ. Within min-
utes histamine levels decline (Szego, 1965) and cyclic AMP levels in-
crease (Szego and Davis, 1967). As early as 1 hour after the administra-
tion of the hormone there is a generalized hyperemia of the tissue.
(McLeod and Reynolds, 1938), followed by a general imbibition of fluid
throughout the different cellular layers of this tissue. The water uptake
reaches a maximum 4-6 hours after hormonal treatment (Astwood, 1938;
Szego and Roberts, 1953). After 12 hours the increased dry weight of
the organ becomes measurable and a second surge of water imbibition
occurs which correlates with the striking .acceleration of polymeric
growth of the tissue (Mueller et al., 1958; Telfer, 1953).

Compositional changes which attend this mobilization of growth are
shown in Fig. 3. Where as the composition changes infer certain sequen-
tial effects of the hormone on the different synthetic pathways, incopora-
tion studies with radioactive precursurs demnonstrate that each of these
nathways (i.e., lipid, protein, and RNA synthesis) was accelerated with
iittle or no lag period after che administration of estradiol (Mueller
et al., 1958). In confirmation of these findings, Hamilton (1968) and
Means and Hamilton (1966b) have reported an increased labeling of
nuclear RNA as early as 2 minutes. Similarly Barnea and Gorski (1970)
have documeuted the estrogen-induced synthesis of a single electro-
phoretically rczolvable protein as early as 40 minutes after an injection
of 17B-estradic’. In this case evidence for the synthesis of some RNA,
the presumptive messenger for this protein, was obtained as early as
15 minutes (DeAngelo and Gorski, 1970).

Early experiments using puromyecin to block protein synthesis (Mueller
et al., 1961) and using actinomyein D to block RNA synthesis (Ui
and Mueller, 1963) demonstrated very clearly that the early estrogen
response was highly dependent on the synthesin -f both new RNA and
protein. These results have been confirmed and extended by many labora-
tories. For example, Gorski and Axman (1964) obtained similar results
using cycloheximide, which inhibits protein synthesis by a completely
different mechanism This group also showed that early estrogen effects
on carbohydrate metabolism was prevented by cycloheximide (Nicolette
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and Gorski', 1964; Gorski and Morgan, 1967). They demonstrated further
that the delaycd administration of inhibitors of protein _synthesis caused
a rapid loss of the accelerated transport and phosphorylation of deoxy-
glucose which was achieved by prior estrogen treatment. This result,
showing that the perpetuation of the hormonal response requires the
continuous synthesis of some essential protein, suggests that the synthe-
sis, metabolism, or transport of certain proteins are important targets
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Fic. 3. Alterations in the composition of rat uteri following a single dose of
estradiol’ (10 ug) injected at zero time. DNA was measured in micromoles of
thymine per uterus. RNA was measured as micromoles of uridine and calculated
as the ratio of uridine to thymine. Phospholipid (P-LIPID) was measured as
micromoles of ethanolamine phosphate. All data are expressed as the percent devia-
tion from the control during the first 24 hours after hormone treatment. Reprinted
from Aizawa and Mueller (1961).

of the hormone action. Therefore, even though the hormones do exert
extragenomic effects (Ui and Mueller; 1963; Lippe and Szego, 1965;
Nicolette and Mueller, 1966a) a primary problem in elucidating estrogen
action is to explain the role of protein synthesis in the control of genetic
expression and the manner in which the hormone modulates this role.

IV. A Role for Protein Synthesis in the Estrogen Induction of and
Maintenance of RNA Polymerase Activity

After the administration of estradiol, the  DNA-dependent RNA
polymerase activity of rat uterine nueclei rises rapidly (Gorski, 1964)
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(Fig. 4). As in the case of the vther in vivo estrogenic responses both

. the induection of this enzyme activity, as well as the maintenance of

the induced activity, was abolished by levels of puromycin or cyclo-
heximide which block protein synthesis in the intact rat (Gorski and
Morgan, 1967; Gorski et al., 1965). Thus protein synthesis appears to
be required for both the induction and maintenance of this enzyme
activity.

ESTROGEN

75

RNA POLYMERASE ACTIVITY 107'S mole/IO pg RNA

s0|- Al
PUROMYCIN
INJECTED
25
0 | | 1 1
8 1 2 3 4
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Fic. 4. The reversal by puromycin of the increase in RNA polymerase activity
caused by estrogen. Estradiol injected at zero time into 2l-day-old female rats.
Puromyein (5 mg) was injected at 2 and in some groups again at 3 hours after
estrogen. Rats were killed at times indicated in the figure and RNA polymerase
assayed in uteri. Uteri from five rats were pooled for assays at each time point.
Data are expressed as 107 mole cytidine-triphosphate-*H incorporated per 10 ug of
RNA released by ribonuclease treatment. Reprinted from Gorski (1964).

Analysis of the RNA products synthesized by isolated uterine nuclei
has in turn revealed that the number of RNA chains in the process
of synthesis per unit of DNA during the first hour of estrogen treatment
is the same for both control and estrogen-treated rats; however, the
rate of chain elongation is significantly enhanced (Barry and Gorski,
1971) (Fig. 5). These data, when added to the similarity of the product °
by nearest-neighbor frequency determinations (Mueller and LeMahieu,
1971) an hybridization studies (O’Malley ‘et al., 1969), suggests that
the major initial effect of the hormone is to accelerate the rate of tran-
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Fic. 5. TFailure of early estrogen treatment to activate new polymerase sites.
The incorporation of CTP-*H into total RNA (a) and into 3" chain ends (b)
by uterine nuclei from control and 1-hour estrogen-treated uteri. RNA synthesis
was carried out for 10 minutes in vitro, and the product was subjected to alkaline
hydrolysis. The amount of radioactivity in the cytidine-*H liberated from the
3’ ends of the RNA chains and the CMP-H of internucleotide linkages was
separated by chromatography on PEI-cellulose and measured. Data are taken from
a paper by Barry and Gorski (1971).
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Fre. 6. The insensitivity of the estrogen-induced RNA polymerase activity to
a-amanitin. Uterine nuclei from control (A) and estrogen-pretreated () (4 hour)
rats were tested for their ability to synthesize RNA in vifro in the presence or
absence of 5 ug/ml of a-amanitin at the specified concentration of (NH,).SO.
(Mueller and LeMahieu, (1971).



