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INTRODUCTION 

The remarkable diversity in form and function of cells within a single organism 
stems not from intrinsic differences in genetic composition but from the 
selective and highly controlled expression of subsets of that genetic repertoire. 
A major focus of current biological research is the elucidation of the mecha­
nisms by which gene expression can be regulated both during development and 
in response to environmental stimuli .  It is the ability of steroid hormones to act 
as gene regulatory molecules that has focused tremendous attention on their 
mode of action. 

Each class of steroid hormone appears to mediate its biological response by 
binding to an intracellular receptor protein that is confined to target tissues 
[reviewed in (1, 2)]. Interaction of the hormone with its cognate receptor leads 
to an alteration in the structure of the protein that is manifested by an increased 
affinity of the steroid-receptor (SR) complex for DNA [reviewed in (3)]. By 
analogy with other ligand-protein interactions, the role of the hormone itself 
can best be viewed as an allosteric modifier of receptor structure. One excep­
tion to this general model is the membrane receptor for progesterone found on 
Xenopus oocytes (4). 

Although SR complexes bind to all DNAs, albeit with low binding con­
stants, it is their high-affinity interactions with specific DNA sequences that 
seem to be important for the ensuing alterations in gene expression. As a result, 
only a small number of genes within the target cell become transcriptionally 
activated. It is my intent in this review to summarize key observations from the 
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530 RINGOLD 

large body of work that has led to our current understanding of steroid receptor 
structure and function as it pertains to activation of gene transcription. In 

addition, I will briefly introduce novel modes by which steroids effect changes 

in gene expression. It is through a concerted interplay of gene regulatory 
events, in large part (if not completely) initiated by direct stimulation of 

transcription by SR complexes, that predictable and reproducible effects on cell 

function transpire. Particular attention will be paid to systems that have been 
and those that have promise of being especially useful in deciphering the 

intricacies of steroid receptor action. The reader will be directed to other 
sources for more detailed discussions of receptor structure, modification, and 
activation, as well as for additional information pertaining to specific systems. 

THE EVOLUTION OF THE MODEL OF 

STEROID RECEPTOR ACTION 

Although perhaps not generally appreciated, some of the earliest studies 
involving detection of receptors with radioactive ligands were performed by 
Jensen & DeSombre in the course of their studies on estrogen-responsive 
tissues (1). They observed that 3H estradiol accumulated in tissues such as 

uterus that are known to exhibit marked physiological changes in response to 
hormone treatment. Based on these observations, Jensen postulated the exis­
tence of highly specific receptors for estradiol in these target tissues. Subse­
quent analysis of the estradiol receptor by Jensen's and Gorski's groups led to 

the observation that the unoccupied receptor resides primarily in the cytoplasm, 
whereas after hormone treatment the bulk of the receptor becomes tightly 

associated with the nucleus (5, 6). Similar data were later obtained for other 
classes of steroids (2). The proposed two-step model of steroid hormone action 
was widely accepted and as postulated suggested that the hormone causes net 
migration of receptor protein from the cytosolic to the nuclear compartment. 

Since it was clear that steroids cause alterations in the production of specific 
proteins in various systems (see below), the idea that the nuclear form of the SR 

complex regulates gene expression arose [for reviews see (7, 8)] . The observa­
tion that the receptor could bind to DNA in vitro, but only after binding to the 
hormone, added significantly to the model (9, 10). 

Recent technological developments have provided powerful new approaches 
to the study of steroid receptors. As a result of such studies, the classical 
two-step model has had to undergo minor modifications. First, novel methods 
for fractionating cells into nuclear and cytoplasmic fractions led to the observa­

tion that unoccupied estrogen receptors reside primarily, if not completely, 
within the nucleus (11, 12). Second, immunocytochemistry with monoclonal 

antibodies against the human estrogen receptor also indicate that both the naive 
and ligand-bound forms of the receptor are localized within the nucleus (13). 
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STEROID ACTION 531 

Thus, the alteration of receptor structure and/or function associated with 
binding of honnone could reflect a redistribution of the receptor from a 
non-DNA containing nuclear compartment to the chromosomal DNA. The 
earlier studies on receptor localization were undoubtedly compromised by the 
fact that, upon lysing cells in large aqueous volumes, receptoff. appear to 
dissociate from nuclear components. Similar observations have been made f;-lr 
unrelated proteins such as (Y DNA polymerase (14) and the dioxin receptor 
(15) . In the case of two steroid hormones, ecdysone and Vitamin D, as well as 
that of thyroxine, the unoccupied form of their corresponding receptors remains 
with the nuclear fraction even under harsh disruption conditions [reviewed in 
(16)]. The nature of the sites to which any or all of these receptors bind in the 
absence of hormone remains obscure. However, Barrack & Coffey (17) have 
suggested that estrogen receptors may be associated with a rather ill-defined but 
increasingly provocative structure composed of DNA and protein that they 
have called the nuclear matrix. Since both DNA replication and transcription 
machinery may be associated with this structure, Gorski (18) has raised the 
intriguing possibility that steroid receptors might remain immobilized on the 
nuclear matrix; the hormonal activation of the receptor would then be en­
visioned to expose a DNA binding site that would cause the SR complex to 
become tightly associated with DNA while remaining bound to other nuclear 
proteins. 

In sum, although refinements continue to be made in our understanding of 
steroid receptor disposition within cells, the basic two-step model proposed in 
the late 1960s remains valid. To recapitulate, the interaction of the steroid 
honnone with its cognate receptor leads to an alteration in the physical state of 
the protein, resulting in its conversion to a form with increased affinity for 
DNA. Whether the receptor ever resides in the cytosol after its synthesis and 
whether the receptor ever exists in a soluble fonn within the nucleus are 
interesting issues, but ones that are perhaps ancillary to the mechanisms by 
which these proteins modulate gene activity . 

REGULA nON OF GENE EXPRESSION 

Shortly after the discovery of steroid receptors, several groups postulated that 
physiological changes induced by steroid (and perhaps other classes of) hor­
mones might be a result of alterations in gene expression [for reviews see (2, 3, 
7)]. The then recent discoveries of messenger RNA and the elucidation of gene 
regulatory mechanisms in bacteria made this suggestion quite fashionable. 
Development of tools by which to analyze specific proteins in well-defined 
systems has allowed this prediction to be proven. Suggestive experiments also 
implied that specific messenger RNAs accumulated in response to treatment of 
cells with these hormones. Two noteworthy sets of experiments deserve men-
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532 RINGOLD 

tion. First, Sekeris (19) was ahead of his time in utilizing in vitro translation to 
document that ecdysone-stimulated increases in dopa decarboxylase are due to 
increased production of the corresponding mRNA. Second, Tomkins and his 
colleagues utilized metabolic inhibitors in novel ways to suggest that the 

induction of tyrosine aminotransferase (TAT) by glucocorticoids in HTC, rat 
hepatoma cells, is due to a direct action of the glucocorticoid-receptor complex 
on TAT mRNA production (20). Subsequent analyses in a large variety of 
systems confirmed these general notions. It was not, however, until the 
discovery of reverse transcriptase and the advent of nucleic acid hybridization 
and cloning techniques that detailed mechanistic studies on gene activation by 
steroid hormones became a reality. Since that time, tremendous advances have 
been made in characterizing the basic principles involved in steroid-mediated 
induction of gene expression. A general requirement for understanding the 
detailed mechanisms for gene activation by steroid hormones has been to obtain 
the DNA encoding the regulated gene product, in particular the region(s) of the 
DNA involved in the hormonal responsiveness of that gene. The development 
of recombinant DNA techniques has allowed investigators to obtain unlimited 
quantities of these important DNA sequences and to test whether, for example, 
SR complexes interact directly with the DNA adjacent to the coding region. 
The major focus of this review will be on systems in which the availability of 
the appropriate DNAs has facilitated a dissection of the molecular aspects of 
steroid-regulated gene expression. 

RECEPTOR STRUCTURE 

There is a paucity of data regarding the structure of steroid receptors as it 
pertains to their role as gene-regulatory molecules. Nevertheless, it is worth­
while at this juncture to briefly review some of the salient features of these 
proteins and to point out areas that remain to be explored. Until very recently, 
all data regarding these receptors were derived from their detection with 
radioactive ligands. The advent of affinity-labeling reagents and monoclonal 
antibodies for several of these receptors has facilitated the undertaking of more 
refined structural analyses. 

Unactivated Receptors 

The unactivated form of steroid receptors has generally been obtained by 
homogenizing cells at low temperatures in hypotonic buffers. If kept at low 
temperatures, the receptors remain in this state even when bound to hormone 
and acquire DNA-binding capabilities only when warmed, exposed to high 
salt, or SUbjected to a variety of other experimental conditions [reviewed in (3 , 
16)]. The recent observation that transition metal oxyanions (molybdate has 
been used most extensively) stabilize the unactivated form of receptors has 
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STEROID ACTION 533 

facilitated their characterization (2 1 ,  22) . Ion-exchange chromatography, 
isoelectric focusing, and aqueous two-phase partitioning have been used to 
assess receptor charge. The bulk of the experimental results indicates that the 
unactivated form of steroid receptors is acidic, with isoelectric points between 
4 and 6. Sucrose gradient sedimentation and gel filtration have been the 
standard means by which to determine the size and shape of steroid receptors. 
Striking similarities are observed among receptors for various classes of ste­
roids; in all cases studied to date, the unactivated receptor appears to exist as a 
multimer having a molecular weight of200--300 Kd, with sedimentation values 
of 8-1 0S and Stokes radii of 7-1 0  nm. Furthermore, the receptors exist as 
prolate ellipsoids with axial ratios ranging from about 1 0--20. These and other 
properties of individual steroid receptors are summarized in recent reviews ( 1 6, 
23, 24). 

Activated Receptors 

Most studies of the activated form of steroid receptors have utilized receptors 
that have been activated in vitro. Various experimental approaches support the 
notion that receptors lose net negative charge upon activation, resulting in 
proteins with isoelectric points of 5 . 5-7.0 .  Recent evidence indicates that 
glucocorticoid receptors exist as phosphoproteins in vivo (25), that progester­
one receptors can be phosphorylated in vitro and may be phosphoproteins in 
vivo (26, 27) , and that inhibitors of phosphatases such as molybdate and 
vanadate prevent activation whereas incubation with calf alkaline phosphatase 
activates receptors (see 24). The speculative hypothesis therefore exists that the 
activation of steroid receptors involves dephosphorylation of the receptor 
protein itself. 

The activated forms of steroid receptors always have lower sedimentation (S) 
values than the unactivated forms. Conversion of the 8-lOS form to a 3-4S 
form is characteristic and, since this alteration is associated with conditions that 
would dissociatc oligomeric structures (e.g. high salt, elevated temperature, 
and dilution) , it seems likely that the most stable activated form of steroid 
receptors is a monomeric structure. Preliminary evidence suggests, however, 
that a multimeric form may be involved in gene activation (28). 

Except for the chick progesterone receptor, which appears to be composed of 
two dissimilar hormone-binding subunits of about 1 10 and 80 Kd (29), all the 
steroid receptors seem to contain a single species of protein ranging in molecu­
lar weight from about 60 Kd for the Vitamin D receptor to about 1 20 Kd for the 
androgen receptor [reviewed in ( 1 6)]. The chick progesterone receptor appears 
to consist of a small DNA-binding subunit (A) and a large non-DNA-binding 
subunit (B). 

Extremely illuminating experiments relating to receptor structure have re­
cently been performed using radioactively labeled covalent-affinity reagents 
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534 RINGOLD 

for the glucocorticoid, progesterone, estrogen, and androgen receptors. Of 
particular note is the observation that under denaturing conditions of SDS­
polyacrylamide gel electrophoresis, the unactivated and activated forms of the 
receptor are indistinguishable. Similar conclusions have been reached using 
monoclonal or polyclonal antibodies to, among others, the glucocorticoid (30, 
3 1 ) ,  progesterone (32) , and Vitamin D (33) receptors. Lastly, purification of 
glucocorticoid (34) and estrogen (35) receptors in their activated state confirms 
the generality that, with the exception of the avian progesterone receptor, 
steroid receptors are composed of single hormone-binding polypeptides. 

Functional Receptor Domains 

Our knowledge of the functional domains inherent in the monomeric form of 
steroid receptors comes primarily from partial proteolysis studies of the rat and 
mouse glucocorticoid receptor. This receptor of 90-95 Kd appears to be 
composed of three distinct domains that can be resolved by judicious or in some 
cases accidental use of proteases (23, 26). A fragment of about 40 Kd that 
retains both hormone and DNA binding activities can be released from the 
receptor by mild treatment with chymotrypsin and occurs spontaneously in cell 
extracts (23, 36-38). Further digestion with trypsin-like proteases yields the 
so-called mero-receptor (23, 39) of approximately 23 Kd that contains only the 
hormone binding domain. The region of the receptor that has no obvious 
function contains the major antigenic determinants (36) and is likely to play a 
crucial role in modulating DNA binding activity, perhaps by serving as a 
binding domain for other nuclear proteins or by facilitating proper receptor­
receptor interactions. The physiological importance of this region is indicated 
by the behavior of mutant forms of the glucocorticoid receptor that are ostensi­
bly devoid of this "modulating" domain. In mouse S49 lymphoma cells 
carrying this mutated form of the receptor, the so-called nti receptor, the typical 
cytolytic response to glucocorticoids does not occur (40, 4 1 ) .  Furthermore, the 
nti receptor exhibits increased binding affinity for non-specific DNA sequences 
(42). Recently , receptor fragments devoid of the "modulating" domain have 
been prepared in vitro from purified receptor. These fragments retain the ability 
to recognize and bind to specific DNA sequences adjacent to glucocorticoid 
inducible genes, albeit with reduced affinity when compared to native gluco­
corticoid-receptor complexes (28, 43). Thus, the role of this region of the 
receptor may be to aid in discriminating between specific and non-specific 
DNA binding sites. This will be discussed in more detail in a following section. 
Those readers who wish more detail on the characteristics of proteolytic 
fragments derived from the glucocorticoid receptor and the mutant forms of the 
receptors, as well as information on other steroid receptors, are directed to one 
or more of the following reviews ( 1 6, 23 , 44, 45). 
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STEROID ACTION 535 

GLUCOCORTICOID INDUCIBLE GENES 

Glucocorticoid Induction of MMTV (A Summary of 
the Viral Life-Cycle) 

Viruses have played a leading role in deciphering the intricacies of biological 
regulatory mechanisms in both procaryotic and eukaryotic organisms. In the 
case of steroid hormone action, the fortuitous observation that glucocorticoids 
stimulate production of mouse mammary tumor virus (MMTV) in cultures of 
mouse mammary carcinoma cells (46) has led to what is now perhaps the best 
characterized model of how steroids regulate gene transcription. MMTV is a 
typical retrovirus containing a single-stranded RNA genome that replicates via 
a DNA intermediate called the provirus . Viral DNA is synthesized by the 
virion-associated reverse transcriptase and eventually becomes covalently inte­
grated, apparently in a random fashion, into the host cell's chromosomes. At 
that point, the proviral DNA becomes a stable genetic element akin to any other 
cellular gene encoding a polypeptide sequence and can be viewed as being 
equivalent to the genes encoding TAT, globin, or albumin, for example. It is 
transcribed by RNA polymerase II (47) to yield a primary transcript of about 
9,000 bases in length that is utilized both to produce some of the viral proteins 
and to encapsidate into progeny virions. In addition, smaller spliced RNAs are 
synthesized as templates for translation of the major viral glycoproteins (gp52 
and gp36) , as well as a protein of unknown function whose production is 
restricted to a subset of mammary cells [for recent reviews, see (48, 49)] . 

In order to appreciate the intricacies of this system, the reader should be 
aware of the general structure of the MMTV provirus (see Figure 1 ). As a 
consequence of the fascinating process by which reverse transcriptase gener­
ates the provirus (50, 51), sequences represented within the 3' and 5 '  ends of 
viral RNA are duplicated to generate a DNA molecule containing direct repeats 
at its termini. These so-called long terminal repeat (LTR) sequences contain 
most, if not all, of the regulatory signals involved in the control of viral gene 
transcription (50, 51). In the case of MMTV, the LTR is approximately 1 ,350 
base pairs in length, with about 130 of these arising from the 5 '  end of viral 
RNA. Thus, it is convenient from the viruses' and the investigator' s point of 
view that the LTR that contains the viral regulatory signals is encoded within 
the viral RNA itself. 

INDUCTION OF MMTV RNA The great interest in studying MMTV as a model 
system has been predicated on early studies showing that the glucocorticoid­
mediated increase in production of virus by mammary tumor cells is a conse­
quence of increased production of viral RNA (52 ,  53) .  More importantly, the 
induction of viral RNA is rapid, independent of ongoing protein synthesis, and 
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Figure 1 The structure ofMMTV RNA, DNA, and a prototypical chimeric gene. The intact viral 

RNA (approximately 9000 bases) is illustrated with the coding regions indicated: gag = group­
specific antigens or coat proteins; pol = viral polymerase or reverse transcriptase; env = envelope 

glycoproteins; orf = a protein of unknown function encoded within a 3' open reading frame. The 

linear form of double-stranded MMTV DNA contains long terminally repeated (LTR) sequences 

derived from both the 3' and 5' ends of viral RNA; these are indicated as the solid 5' region (130 

base pairs) and the slashed 3' region (approximately 1200 base pairs). This structure is maintained 

when the viral DNA integrates into chromosomal DNA to form the provirus. A generic structure for 
chimeric recombinant plasmids is shown in which one of the MMTV LTR sequences (which 

contains the promoter and regulatory region) is placed adjacent to a marker or test gene whose 
activity can be easily measured after transfection of the DNA into recipient tissue culture cells. In 

addition to the LTR promoter/regulatory region and the test gene itself (clear), sequences required 

for RNA processing usually from the virus SV40, and all or a portion of a bacterial plasmid 
(stippled) that allows manipulation and propagation of the DNA in E. coli, are included in the 

recombinant molecule. [For a more detailed discussion, see (65).] Similar constructions have been 

utilized to characterize the promoter and regulatory regions of several steroid-inducible genes. 

mediated by the cellular glucocorticoid receptor (54, 55) . Particularly notewor­
thy was the observation that the accumulation of viral RNA is due to an increase 
in its rate of synthesis (56, 57); this was the first experimental demonstration 
that steroid hormones could directly affect the transcription of a specific gene. 
Lastly, infection of heterologous (i.e. non-mammary) cells by MMTV revealed 
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two crucial points: (a) glucocorticoid inducibility is retained in a variety of cell 
types, including mink lung, cat kidney, and rat liver (58, 59), and (b) the sites 
of proviral integration in host-cell DNA are ostensibly random (60, 61) .  Thus, 
the signals that impart glucocorticoid sensitivity to MMTV must be encoded 
within the viral genome. An additional point borne out by these studies is that 
the functional region of the glucocorticoid receptor must be highly conserved, 
since the induction of MMTV RNA is retained in cells from widely divergent 
species. 

TRANSFECTION OF MOLECULARLY CLONED MMTV DNA The advent of 
molecular cloning has resulted in prodigious advances in our abilities to dissect 
the coding, non-coding, and regulatory components of specific DNA se­
quences. The first such experiments with MMTV entailed introduction of 
cloned proviral DNA into mouse fibroblasts (62, 63) by the newly developed 
methods of DNA-mediated gene transfer or transfection (64). These studies 

corroborated the information previously garnered by analysis of vir ally infected 
heterologous cells (see above) and strengthened the argument that the proviral 
DNA itself carries glucocorticoid regulatory sequences. The likely possibility 
that such sequences reside near the promoter region was tested by assessing the 
hormone responsiveness of chimeric genes in which an MMTV LTR is fused to 
heterologous coding sequences (see Figure 1). In all cases, the production of 
the fused gene product exhibits \glucocorticoid inducibility in a variety of 
tissue-culture cell lines. Among the proteins that have been expressed in a 
hormone-dependent fashion are mouse dihydrofolate reductase (65), v-ras of 
the Harvey sarcoma virus (66), herpes simplex thymidine kinase (67-69), and 
the E. coli enzymes �-galactosidase and XGPRT (70, 71). These experiments 
provide convincing evidence that sequences within the MMTV LTR are suffi­
cient to confer hormone sensitivity on the MMTV promoter. 

In addition to studies employing chimeric genes, Fasel et al (72) and 
Yamamoto and colleagues (73) have introduced fragments of the MMTV 
genome into mouse L cells by co-transfection with the herpes virus TK gene. 
Again, production of MMTV RNA is hormone inducible. However, a surpris­
ing result was obtained by Yamamoto et al (73), who found that glucocorticoids 

also stimulate the production of MMTV RNA in cells transfected with non­
LTR DNA fragments. As will be discussed below, specific binding sites for the 
glucocorticoid-receptor complex exist not only within the LTR but within 
internal viral DNA fragments as well (74). It is tempting to speculate that 
MMTV may harbor the vestiges of multiple glucocorticoid-regulated promot­
ers that were once derived from cellular genes. This may reflect the possibility 
that, during the rapid evolution of the virus, the acquisition of multiple 
regulatory regions conferred upon it a selective advantage.  
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MAPPING THE GLUCOCORTICOID REGULATORY REGION WITHIN THE 

LTR By studying the behavior of chimeric genes that have had specific 
portions of the LTR removed, several groups have defined the region of DNA 
required for hormonal responsiveness (Figure 2A). The MMTV LTR contains a 
so-called TAT A box and a CAA T sequence approximately 25 and 65 nu­
cleotides respectively upstream from the start of transcription (Figure 2B). 
These short nucleotide sequences are thought to be important signals for the 
initiation of transcription by RNA polymerase II [for review see (75)]. By 
convention, nucleotides upstream of the transcription initiation site are denoted 
by negative numbers; thus, a deletion that removes all but 65 nucleotides 
upstream of this site is denoted as a -65 deletion . 

Majors & Varmus (69) have reported that an LTR deleted to residue - 1 90 
retains hormone inducibility, whereas one deleted to residue -140 does not. 
Similar data from Hynes et al (76) and Buetti & Diggelmann (68) indicate that 
inducibility is retained in molecules containing about 200 residues upstream of 
the initiation site, whereas those retaining only 1 37 nucleotides lose hormone 
responsiveness. Lee and Ringold and their colleagues (77, 78) have also found 
that a -221 deletion is glucocorticoid responsive, whereas a -174 deletion is 
not. Consistent with these observations, Chandler et al (79) and Hager et al (80) 
have found that hormonal sensitivity is conferred by small regions of the LTR. 
The sum of these deletion analyses indicate that the 5' border of the regulatory 
region resides between residues -190 and - 1 74. 

Internal and 3' deletions have also been constructed that delimit the extent of 
the regulatory region. Hynes et al (76) showed that sequences downstream of 
-52 are not necessary for hormonal response . Majors & Varmus (67) and Lee 
and colleagues (77, 78) found that deletion of sequences between -98 and 

Figure 2 (A) Deletion mapping of the glucocorticoid regulatory region within the MMTV LTR. 

The top line represents the entire MMTV LTR; the arrow at residue + I indicates the site at which 
transcription initiates; the position -100 indicates 100 base pairs upstream of that site. The portion 

of the LTR remaining in each deletion mutant is indicated by a solid line; the end points of the 

deletions have been determined by DNA sequence analysis. Inducibility (+) denotes positive 

stimulation of expression by the glucocorticoids of a test gene fused to the indicated L TR fragment. 

This figure is a composite of selected deletion mutants analyzed by several groups (68,69,76-78). 

(8) Summary of the functional regions and glucocorticoid-receptor (GR) complex binding sites 

within the MMTV LTR. The glucocorticoid regulatory region has been identified by analysis of 

deletion mutants. as shown above. The core promoter is the minimal region required for basal levels 
of transcription (76.78,80) and includes the characteristic TATA and CAAT boxes [see (75)]. 

Indicated as the stippled, hot-dog shaped regions are the sites protected from DNase digestion by 
purified GR complexes as reported by Payvar et al (28). The reader should note that the exact GR 

binding sites are somewhat different according to Scheidereit et al (III). Two major conclusions 
derived from this evidence are that the functional glucocorticoid regulatory region encompasses 

strong GR complex binding sites but that not all binding sites are functional as hormone-regulatory 

sequences. 
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-120 and between -97 and -138 respectively do not abrogate inducibility, 
whereas deletion of sequences between -103 and -151 does. Thus, it appears 
that the 3' border of the regulatory region resides between residues -138 and 
-151. A deletion that removes residues -103 to -158, however, retains full 
inducibility (78). The reason for the anomalous behavior of this mutant is not 
clear, but it is possible that a fortuitous reconstruction of a functional regulatory 
region has occurred. This is plausible since there appear to be mUltiple binding 
sites for the glucocorticoid-receptor complex within this region (see below) . 

In addition to delineating the sequences important in responsiveness to 
hormone, these deletion studies have also shown that the regulatory region is 
distinct and dissociable from the core promoter region (i.e .  those sequences 
required for appropriate initiation by RNA polymerase at levels equivalent to 
those seen in the absence of hormone) . Dobson et al (81) have reported that a 
-64 deletion retains the ability to produce RNA that initiates at the appropriate 
site within the LTR. The level of RNA produced (in the presence or absence of 
hormone) is comparable to that seen in non-hormone treated cells containing 
DNAs fused to the full-length LTR. Similar conclusions have been reached by 
Majors & Varmus (67) , Hynes et al (76), and Chandler et al (79) . In contrast to 
these results , Hager's and Khoury's laboratories (80, 82) have reported that, 
upon deletion of the hormone regulatory sequences, the un induced level of 
transcription increases to that seen when the intact L TR is hormone stimulated. 
These researchers suggest, therefore, that the regulatory region functions as a 
negative control element and that hormone stimulation relieves its negative 
effect. Such results have not been seen by any other investigators,  and it is 
difficult to ascertain what experimental details may account for these rather 
disparate results . The presence of a strong promoter-enhancing sequence (see 
below) in Hager's & Khoury's constructions may be responsible for this effect. 

Several groups have recently reported that the glucocorticoid regulatory 
region can confer hormone inducibility on heterologous promoters. When the 
region upstream of residue -102 of the MMTV LTR, which lacks the MMTV 
core promoter, is fused to promoter fragments derived from the herpes virus TK 
gene (79), the Rous sarcoma virus LTR (69), the SV40 early promoter (83), 
and the adenovirus major late promoter (84), expression of the linked marker 
gene becomes glucocorticoid inducible. Thus, there is no obvious requirement 
for specific interactions between the regulatory region and the core promoter. 

A revealing aspect of both the deletion analyses and the characterization of 
hybrid promoters is that the absolute spacing between the core promoter and the 
hormone regulatory region need not be constant. Molecules in which the two 
elements have been brought closer together by deletion of internal sequences 
function perfectly well, and several of the functional hybrid promoter con­
structs move the regulatory region further away from the site of transcription 
initiation. Chandler et al (79) have reported that the hormone regulatory region 
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can even be placed 1 ,000 base pairs away and in the opposite orientation from 
the promoter and still retain at least partial ability to promote glucocorticoid­
inducible expression of a linked TK gene. Hynes et al (76) have also reported 
that if the MMTV L TR is fused to the herpes TK gene with its own promoter 
intact, glucocorticoid-stimulated transcripts that initiate at each of the promot­
ers can be detected in transfected cells . These observations have led to the 
proposal that the glucocorticoid regulatory region ofMMTV acts as a hormone­
dependent enhancer (79). Enhancers are rather remarkable DNA sequences 
first found in SV40 (85-87) that can activate promoters from hundreds or even 
thousands of base pairs away in an orientation-independent �ashion . The 
mechanism(s) by which enhancers activate transcription remains obscure; 
however, since they exhibit both species and tissue specificity, they are most 
likely to be sites of protein-DNA interactions (88, 89) . The fact that the 
glucocorticoid regulatory region and enhancers have some properties in com­
mon suggests that enhancer-binding proteins may share functional characteris­
tics with steroid receptors . Intriguingly, however, the MMTV promoter is 
responsive to the SV 40 enhancer in the presence or absence of glucocorticoids 
and to the MuLV enhancer in the presence of glucocorticoids (65, 89a); this 
suggests that the mechanisms by which enhancers and the SR-complex activate 
transcription are distinct. 

Other Glucocorticoid Regulated Genes 

Examples of glucocorticoid regulated genes abound in the literature. It is not 
my intent to chronicle all such examples, but rather to provide unifying themes 
from the most extensively studied genes. Human and rat growth hormone genes 
are induced two- to threefold by glucocorticoids after gene transfer into mouse 
fibroblasts (90, 9 1 ). In the case of the rat gene, this reflects a similar induction 
profile in rat pituitary-cell cultures (92) . The sequences responsible for the 
glucocorticoid effect appear to reside within 500 base pairs of the transcription 
initiation site (93) .  

a2u-Globulin is a protein of  about 19  Kd that i s  produced in  the liver and 
secreted in the urine of male rats (94) . In the animal, normal levels of this 
protein require a combination of hormones ,  including glucocorticoids, 
androgens , growth hormone, thyroxine, and insulin (95, 96). Androgens will 
induce production of this protein in females, but only after ovariectomy; thus, 
estrogens appear to play a dominant inhibitory role (97). In tissue culture, only 
the glucocorticoid response has been reproduced. Unlike MMTV, however, 
the induction of a2u RNA is dependent on on-going protein synthesis and 
therefore is probably not due to a direct activation of the gene by the glucocorti­
coid receptor complex (98) . It is interesting, therefore, that a genomic clone of 
a2u globulin transfected into mouse L cells retains glucocorticoid sensitivity 
(99) . Perhaps there is a general class of glucocorticoid-inducible proteins in 
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cells as disparate as hepatocytes and fibroblasts that is capable of mediating the 
induction of this RNA. Further delineation of the molecular details involved in 
the complex response of this gene to other hormones awaits the development of 
appropriate hormone-responsive tissue-culture systems or the introduction of 
altered forms of the gene into mouse embryos and their subsequent analysis in 
transgenic mice. 

Several other glucocorticoid-responsive genes have recently been cloned and 
sequences of the 5' flanking regions have been determined. Of particular 
interest is a short nucleotide sequence shared between the tyrosine amino­
transferase (TAT) and tryptophan oxygenase (TO) genes, both of which are 
glucocorticoid-inducible in rat liver (100). This sequence is related to the 
consensus hexanucleotide T -G-T -T -C-T that is found in all of the high-affinity 
glucocorticoid-receptor binding sites in MMTV, hMT -IIa, and chick lysozyme 
(see below). 

METALLOTHIONEIN A cellular gene that has been extensively characterized 
and that responds to glucocorticoids in a fashion akin to that of MMTV is the 
human metallothionein-lla gene (hMT-IIa). Metallothioneins (MT) constitute 
a family of small proteins that bind heavy metals. Their production can be 
induced by the heavy metals themselves and in some but not all cases by 
glucocorticoids (101). The hormonal induction of these genes is a primary 
effect and is at the level of transcription, as determined by direct measurement 
of RNA synthesis (102, 103) .  The mouse MT-I gene, when transfected into L 
cells, retains cadmium inducibility but not glucocorticoid sensitivity (104). 
Unlike this gene, the hMT-IIa gene retains both metal and hormone sensitivity 
when transfected into mouse cells ( lOS). Deletion analysis of chimeric genes 
carrying the hMT-IIa promoter region fused to a TK coding region has shown 
that the 5' border of the region of DNA required for glucocorticoid responsive­
ness lies between residues -268 and - 236 (105). As in the case ofMMTV, the 
core promoter can be dissociated from the hormone regulatory region. The 
hMT-IIa region also appears to have the capacity for promoting transcription 
when placed at a distance and either 3' or 5' to the promoter (M. Karin, 
personal communication). Thus, again , the glucocorticoid regulatory region 
may be acting in a fashion analogous to viral enhancer sequences. The MT 
genes, as mentioned above, also respond to metals; analysis of the deletion 
mutants clearly indicates that the sequences involved in this response are 
distinct from those involved in hormonal induction ( l 05) . 

LYSOZYME The chick lysozyme gene can be induced by estrogens, pro­
gestins, androgens, and glucocorticoids each via its own receptor in the chick 
oviduct (106). The induction of ovalbumin in this system will be discussed 
below. Renkawitz et al (107) have recently constructed a chimeric gene in 
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which the lysozyme promoter region is fused to the coding region for the SV 40 
T antigen. No glucocorticoid or estrogen response could be detected by im­
munofluorescence assay for T -antigen after transfection of this DNA into HeLa 
or MCF-7 cells. These are both human cell lines that contain functional 
glucocorticoid receptors; MCF-7 also contains estrogen receptors. However, 
when the DNA is microinjected into chick oviduct cells but not into fibroblasts, 
the fusion gene retains responsiveness to glucocorticoids and progesterone 
( 108). Analysis of 5' deletion mutants indicates that the 5' border of the 
regulatory region for both classes of steroids lies between residues - 208 and 
-164 ( 108) . Further fine mapping will be required to test whether exactly the 
same sequences are necessary for responsiveness to both progesterone and 
glucocorticoids. 

GLUCOCORTICOID RECEPTOR BINDING TO SPECIFIC 
DNA SEQUENCES 

As suggested by the observation that steroid receptors are DNA binding 
proteins (see above) and by analogy with known prokaryotic gene-regulatory 
proteins, the hypothesis has been put forth that stimulation of transcription 
requires high-affinity interactions with specific DNA sequences [reviewed in 
(3)]. The selective binding of the glucocorticoid-receptor (GR) complex to 
fragments of MMTV DNA was first reported by Payvar et al (74) . Using a 
nitrocellulose filter binding assay, they found that DNA fragments derived 
from internal regions of MMTV are recognized preferentially by highly puri­
fied GR complexes compared to bacterial plasmid sequences. The significance 
of GR binding sites within the structural portions of the MMTV genome 
remains unclear; however, as mentioned earlier, vestiges of glucocorticoid­
regulated promoters may exist within these regions of the viral genome. 
Although these first studies detailed what may be an unusual situation, subse­
quent efforts in several laboratories have focused on GR binding to LTR 
sequences. Both by filter binding assay and by direct visualization in the 
electron microscope, it has become clear that the LTR harbors multiple specific 
binding sites for the GR complex (28, 74, 109, 1 10) . All of the binding sites 
reside upstream of the core promoter. By employing monoclonal antibodies to 
the GR, Schneidereit et al ( 1 1 1 )  have convincingly demonstrated that the 
binding is indeed due to the receptor protein itself. Using a DNA competition 
assay in which crude receptor preparations are used for detecting DNA binding 
sites, Pfahl has also found that sequences upstream of the promoter are efficient 
sites for OR binding (112) . 

More refined binding studies have been reported in which purified GR 
complexes are used to protect LTR fragments from degradation with DNAse I. 
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The results of these experiments, summarized in Figure 2B, indicate that there 
are several binding domains within the L TR; these are located between residues 
-305 and -289, -283 and -269, -189 and -166, - 159 and -135, and 
-127 and -84, according to Payvar et al (28), and between residues -192 and 
-164 and -127 and -72, according to Schneidereit et al ( 1 1 1) .  The two 
domains furthest upstream appear to contain lower affinity sites, as determined 
by nitrocellulose and electron microscopic binding assays, whereas the highest 
affinity domains appear to be the ones between -189 and -135 (28). This is 
particularly gratifying, since this is exactly the region that functions as the gene 
regulatory region of the L TR as determined by the deletion analyses described 
earlier. It is noteworthy that each of the binding domains appears to be capable 
of binding GR complexes independently and that no evidence for cooperative 
interactions has been reported. As alluded to earlier, the binding form of the 
receptor, when viewed in the electron microscope, appears to exist as an 
oligomer of two or perhaps four subunits. Finally, alteration of one domain 
(i.e. by insertion of a short DNA fragment) affects only that binding site; in 
agreement with the deletion studies, the only such DNA insertions that affect 
inducibility lie within the -189 to -135 regions (113). It is interesting to note 
that the two most upstream regions between -305 and -269 and the large 
downstream region between -127 and -84 appear to be neither required nor 
sufficient to support hormone-stimulated transcription from the MMTV pro­
moter. Deletions and alterations of these regions do not affect inducibility, in 
contrast to the sequences between - 189 and - 135, which appear to be highly 
susceptible to such alterations. 

Nitrocellulose filter binding and DNAse I footprinting of partially purified 
GR complexes to the hMT-II promoter region have recently been reported 
( 1 14). The results are consistent with those found for MMTV and are not 
confused by the presence of several ostensibly irrelevant binding regions. A 
single region that lies between residues -266 and -241 is protected from 
digestion with DNAse I by the GR complex. As summarized earlier, this is 
consistent with data indicating that the hormone regulatory region resides 
downstream of residue -268 (l05). 

In experiments virtually identical to those just described, the GR complex 
from rat liver has been found to bind specifically to sequences upstream of the 
chick lysozyme transcription initiation site (108). A strong binding site resides 
between nucleotides -74 and -39, whereas a weaker site exists between 
residues -208 and -161. The latter binding region coincides almost precisely 
with the sequences required for a functional glucocorticoid (and progesterone) 
response in chick oviduct cells (l08). The specific binding of the rat liver GR 
complex to a chicken gene provides another example of the conserved function 
of this steroid receptor. 
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A Common DNA Sequence in the GR Binding Domains 

The sequence T-G-T-T-C-T or derivatives of the degenerate octanucleotide 
lCTGlTCT are present, sometimes in multiple copies, within all of the 
binding regions to which the GR complex binds in vitro (28, 111, 114) . These 
include all of the binding regions in the MMTV LTR, the internal MMTV 
fragments, the hMT-IIa promoter, and the chick lysozyme promoter. In addi­
tion, this same hexanucleotide is present at approximately residue -100 in the 
promoter regions of T AT and TO, two rat liver genes that are glucocorticoid 
inducible (100). 

That this hexanucleotide is important for GR receptor binding is corrobo­
rated by experiments in which the contacts between the receptor and MMTV 
DNA have been studied (115) . In these studies, MMTV LTR sequences were 
subjected to methylation at the N-7 position of the G residues within the 
hexanucleotide . When methylated, the GR complex is unable to bind to that 
specific domain but not the others. Furthermore, all of the G residues within the 
hexanucleotide in four separate binding domains are protected from methyla­
tion by dimethyl sulfate when the GR complex is prebound. Similar data have 
been obtained in studies of GR binding to the hMT -IIa regulatory region (114). 

It is important to point out that in both the MMTV L TR and the chick 
lysozyme promote'".", not all bona fide binding sites are functional as hormone 
regulatory regions, at least as tested by transfection analysis. As an example, 
even though the binding sites between residues -127 and -84 are preserved in 
various deletion mutants of the LTR, such molecules are incapable of support­
ing a glucocorticoid response (69, 77, 78). What then are the crucial elements 
that constitute a functional regulatory region? Although there is no answer to 
this question at present, the methylation protection experiments of Schneidereit 
& Beato may provide a clue (115) . They have noted that the protected G 
residues in the MMTV regulatory region are 10 base pairs (one tum of the helix 
in B-form DNA) apart and are therefore on the same face of the helix. The N-7 
position of the G residue, which is the one susceptible to methylation, is in the 
major groove of the double helix . Inspection of the sequence in this region 
shows clearly that there are two pairs of G residues that could contact the 
receptor within the major groove between nucleotides -170 and -189. Thus, a 
dimer of GR complexes could bind to this region of DNA. In the case of the 
non-functional sites this paired arrangement of contacts does not exist, and thus 
dimer formation may not occur. I point out, however, that the available 
evidence from electron microscopy indicates that tetramers of GR complexes 
bind to all sites (28). Thus, it may be another aspect of the symmetry of the 
paired G residues (or more likely some other characteristic of the surrounding 
DNA sequence) that is important in allowing for a productive interaction of 
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receptor. More detailed studies of the functional regions will be required to gain 
further insight into this problem. 

Affinity of the Receptor for DNA Sequences: Is That 
All There Is? 

Does the binding of GR complexes to naked DNA in vitro reflect the situation 
within a cell? Is the binding affinity of the GR complex for specific sequences 
relative to extraneous DNA sufficient to account for its ability to find limited 
number of sites in vivo? Although there have been no binding constants 
reported, the relative affinities between specific and non-specific sites appear to 
be several thousand-fold ( 112). These values seem to be insufficient to account 
for the high degree of selectivity inherent in steroid activation of genes; 
researchers have estimated that a minimum 105_106 fold difference in binding 
affinity between specific and non-specific sequences might be required for 
activation of a gene by steroid receptors ( 1 16).  Thus, additional factors prob­
ably are required for biologically relevant binding to occur in vivo. Along these 
lines, Payvar et al ( 1 17) have recently identified a 72 Kd protein that copurifies 
with the GR complex; this protein is itself incapable of binding to DNA but 
increases the affinity of the GR complex for LTR sequences. Additional 
proteins, both chromosomal and non-chromosomal, are likely to be involved in 
the formation of a functional GR complex at specific sites. In addition, one 
must remember that other proteins associated with the chromatin may mask 
non-functional binding sites. In such a case, a feature of the authentic regula­
tory regions with which GR complexes interact might be that they are in an 
open configuration relative to the surrounding chromatin. Speculation on 
events subsequent to the binding interactions will be presented in a following 
section. 

SEX STEROID REGULATION OF GENE EXPRESSION 

The Chick Oviduct 

The production of egg white proteins in the chick oviduct is dependent on its 
exposure to estrogen and progesterone (7) . The tubular gland cells of the 
immature chick oviduct are stimulated to proliferate and differentiate by 
exogenous administration of estrogen; during this time, ovalbumin, conalbu­
min, ovomucoid, and lysozyme become major products of these cells. If the 
hormone is withdrawn, egg white protein synthesis decreases but can be 
restimulated by a second injection of estrogen. In a primed oviduct, this 
so-called secondary induction occurs more rapidly and is generally of greater 
magnitude than in the primary induction. Moreover. in a primed oviduct. not 
only estrogen but progesterone, glucocorticoids, and androgens are able to 
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induce the production of several of the egg white proteins (106) . Each of these 
hormones appears to act through its cognate receptor. 

Nucleic acid hybridization and cloning technologies were first utilized in the 
steroid hormone field to assess the effccts of estrogen and progesterone on 
ovalbumin RNA levels (118). The pioneering work of O'Malley and Schimke 
and their colleagues clearly documented that the hormones increase mRNA 
levels ( 119, 1 20) . Although estrogen does have an effect on the tumover rate of 
ovalbumin mRNA (121 ) ,  the major impact of the hormones is clearly at the 
level of transcription ( 1 22 ,  123) . Extensive and excellent reviews of the early 
characterization of this system are available ( 124, 1 25). 

THE OVALBUMIN GENE The ovalbumin gene is one of three tandemly linked 
related genes (the others are the X and Y genes) that are induced in response to 
estrogen (125-127). Unlike the ovalbumin gene that responds to estrogen, 
progesterone, and glucocorticoids in a primed oviduct, the Y gene responds 
only to progesterone and estrogen, whereas the X gene responds solely to 
estrogen (126, 127). Furthermore, in a mature laying hen, the X and Y genes 
are expressed at levels approximately lO% and 1 % that of ovalbumin. By far 
the most extensive characterization has been performed on the ovalbumin gene 
itself. 

THE HORMONE CONTROL REGION(S) OF THE OVALBUMIN GENE Chimeric 
genes containing the 5' flanking region of the ovalbumin gene fused to the 
coding region for chick [3-g1obin have been constructed. When globin is 
introduced into most mammalian cell lines, its expression is directed by the 
ovalbumin promoter but is not hormone responsive ( 128) . However, in chick 
oviduct cells the oval globin fusion retains estrogen inducibility (129). 

More extensive analysis of the ovalbumin regulatory region has been per­
formed by transfection of primary tubular gland cells derived from chick 
oviduct ( 1 29) . Analysis of deletion mutants of the ovalbumin 5' flanking 
sequences indicates that: (a) the core promoter lies downstream of residue 
-95, and basal transcription is heavily dependent on sequences between 
residues -77 and -48 (128) as well as the TATA box (centered at residue 
-32) , which is generally required for appropriate positioning of the transcrip­
tion initiation site (75); (b) sequences required for the progesterone response 
are present between nucleotides -222 and -95 ( 1 29); the precise boundaries 
of the functional region have not been identified. As in the case of the 
glucocorticoid regulated genes already described, the core promoter and the 
hormone regulatory regions of the ovalbumin gene appear to be distinct and 
separable. Particularly intriguing are recent results indicating that the respon­
siveness of this gene to estrogen and glucocorticoids also requires sequences 
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within the same -222 to -95 region ( 1 30) . More precise mapping studies will 
have to be performed to ascertain whether the sequences responsible for each of 
these hormonal responses are clustered, overlapping, or perhaps even identical . 

THE LYSOZYME GENE The chick lysozyme gene is responsive to both 
progesterone and glucocorticoids. As described above, analysis of deletion 
mutants in microinjected chick oviduct cells indicates that the left-hand border 
of the regulatory region lies between residues -208 and -164 for both 
progesterone and glucocorticoids ( 1 07, 1 08). As in the other steroid-inducible 
genes, the core promoter and the hormone regulatory regions appear not to 
overlap. 

Mammal ian Genes Responsiv e  to Sex Stero ids 

UTEROGLOBIN The best characterized mammalian gene that responds to 
progesterone is that for uteroglobin, a protein secreted into the lumen of the 
uterus that itself has progesterone binding activity . Nucleic acid hybridization 
studies have documented that its induction in rabbit uteri is consequent to an 
increase in mRNA levels ( 13 1 )  and that this is due to an increase in the rate of 
uteroglobin RNA synthesis ( 1 32). Interestingly, estrogen is also capable of 
inducing mRNA levels,  although not to the same degree as progesterone; when 
added together, the hormones appear to have an additive effect ( 13 1 ) .  Transfec­
tion studies with this gene have not yet been reported; however, binding studies 
with progesterone receptor indicate the presence of specific binding sites in the 
5' flanking region (see below) . 

ANDROGEN-INDUCIBLE PROSTATIC C3 GENE Prostatic steroid binding pro­
tein is a tetramer composed of three different polypeptides (Cl ,  C2, C3) whose 
expression is under strict androgen control (133) . The androgen induction of 
the three is due to alterations in the levels of the corresponding mRNAs and is 
accomplished at least in part by increased transcription of the genes . Transfec­
tion of a C3 genomic clone containing approximately 3.5Kb of 5' flanking 
DNA into the androgen-responsive S 1 15 mammary carcinoma line results in 
androgen inducibility of C3 RNA sequences ( 1 34). 

ESTROGEN-INDUCIBLE GENE PS2 FROM HUMAN MCF-7 CELLS The human 
breast cancer cell line MCF-7 is estrogen dependent for growth, expresses 
several estrogen-inducible genes, and undergoes hormone-dependent morpho­
logical alterations . Recently, a cDNA encoding a specific estrogen-inducible 
mRNA (pS2) has been cloned and utilized to document that the induction by 
estrogens is primary ( 1 35) . The experiments performed to date are analogous 
to those described earlier for the glucocorticoid-mediated induc-
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tion of MMTV (54) and for the estrogen-mediated induction of vitellogenin in 
Xenopus oocytes ( 1 36) . 

Bind ing of Sex Ste ro id Re cepto rs to Spe cific DNA Sequen ce s  

Initial observations that the chick oviduct progesterone receptor could bind to 
specific sites within the 5 '  flanking region of egg white genes utilized a DNA 
competition assay in which the receptor itself does not need to be purified. The 
results of such experiments indicate that fragments of DNA from the ovalbu­
min, X, Y, ovomucoid, and conalbumin genes contain high affinity sites for the 
progesterone receptor. More detailed mapping studies point to a region be­
tween residues - 250 and - 300 of the ovalbumin gene that contains a particu­
larly efficient binding site ( 1 37). It is noteworthy that, based on functional 
studies described above, the region between -250 and - 300 is dispensable for 
progesterone action in vivo ( 1 29). Thus, detection of receptor binding sites 
using a DNA competition assay by itself has not been useful for identifying 
authentic regulatory regions of the ovalbumin gene. 

Nitrocellulose filter binding assays and nuclease protection experiments with 
chick progesterone receptor have also been reported ( 1 38, 1 39). In these 
studies, a highly purified A subunit of the chick oviduct receptor has been 
employed; note that the B subunit, which also binds progesterone, is not a DNA 
binding protein. The results indicate that the A subunit of the receptor exhibits 
preferential binding to 5' flanking regions of the ovalbumin and Y genes by a 
factor of 10 over other DNA sequences. A major binding site in the ovalbumin 
gene lies between residue -247 and -1 35, consistent with the region ostensi­
bly required for progesterone responsiveness ( 137). It is important to recog­
nize, however, that the ten-fold higher affinity of the A subunit for specific sites 
is probably too low to account for the high degree of selectivity observed in 
vivo. Thus, additional factors may be involved in the sequence-specific binding 
of the progesterone receptor to regulatory sites. 

The mammalian, unlike the chick, progesterone receptor appears to consist 
of a single polypeptide chain of about 1 10 Kd (32) . Such a receptor, purified to 
approximately 50% homogeneity, exhibits binding specificity toward the 5 '  
flanking region of the rabbit uteroglobin gene ( 140). Two sites that appear to 
have higher affinities than others reside within nucleotides -394 to -251 and 
- 1 93 to + 10. The functional regulatory region associated with this gene 
remains to be determined. 

Lastly , specific binding of the estrogen-receptor complex to a 5' flanking 
region of the chicken vitellogenin gene has been reported ( 1 4 1 ). Both DNA 
competition and DNAse protection assays indicate a prominent binding region 
between residues -550 and -660; multiple binding sites are present within this 
region. Of particular interest in this case, the estrogen receptor binding region 
corresponds to the location of a DNAse hypersensitive site that appears after 
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estrogen treatment (142). Whether this region plays any role in estrogen 
inducibility per se remains to be determined; however, no functional regulatory 
region has yet been identified more than 250 nuc1eotides upstream of the 
transcription initiation site in any of the other steroid-inducible genes character­
ized to date. Along these lines, it is worth pointing out that a striking sequence 
homology has been identified around position - 140 in five estrogen-inducible 
genes of the chick ( l 08); the derived consensus sequence (AAAITGGJq 
bears little resemblance to the binding site identified in the vitellogenin gene; 
however, its role in estrogen inducibility is only speculative. 

HOW DO STEROID-RECEPTOR COMPLEXES 

STIMULATE TRANSCRIPTION? 

Prodigious advances have been made in our understanding of the mechanisms 
by which steroids regulate gene transcription. Moreover, the emerging data 
now allow us to focus our attention on a more precise definition of the 
molecular details involved. As a framework, I present the following possibili­
ties as general mechanisms by which binding of the steroid-receptor (SR) 
complex to a regulatory region could facilitate increased transcription initia­
tion. 

1 .  SR complexes could relieve a negative effect of the regulatory region on 
promoter efficiency, perhaps by removing a repressor protein. 

2. Direct protein-protein interactions between SR complexes and RNA 
polymerase may stimulate polymerase function. 

3 .  Local unwinding of the DNA near the RNA polymerase binding site might 
increase the efficiency of polymerase binding to the core promoter. 

4. SR complexes may alter the conformation of the DNA at the regulatory 
region in such a way as to facilitate the entry of transcription factors that can 
slide up or down the DNA (even over long distances) in search of poised 
polymerase molecules.  

5 .  Binding of the SR complex could induce a change in the structure of the 
chromatin (i.e. by removing nuclear proteins) that could be propagated to 
the core promoter in such a way as to facilitate polymerase binding; such an 
alteration could occur over short or long distances. 

It is of course difficult at this point to unequivocally discard or accept any of 
these possibilities .  Nevertheless, some may be more likely than others. Since 
with only one exception, noted above, removing the hormone regulatory 
sequences from a core promoter does not lead to hormone-independent high­
level expression, it seems highly unlikely that the function of the SR complex is 
to relieve a negative influence of that region on transcription. 

Several studies have documented that the glucocorticoid regulatory region of 
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MMTV functions at various positions relative to the promoter (65, 69, 76, 79). 
Most of the changes in spacing have been over only 100-200 base pairs; 
however, in at least one case, partial function was retained even when the 
regulatory region was placed 1000 base pairs from the promoter. In addition, 
induction of a distal promoter is seen in some situations despite the presence of 
a functional intervening promoter. In view of these results , it is difficult to 
envision how direct interactions of the SR complex with polymerase could be 
of central importance in the facilitation of transcription initiation. Likewise, 
local unwinding of the DNA (i.e. over 1-3 turns of the helix), which is of 
importance in forming stable RNA polymerase complexes in E. coli, appears to 
be of little importance if the regulatory region can be moved over several 
hundred base pairs. A caveat to these arguments, of course, is the fact that we 
know little about the organization of these sequences in three-dimensional 
space. It is possible, therefore, that even when the regulatory region is moved 
relative to the promoter, additional DNA binding proteins help keep these 
regions in close apposition. The suggestion that the receptors themselves may 
be fixed on the nuclear matrix at all times (17, 18) could facilitate such 
interactions. 

Bacterial Models 

Positive transcriptional regulators in prokaryotic systems share several charac­
teristics with steroid receptors. Foremost among these, they bind to specific 
DNA sequences near the corresponding promoters and in some cases (e.g. the 
cyclic AMP binding protein of E. coli, CRP) require a ligand to convert them to 
a DNA binding form. Whether the mechanisms by which steroid receptors and 
bacterial protein activate transcription are similar or not remains to be deter-
mined. \ 

In the case of the phage A. repressor, which also acts as a positive regulator at 
the Prm promoter, it appears that transcription is augmented by altering the 
isomerization rate at which functional (i .e. open) RNA polymerase complexes 
(143, 144) are formed rather than by altering the affinity of the RNA 
polymerase itself for the promoter ( 145) .  Ptashne and his colleagues have 
suggested that this stimulation occurs as a consequence of direct protein-protein 
interactions with the RNA polymerase (146). The data supporting this view are 
highly circumstantial; however, mutants that bind to the appropriate DNA 
sequence yet do not stimulate transcription support this hypothesis (145, 147). 

Several E. coli promoters that are activated by cAMP have been intensively 
studied [for an excellent review see (148)]. In both the lac and gal promoters, 
the cAMP-CRP complex appears to stimulate transcription in two ways: (a) by 
shifting the RNA polymerase binding site by 20 and 5 nucleotides respectively, 
and (b) by increasing RNA polymerase open complex formation at the down­
stream site ( 149). Augmented transcription initiation may be due to increasing 
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the affinity of the RNA polymerase for promoter sites rather than to affecting 
the isomerization of polymerase from the closed to the open (active) state. 
Although binding of the cAMP-CRP complex alters the structure of the DNA to 
form a more compact molecule , evidence indicates that this change is not due to 
a transition from right-handed to left-handed DNA or from local unwinding of 
the DNA ( 1 48). Indirect evidence suggests that stimulation of transcription by 
cAMP-CRP may instead involve direct interactions with RNA polymerase 
( 1 48- 1 5 1 ) .  In the presence of cAMP, CRP appears to stabilize RNA 
polymerase binding to the upstream promoter, and the affinity of the cAMP­
CRP complex for its binding site in the lac and gal promoters is increased by the 
addition of RNA polymerase ( 148- 1 5 1 ) .  However, the distance between the 
CRP binding site and the start of transcription varies substantially among 
cAMP-regulated genes, ranging from 35 to 1 35 base pairs. Thus, one 's notions 
concerning the nature of the putative interaction between the polymerase and 
CRP must take this into account. 

Effe cts of Steroid Hormones on Chro matin Structure 

Transcriptionally active genes in eukaryotes exhibit altered chromatin con­
figurations as detected by their relative sensitivity to nucleases ( 1 52). The DNA 
within relatively large domains encompassing a gene or gene cluster are 
preferentially digested by DNAse I if the gene has been or is actively being 
transcribed. Within these domains, specific sites are more sensitive to digestion 
by 1-2 orders of magnitude ( 1 53). These so-called hypersensitive sites (HS) 
can generally be found within the 5 '  flanking region of active genes, often at 
the 3' end of the gene as well, and at times at internal sites in genes ( 153 ,  1 54). 
Interesting correlations suggest that the appearance of the HS sites is related to 
transcriptional activation. However, the basis for the appearance of HS sites is 
not at all clear, and to date no cause-effect relationship has been established 
between their appearance and the activation of transcription. With this as 
background, it is intriguing to note that steroid hormones can alter both the 
general pattern of DNAse sensitivity and HS sites in regulated genes. 

GENERAL ALTERATIONS IN DNASE SENSITIVITY Vitellogenin, the precursor 
of the major yolk proteins, is induced by estradiol in the livers of oviparous 
vertebrates ( 155). Four closely related genes encode vitellogenins in Xenopus 
laevis, and recent data from Gerber-Huber et al ( 1 56) have shown that at least 
two of thcse become generally more sensitive to DNAse in the livers of 
estrogen-treated males. Similarly , the chick ovalbumin gene is associated with 
a relatively DNAse-sensitive region of the chromatin that persists even after 
withdrawal of estrogen ( 1 57) .  Interestingly, the chromatin domain in which the 
ovalbumin, as well as X and Y genes, resides extends over approximately 100 
kilobases and is flanked at the borders of the DNAse-sensitive region by a short 
middle repetitive sequence, CRI ( 1 58) . Thus, these genes probably are fixed in 
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an open chromatin configuration during exposure of the tissue to hormone. 
This structure is maintained even after removal of the hormone when the gene is 
no longer active . This can be viewed as equivalent to a developmental altera­
tion that is required but is itself insufficient for gene transcription. Similar 
long-lived and perhaps irreversible changes in chromatin structure surrounding 
the MMTV LTR are seen after glucocorticoid treatment ( 1 59) . 

ACQUISITION OF HYPERSENSITIVE SITES Burch & Weintraub ( 142) have 
recently reported that there are three classes of HS sites detectable in the chick 
vitellogenin gene. Prior to estradiol-mediated activation of vitellogenin ex­
pression, HS sites exist within and 3' to the gene in liver and oviduct but not in 
erythrocytes, brain, or fibroblasts. These sites exist in embryonic liver even 
prior to development of estrogen receptors. Thus, this class of HS sites (HS-A) 
may reflect the potential for tissue-specific expression in an estrogen­
responsive cell; note, however, that vitellogenin is not expressed in oviduct. A 
second class of sites (HS-B) are detected in the 5 '  flanking region of the gene in 
liver but not in the oviduct after estrogen treatment. These sites remain 
hypersensitive after removal of hormone and may therefore be involved in the 
memory phenomenon (i .e .  the rapid secondary induction after hormone with­
drawal) associated with estrogen induction of vitellogenin in liver ( 160) and 
several of the egg-white genes in the oviduct. Lastly, one HS site (HS-C) 
appears in response to estrogen approximately 700 base pairs upstream of the 
start of transcription. This site disappears after removal of the hormone and 
reappears upon re-induction. Such a site is likely to reflect directly an alteration 
in DNA structure associated with binding of the estrogen-receptor complex. 
Whether this site is part of the binding site itself remains to be determined. A 
similar analysis of HS sites in the MMTV LTR reveals the presence of a 
hormone-dependent and reversible site that indeed maps within the functional 
glucocorticoid regulatory region ( 159). It is noteworthy that the HS site seems 
to coincide with the binding region that is functional in stimulating transcrip­
tion and not with all receptor binding domains. Mapping of HS sites in the rat 
TAT gene has revealed the presence of a glucocorticoid-inducible site approx­
imately 2000 base pairs upstream of the start of transcription ( 161 ) .  Again, 
whether this reflects the presence of a receptor binding site or is the conse­
quence of receptor binding at a distal site is as yet unknown. DNAse HS sites 
are also present in at least three locations in the 5' flanking region of the 
actively transcribed ovalbumin gene (162) . 

Chromati n Structure, DNA Supercoi li ng, a nd 
Transcriptio na l  Acti vatio n 

Are the observed steroid-induced alterations in chromatin structure responsible 
for increased transcriptional activity and if so how? Alternatively, are these 
changes a consequence of the process of gene activation by steroid-receptor 
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complexes? Although there are no clear answers to these questions at the 
moment, there are interesting parallels to be drawn with other gene regulatory 
systems and with proteins that alter higher order structures of DNA. 

Several lines of evidence point to the fact that supercoiling of DNA can 
profoundly affect gene expression [for review, see ( 1 63)] . Elegant genetic 
experiments have implicated the E. coli supX gene in the control of transcrip­
tion, in some cases from promoters that can also be regulated by the cAMP­
CRP complex ( 164). The supX gene encodes the enzyme topoisomerase I 
( 165) , one of a class of enzymes that change the degree of DNA supercoiling 
[for review, see ( 1 66)] . Promoters such as the lac promoter appear to be active 
only when the DNA is highly negatively supercoiled by the enzyme DNA 
gyrase; topoisomerase I relaxes negative supercoils and thus renders the pro­
moter less active. Thus, mutations in supX, which inactivate topoisomerase I, 
would result in a higher degree of negative supercoiling and effect more 
efficient transcription from the promoter. Support for this idea comes from the 
observation that inhibitors of DNA gyrase such as nalidixic acid strongly 
inhibit the transcription from some promoters but not others ( 1 67,  1 68). The 
mechanism by which negative supercoiling stimulates transcription is unclear, 
but perhaps an alteration in the structure of the promoter region facilitates RNA 
polymerase binding or formation of open complexes ( 1 69). These, as we've 
already discussed, are the functions attributed to the A repressor and the 
cAMP-CRP complex. Physical studies of naked DNA have also demonstrated 
that changes in superhelical density have profound effects on sequences that 
have the potential for existing in alternative secondary structures [for example, 
see ( 1 70)] . 

A remarkable example in eukaryotic cells in which supercoiling appears to 
have a central role in gene expression is that of the yeast mating type genes, 
which are transcribed from one chromosomal location but not another ( 1 7 1 , 
172) . Using autonomously replicating plasmids in different strains of yeast, 
Nasmyth (173) has shown that the degree of super coiling of the DNA seems to 
determine whether the mating type gene is expressed or not. The product of an 
unlinked gene, called SIR or MAR, appears to be responsible for controlling 
the structure of the DNA and may be analogous to the bacterial gyrase. It is 
noteworthy that the alterations of the mating type genes affect the chromatin 
structure surrounding the gene profoundly such that nucleosome (histone 
octamer) phasing may also be affected. 

It is clearly premature to do so; nevertheless, it is tempting to speculate that 
steroid-receptor complexes may also alter DNA and chromatin structure by 
introducing negative supercoils into DNA. Since in chromatin negative super­
coils are taken up by the nucleosome, such alterations may result in dramatic 
effects on the structure of the surrounding chromatin. As suggested by Yama­
moto & Alberts (3), such an alteration may propagate over patches of chroma-
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tin, making the region more accessible to transcription factors or polymerase 
itself. Furthermore, the acquisition of DNase HS sites in the presence of 
hormone may reflect exposure of a specific DNA sequence that can serve as the 
recognition site for transcription factors. In each of these cases, the effect of the 
steroid-receptor complex could be propagated over quite large distances to 
effect alterations in promoter utilization. Evidence from several deletion and 
insertion mutants in the MMTV LTR indeed suggest that some property of 
activating the regulatory region must be propagated to the core promoter (69, 
78). The effect could be manifested either by direct propagation of a physical 
alteration or by the movement of a transcriptional factor in search of a poised 
transcription complex. This latter hypothesis has also been put forth to explain 
how viral enhancer sequences can activate promoters from a distance (86). 

A final speculation regarding the steroid-receptor complex is the possibility 
that specific interaction with another protein or set of proteins is responsible for 
gene activation. One can envision a scenario in which binding of the steroid­
receptor complex to the regulatory region serves as the focus for the interaction 
of a gyrase-like protein that itself is responsible for altering the topology of the 
chromatin. In such a case, it might be that all steroid-receptor complexes 
interact with the same or a closely related protein. 

DEVELOPMENTAL AND POST-TRANSCRIPTIONAL 

CONTROL OF GENE EXPRESSION 

Steroid hormones have profound effects on cellular physiology, many of which 
are due to the direct activation of transcription by steroid-receptor complexes. 
However, the products of the genes activated by a given hormone may in 
themselves have dramatic effects on gene expression. The notion of such a 
cascade phenomenon is exemplified by the activation of genes in Drosophila 
polytene chromosomes by the moulting hormone ecdysone. Ashburner and 
colleagues (174) identified five gene loci (i.e. the early genes) activated in 
Drosophila salivary glands in the absence of protein synthesis. In a temporally 
defined order and incumbent on de novo protein synthesis , a large series of 
middle and late genes subsequently become activated. Coordinate with the 
activation of these genes, the early genes return to a quiescent state. This highly 
regulated developmental program is initiated by a single administration of 
ecdysone and, although this hypothesis is not yet proven, suggests that the 
products of the early genes (i.e. those directly activated by the hormone) 
themselves have profound gene regulatory activities. Also related to such a 
cascade are instances in which one steroid induces the production of the 
receptor for a different steroid. The best documented example is the eStrogen­
mediated induction of progesterone receptors in various tissues [for example, 
see ( 175)] . 
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Another case in which a steroid hormone appears to regulate gene expression 
indirectly is the glucocorticoid-mediated induction of the acute phase reactant, 
a-I acid glycoprotein (AGP) . The RNA encoding this protein is induced 
several hundred-fold both in rat liver and in HTC cells, and at least in the latter 
case it requires ongoing protein synthesis ( 176-1 78) . Most surprisingly, the 
induction of the RNA appears not to be at the level of gene transcription ( 179) . 
One interpretation of these results is that the glucocorticoid-receptor complex 
directly activates a gene whose product is required for the production of stable 
AGP transcripts . This novel mechanism of gene regulation may be more 
general than previously believed; a thyroid hormone-inducible gene in rat liver 
also appears to be induced by a nontranscriptional mechanism (H. Towle , 
personal communication). Additional mechanisms may be involved in the 
ability of steroid (and other) hormones to alter the half-lives of existing 
mRNAs.  For example, the induction of ovalbumin mRNA by estrogen in the 
chick oviduct is in part due to a stabilization of the RNA ( 121 ) .  

Glucocorticoids have also been implicated in  inducing a glycoprotein­
processing pathway for MMTV proteins in rat hepatoma cells that could in 
principle dramatically alter the pattern of cellular membrane and/or secreted 
proteins ( 1 80). Again, one presumes that the hormone-receptor complex acti­
vates a gene that encodes in this case a protein-processing factor. 

Lastly, steroid hormones have dramatic effects on cell differentiation as 
exemplified by the estrogen-induced proliferation of tubular gland cells of the 
chick oviduct ( 1 19, 120) , as well as the glucocorticoid-mediated conversion of 
myeloid precursors to macrophages ( 1 8 1 )  or preadipocytes to adipocytes ( 1 82) . 
Similarly, sex steroids are often required for the proliferation and differentia­
tion of tissues involved in the reproduction or maintenance of secondary sex 
characteristics. In these cases that require complex activation of a large set of 
coordinately regulated genes, it is indeed likely that products of the steroid­
inducible genes have diverse functions in controlling the expression of the 
tissue-specific genes . Thus , an integrated physiological response to a steroid 
hormone will entail not only the primary activation of a few specific genes (as a 
consequence of receptor binding to regulatory DNA sequences) but the con­
certed interplay of other cellular regulatory factors that affect gene expression 
at both transcriptional and post-transcriptional levels. 

QUESTIONS AND PROSPECTS FOR THE FUTURE 

Many of the most pressing questions regarding steroid hormone action have 
been discussed throughout the text. Nevertheless, it may be useful to restate 
these more explicitly and to point out experimental approaches and obstacles 
that may arise. 

1 .  What constitutes an SR complex binding site and what distinguishes a 
functional binding site from the others? These issues are central to understand-
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ing the high degree of selectivity inherent in the cellular response to a particular 
hormone. For the moment, the most direct experimental approach to this 
problem will be to undertake fine mapping analysis of binding sites and 
functional regulatory regions using the powerful techniques of point mutagene­
sis and transfection . The possibility that two different steroid receptors may 
recognize the same DNA sequence can also be addressed in this fashion . 

2. How does binding of an SR complex stimulate transcription? This, of 
course, is the central question not only for steroid hormones but for positive 
regulatory proteins in all organisms. It is sobering that the molecular details of 
how phage proteins or cAMP-CRP complexes activate transcription in E. coli 
remain hazy. Experimentally, it would be extremely useful if an in vitro, 
hormone-dependent transcription system could be developed. This will require 
both luck and a much better understanding of the requirements for polymerase 
II transcription of genes. Although limited success has recently been obtained 
in isolating a promoter-specific factor [for example see ( \83)] , no one has yet 
reported an effect of SR complexes on transcription in a cell-free system. The 
physical state of the template, in particular with regard to its chromatin 
structure, may be a crucial aspect of this problem. 

3. What is the role of chromatin structure in the control of transcription and 
how do SR complexes influence it? Although it is clear that chromosomal 
position profoundly influences the ability of a hormone-responsive gene to be 
transcribed (60, 1 84) , isolating defined fragments of DNA that are packaged in 
a native chromatin state is an extremely difficult proposition . Our present 
understanding of the proteins involved in high-order chromatin structure is 
limited. Nevertheless, the utility of nucleases and chemical probes in detecting 
alterations in chromatin structure has been documented. Novel attempts to 
isolate minichromosomes in bovine papilloma virus vectors containing the 
glucocorticoid regulatory region of MMTV are underway ( 1 85) and have 
already provided the basis for future attempts to study this most difficult area. 
These minichromosomes may indeed be ideal substrates for attempts to obtain 
hormone-regulated transcription in vitro . 

4. In several cases, steroid hormones appear to inhibit specific gene tran­
scription (97, 1 86). Can SR complexes also act as direct transcriptional repres­
sor molecules or do they induce the synthesis of such repressors? 

5. What is the primary structure of the steroid receptors? Which domains are 
important in hormone binding, DNA binding, and transcriptional activation? 
Are there other proteins that interact specifically with each of the steroid 
receptors? The relative paucity of highly purified receptor protein has made 
these questions unapproachable; however, literally dozens of laboratories 
around the world are applying recombinant DNA technology to this problem. 
Undoubtedly by the time this review is published, the first reports of receptor 
cloning will be upon us. This will facilitate not only a detailed analysis of 
receptor structure and function but will provide insight into receptor evolution , 
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ontogeny of receptors , and issues related to the control of receptor gene 
expression. 

6. It is striking that the honnone sensitivity of any particular gene is 
generally confined to one or at most a few tissues. This is true despite the 
presence of functional receptors in many tissues. An area of great interest, and 
at this time little insight, is how tissue-specific expression of genes may 
detennine their honnone responsiveness. A point worth noting is that the 
activation of genes by SR complexes may be quite distinct from developmental 
activation of genes (unless, of course, the honnone itself influences the de­
velopmental program). The analysis of genes that undergo a change from 
honnone insensitivity to honnone sensitivity during a well-defined differentia­
tive program may be of significant utility in approaching this problem. 

7. As alluded to earlier, many of the effects of steroid honnones on gene 
expression are due to the products of the genes directly activated by SR 
complexes. A challenge for the future is to unravel the complex network of 
events that leads to a highly orchestrated cellular response such as steroid­
induced differentiation. It is particularly exciting to entertain the possibility that 
steroid honnones may provide a key to understanding not only how genes are 
transcriptionally activated in eukaryotic cells but, in addition, to understanding 
the control of developmental transitions and tissue differentiation at a molecu­
lar level. 

ACKNOWLEDGMENTS 
I thank all of my colleagues who provided me with the innumerable reprints and 
preprints that made it possible to write this manuscript. The suggestions made 
by A. Chapman, M.  Danielsen, D. Knight, R. Roth, H.  Schulman, and F. Torti 
were invaluable in my attempt to make the review of use to a wide spectrum of 
scientists; if I have failed the blame is solely mine. Most importantly, the 
preparation of this manuscript was facilitated by the excellent assistance of 
Karen Benight. The work in my laboratory has been supported by grants from 
the NIH, the National Foundation March of Dimes, and by an Established 
Investigator Award from the American Heart Association. 

Literature Cited 

1 .  Jensen, E. V . ,  DeSombre, E. R. 1972. 
Mechanism of action of the female sex 
hormones. Ann. Rev. Biochem. 4 1 :203-
30 

2. Gorski, J . ,  Gannon, F. 1976. Current 
models of steroid hormone action: A cri­
tique. Ann. Rev. Physiol. 38:425-50 

3. Yamamoto, K. R . ,  Alberts, B. M. 1976. 
Steroid receptors: Elements for modula­
tion of eukaryotic transcription. Ann. 
Rev. Biochem. 45:721-46 

4. Godeau, J. F . ,  Schorderet-Slatkine, S . ,  
Hubert, P . ,  Baulieu, E.-E. 1 978. Induc­
tion of maturation in Xenopus laevis 
oocytes by a steroid linked to a polymer. 
Proc. Natl. Acad. Sci. USA 75:2353-57 

5. Jensen, E. V . ,  Suzuki, T., Kawashima, 
T., Stumpf, W. E. , lungblut, P. W . ,  
DeSombre, E. R .  1968. A two-step 
mechanism for the interaction of estradiol 
with rat uterus. Proc. Natl. Acad. Sci. 
USA 59:632-38 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
98

5.
25

:5
29

-5
66

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

1/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



6. Gorski, J . ,  Toft, D. O . ,  Shyamala, G. ,  
Smith, D . ,  Notides, A. 1968. Hormone 
receptors: Studies on the interaction of 
estrogen with the uterus. Rec. Prog. 
Horm. Res. 24:45-80 

7. O'Malley, B. W., McGuire, W. L. ,  
Kohler, P. O. ,  Korenman, S .  G. 1969. 

Studies on the mechanism of steroid hor­
mone regulation of synthesis of specific 
proteins. Rec. Prog. Horm. Res. 25: 1 05-

60 
8. Tomkins, G. M.,  Martin, D. W. 1970. 

Hormones and gene expression. Ann. 
Rev. Genet. 4:91-106 

9. Yamamoto, K., Alberts , B. M. 1972. In 
vitro conversion of estradiol-receptor 
protein to its nuclear form: Dependence 
on hormone and DNA. Proc. Natl. Acad. 
Sci. USA 69:2105-9 

10. Baxter, J. D . ,  Rousseau, G. G . ,  Benson, 
M. c., Garcea, R. L. ,  Ito, J . ,  Tomkins, 
G. M. 1972. Role of DNA and specific 
cytoplasmic receptors in glucocorticoid 
action. Proc. Natl. Acad. Sci. USA 
69:1892-96 

1 1 .  Sheridan, P. J . ,  Buchanan, J. M . ,  Ansel­
mo, V. C. , Martin, P. M. 1979. Equilib­
rium: The intracellular distribution of 
steroid receptors. Nature 282:579-82 

12. Welshons, W. V. ,  Lieberman, M. E . ,  
Gorski, J. 1984. Nuclear localization of 
unoccupied estrogen receptors. Nature 
307:747-49 

1 3 .  King, W. J . ,  Greene, G. L. 1984. 

Monoclonal antibodies localize estrogen 
receptor in the nuclei of target cells. Na­
ture 307:745-47 

14. Foster, D. N . ,  Guney, T. 1976. Nuclear 
location of mammalian DNA polymerase 
activities . J. Bioi. Chem. 25 1 :7893-98 

1 5 .  Whitlock, J. P. Jr. , Galeazzi, D. 1984. 
TCDD receptors in wild type and variant 
mouse hepatoma cells: Nuclear location 
and strength of nuclear binding. J. Bioi. 
Chem. 259:980-85 

16. Vedeckis, W. V. 1984. Steroid hormone 
receptor structure in normal and neoplas­
tic cells. In Hormonally Sensitive 
Tumors, ed. V. P. Hollander. New York: 
Academic. In press 

1 7 .  Barrack, E. R . ,  Coffey, D. S .  1983. The 
role of the nuclear matrix in steroid hor­
mone action. In Biochemical Actions of 
Hormones, ed. G. Litwack, 10:23-90. 
New York: Academic 

18 .  Gorski, J . ,  Welshons, W . ,  Sakai, D. 
1984. Remodeling the estrogen receptor 
model. Mol. Cell. Endocrinol. 36: 1 1-15 

19. Sekeris, C. E. 1964. Action of ecdysone 
on RNA and protein metabolism in the 
Blowfly, Calliphora crythrocephola. In 
Mechanisms of Hormone Action, ed. P.  

STEROID ACTION 559 

Karlson, pp. 149-67. New York: 
Academic 

20. Peterkofsky, B . ,  Tomkins, G. 1968. Evi­
dence for the steroid-induced accumula­
tion of tyrosine-aminotransferase mRNA 
in the absence of protein synthesis . Proc. 
Natl. Acad. Sci. USA 60:222-28 

2 1 .  Leach, K. L . ,  Dahmer, M. K . ,  Ham­
mond, N. D . ,  Sando, J. J . ,  Pratt, W. B .  
1979. Molybdate inhibition of glucocor­
ticoid-receptor inactivation and trans­
formation. J. Bioi. Chem. 254: 1 1884-90 

22. Toft, D . ,  Nishigori, H. 1979. Stabiliza­
tion of the avian progesterone receptor by 
inhibitors. J. Steroid Biochem. 1 1 :4 1 3-

16 

23. Sherman, M. R. 1984. Structure of 
mammalian steroid receptors: Evolving 
concepts and methodological develop­
ments. Ann. Rev. Physiol. 46:83-105 

24. Dahmer, M. K. ,  Housley, P. R. , Pratt, 
W. B .  1984. Effects of molybdate and 
endogenous inhibitors on steroid­
receptor inactivation, transformation, 
and translocation. Ann. Rev. Physiol. 
46:67-81 

25. Housley, P. R . ,  Pratt, W. B. 1983. 

Direct demonstration of glucocorticoid­
receptor phosphorylation by intact L 
cells. J. Bioi. Chem. 258:4630-35 

26. Weigel, N. L. ,  Tash, J. S . ,  Means, A .  
R . ,  Schrader, W. T . ,  O'Malley, B .  W .  
198 1 .  Phosphorylation o f  hen progester­
one receptor by cAMP dependent protein 
kinase. Biochem. Biophys. Res. Com­
mun. 102:513-19 

27. Dougherty, J .  J., Puri, R. K., Toft, D .  O. 
1982. Phosphorylation in vivo of chicken 
oviduct progesterone receptor. J. Bioi. 
Chem. 257:14226--30 

28. Payvar, F . ,  DeFranco, D . ,  Firestone, G. 
L . ,  Edgar, B . ,  Wrange, 0.,  et al. 1983. 

Sequence-specific binding of glucocorti­
coid receptor to MTV DNA at sites with­
in and upstream of the transcribed region. 
Cell 35:381-92 

29. Schrader, W. T . ,  O'Malley, B. W. 1 978. 

Molecular structure and analysis of pro­
gesterone receptors . In Receptors and 
Hormone Action, ed. B .  W. O'Malley, 
L. Birnbaumer, pp. 1 89-225. New York: 
Academic 

30. Westphal, H. M . ,  Moldenhauer, G. , 
Beato, M. 1982. Monoclonal antibodies 
to the rat liver glucocorticoid receptor. 
EMBO J. 1 : 1467-7 1 

3 1 .  Gametchu, B . ,  Harrison, R. W. 1984. 
Characterization of a monoclonal anti­
body to the rat liver glucocorticoid recep­
tor. Endocrinology 1 14:274-85 

32. Logeat, F. , Hai, M. T. V . ,  Fournier, A . ,  
Legrain, P . ,  Buttin, G . ,  Milgrom, E. 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
98

5.
25

:5
29

-5
66

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

1/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



560 RINGOLD 

1 983. Monoclonal antibodies to rabbit 
progesterone receptor; Cross-reaction 
with other mammalian progesterone re­
ceptors. Proc. Natl. Acad. Sci. USA 
80:6456-59 

33. Pike, J. W. 1984. Monoclonal antibodies 
to chick intestinal receptors for 1 ,25-
dihydroxyvitamin D3. J. Bioi. Chem. 
259: 1 167-73 

34. Wrange, 0. ,  Carlstedt-Duke, J . ,  Gus­
tafsson, J .-A. 1979. Purification of the 
glucocorticoid receptor from rat liver 
cytosol .  J. Bioi. Chem. 254:9284-90 

35. Bresciani,  F . ,  Sica, V . ,  Weisz, A. 1979. 
Properties of estrogen receptor purified to 
homogeneity. See Ref. 17, 6:461-80 

36. Carlstedt-Duke, J . ,  Okret, S . ,  Wrange, 
0., Gustafsson, J . -A . 1982. 1m­
munochemical analysis of the glucocorti­
coid receptor: Identification of a third do­
main separate from the steroid-binding 
and DNA-binding domains. Proc. Natl. 
Acad. Sci. USA 79:426�4 

37. Westphal, H. M . ,  Beato, M. 1980. The 
activated glucocorticoid receptor of rat 
liver. Purification and physical character­
ization. Eur. J. Biochem. 106:395-403 

38. Govindan, M . ,  Sekeris, C. 1978. Puri­
fication of two dexamethasone-binding 
proteins from rat liver cytosol .  Eur. J. 
Biochem. 89;95-104 

39. Sherman, M. R . ,  Pickering, L. A . ,  Roll­
wagen, F. M . ,  Miller, L. K. 1978. 
Meroreceptors; Proteolytic fragments of 
receptors containing the steroid-binding 
site. Fed. Proc. 37: 1 67-73 

40. Sibley, C. H . ,  Tomkins, G. M. 1974. 
Mechanisms of steroid resistance. Cell 
2:221-27 

4 1 .  Dellweg, H.-G . ,  Hotz, A . ,  Mugele, K . ,  
Gehring, U. 1982. Active domains in 
Wild-type and mutant glucocorticoid re­
ceptors. EMBO J. 1 :285-89 

42. Yamamoto, K. R . ,  Stampfer, M. R . ,  
Tomkins, G. M .  1974. Receptors from 
glucocorticoid-sensitive lymphoma cells 
and two classes of insensitive clones: 
Physical and DNA-binding properties. 
Proc. Natl. Acad. Sci. USA 7 1 :3901-
5 

43. Scheidereit, C. , Geisse, S . ,  Westphal, 
H.  M . ,  Beato, M. 1983. The glucocorti­
coid receptor binds to defined nucleotide 
sequences near the promoter of mouse 
mammary tumor virus. Nature 304:749-
52 

44. Yamamoto, K. R . ,  Gehring, U. , Stamp­
fer, M. R . ,  Sibley, C. H. 1976. Genetic 
approaches to steroid hormone action. 
Rec. Prog. Horm. Res. 32:3-32 

45. Bourgeois, S . ,  Gasson, J. C. 1 984. 
Genetic and epigenetic bases of glucocor-

ticoid resistance in lymphoid cell Jines. 
See Ref. 17,  1 2: In press 

46. McGrath, C. M. 197 1 .  Replication of 
mammary tumor virus in tumor cell cul­
tures: Dependence on hormone-induced 
cellular organization. J. Natl. Cancer 
Inst. 47:455-67 

47. Stallcup, M. R . ,  Ring, J . ,  Yamamoto, K .  
R.  1978. Synthesis o f  mouse mammary 
tumor virus ribonucleic acid in isolated 
nuclei from cultured mammary tumor 
cells. Biochem. 1 7: 1 5 1 5-21 

48. Dickson, C . ,  Peters, G. 1983. Proteins 
encoded by mouse mammary tumor 
virus. Curro Top. Microbial. Immunol. 
106:1-34 

49. Ringold, G. M. 1 983. Regulation of 
mouse mammary tumor virus gene ex­
pression by glucocorticoid hormones.  
Curro Top. Microbiol. Immunol. 106:79-
103 

50. Temin, H.  M. 1 98 1 .  Structure, variation 
and synthesis of retrovirus long terminal 
repeat. Cell 27:1-3 

5 1 .  Varrnus, H. E. 1982. Form and function 
of retroviral proviruses.  Science 
216:8 1 2-20 

52. Parks, W. P. ,  Scolnick, E. M . ,  Kozi­
kowski, E. H. 1974. Dexamethasone 
stimulation of murine mammary tumor 
virus expression. A tissue culture source 
of virus. Science 1 2: 158-60 

53. Ringold, G. M . ,  Lasfargues, E.  Y . ,  
Bishop, J .  M . ,  Varrnus, H. E .  1975. Pro­
duction of mouse mammary tumor virus 
by cultured cells in the absence and pres­
ence of hormones: Assay by molecular 
hybridization. Virology 65: 1 35-47 

54. Ringold, G. M . ,  Yamamoto, K. R . ,  
Tomkins, G. M . ,  Bishop, J .  M . ,  Var­
mus, H. E. 1 975. Dexamethasone­
mediated induction of mouse mammary 
tumor virus RNA: A system for studying 
glucocorticoid action. Cell 6:299-305 

55. Scolnick, E. M . ,  Young, H. A . ,  Parks, 
W. P. 1976. Biochemical and physiolog­
ical mechanisms in glucocorticoid hor­
mone induction of mouse mammary 
tumor virus. Virology 69:148-56 

56. Ringold, G. M . ,  Yamamoto, K. R . ,  
Bishop, J. M . ,  Varmus, H. E. 1977. Glu­
cocorticoid-stimulated accumulation of 
mouse mammary tumor virus RNA: In­
creased rate of synthesis of viral RNA. 
Proc. Natl. Acad. Sci. USA 74:2879-83 

57. Young, H. A . ,  Shih, T. Y. , Scolnick, E. 
M . ,  Parks, W. P. 1977. Steroid induction 
of mouse mammary tumor virus: Effect 
upon synthesis and degradation of viral 
RNA. J. Virol. 2 1 : 1 39-46 

58.  Vaidya, A. B . ,  Lasfargues, E. Y . ,  
Huebel ,  G . ,  Lasfargues, J. C . ,  Moore, 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
98

5.
25

:5
29

-5
66

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

1/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



D. H. 1 976. Murine mammary tumor 
virus: Characterization of infection of 
non-murine cells. J. Virol. 18:9 1 1-17 

59. Ringold, G. M . ,  Cardiff, R. D . ,  Varmus, 
H.  E.,  Yamamoto, K.  R. 1977. Infection 
of cultured hepatoma cells by mouse 
mammary tumor virus. Cell 10 : 1 1-18 

60. Ringold, G. M. , Shank, P.  R.,  Varmus, 
H.  E . ,  Ring, J . ,  Yamamoto, K. R. 1979. 
Integration and transcription of mouse 
mammary tumor virus DNA in rat hepa­
toma cells . Proc. Natl. Acad. Sci. USA 
76:665-69 

6 1. Cohen, J. C . ,  Shank, P. R . ,  Morris, V .  
L . ,  Cardiff, R. D . ,  Varmus, H. E. 1979. 
Integration of the DNA of mouse mam­
mary tumor virus in virus infected normal 
and neoplastic tissue of the mouse. Cell 
16:333-45 

62. Buetti, E. , Diggelmann, H. 1981. 
Cloned mouse mammary tumor virus 
DNA i� biulugically a<;live in Iransfecled 
mouse cells and its expression is stimu­
lated by glucocorticoid hormones. Cell 
23:335-45 

63 . Hynes, N. E. ,  Kennedy, N . ,  Rahmsford, 
U. ,  Groner, B .  1981. Hormone respon­
sive expression of an endogenous provi­
ral gene of mouse mammary tumor virus 
after molecular cloning and gene transfer 
into cultured cells. Proc. Natl. Acad. Sci. 
USA 78:2038-42 

64. Wigler, M . ,  Sweet, R . ,  Sim, G. K. , 
Wold, B . ,  Pellicer, A . ,  et al. 1979. 
Transformation of mammalian cells with 
genes from prokaryotes and eukaryotes. 
Cell 16:777-85 

65. Lee, F . ,  Mulligan, R . ,  Berg, P. , Rin­
gold, G. 198 1 .  Glucocorticoids regulate 
expression of dihydrofolate reductase 
eDNA in mouse mammary tumor virus 
chimeric plasmids. Nature 294:228-32 

66. Huang, A. L . ,  Ostrowski, M. c . ,  Be­
rard, D . ,  Hager, G. L. 1981. Glucocorti­
coid regulation of the HaMuSV p21 gene 
conferred by sequences from mouse 
mammary tumor virus. Cell 27:245-55 

67. Groner, B . ,  Kennedy, N . ,  Rahmsdorf, 
U . ,  Herrlick, P . ,  van Doyen, A . ,  Hynes, 
N. E. 1982. Introduction of a proviral 
mouse mammary tumor virus gene and a 
chimeric MMTV -thymidine kinase gene 
into L cells results in their glucocorticoid 
responsive expression. In Hormones and 
Cell Regulation, ed. J. E. Dumont, J.  
Nunez, G .  Schultz, 6:217-28. Amster­
dam: Elsevier North Holland 

68. Buetti, E. , Diggelmann, H. 1983. Gluco­
corticoid regulation of mouse mammary 
tumor virus: Identification of a short 
essential region. EMBO J. 2: 1423-29 

69. Majors, J . ,  Varmus, H. 1983. A small 

STEROID ACTION 561 

region of the mouse mammary tumor 
virus long terminal repeat confers gluco­
corticoid hormone regulation on a linked 
heterologous gene. Proc. Natl. Acad. 
Sci. USA 80:5866--70 

70. Hall, C. V. , Jacob, P. E. , Ringold, G .  
M . ,  Lee, F. 1983. Expression and regula­
tion of E. coli lac Z gene fusions in 
mammalian cells. 1. Mol. Appl. Genet. 
2 : 10 1-10 

7 1. Chapman, A.  B . ,  Costello, M .  A., Lee, 
F . ,  Ringold, G. M. 1983. Amplification 
and hormone-regulated expression of a 
MMTV -Eco gpt fusion plasmid in mouse 
3T6 cells. Mol. Cell. Bioi. 3: 142 1-29 

72. Fasel, N . ,  Pearson, K . ,  Buetti, E . ,  Dig­
gelmann, H. 1982. The region of mouse 
mammary tumor virus DNA containing 
the long terminal repeat includes a long 
coding sequence and signals for hormon­
ally regulated transcription. EMBO J. 
1 ;3-7 

73. Yamamoto, K.  R . ,  Payvar, F . ,  Fire­
stone, G. L. , Maler, B. A. , Wrange, 0.,  
et  al .  1983. Biological activity of cloned 
mammary tumor virus DNA fragments 
that bind purified glucocorticoid receptor 
protein in vitro. Cold Spring Harbor 
Symp. Quant. Bioi. 47:977-84 

74. Payvar, F. , Wrange, 0 . ,  Carlstedt-Duke, 
J . ,  Okret, S . ,  Gustaffson, J. A . ,  Yama­
moto, K. R . ,  1981. Purified glucocorti­
coid receptors bind selectively in vitro to 
a cloned DNA fragment whose transcrip­
tion is regulated by glucocorticoids in 
vivo. Proc. Natl. Acad. Sci. USA 
78:6628-32 

75. Nevins, J. R. 1983. The pathway of eu­
karyotic mRNA formation. Ann. Rev. 
Biochem. 52:441-66 

76. Hynes, N . ,  Van Doyen, A.  J .  J . ,  Ken­
nedy, N . ,  Herrlich, P. , Ponta, H . ,  Gron­
ger, B. 1983. Subfragments of the large 
terminal repeat cause glucocorticoid­
responsive expression of mouse mam­
mary tumor virus and of an adjacent 
gene. Proc. Natl. Acad. Sci. USA 
80:3637-41 

77. Ringold, G. M. , Dobson, D. E . ,  Grove, 
J. R . ,  Hall, C. V . ,  Lee, F. , Vannice, J.  
L. 1983. Glucocorticoid regulation of 
gene expression: Mouse mammary tumor 
virus as a model system. Rec. Prog. 
Horm. Res. 39:387-424 

78. Lee, F . ,  Hall, C. V . ,  Ringold, G. M . ,  
Dobson, D.  E . ,  Luh, J . ,  Jacob, P.  E .  
1984. Functional analysis o f  the steroid 
hormone control region of mouse mam­
mary tumor virus. Nucleic Acids Res. 
12:4191-206 

79. Chandler. V .  L . ,  Maler, B. A . ,  Yama­
moto, K. R. 1983. DNA sequences 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
98

5.
25

:5
29

-5
66

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

1/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



562 RINGOLD 

bound specifically by glucocorticoid re­
ceptor in vitro render a heterologous 
promoter responsive in vivo. Cell 
33:489-99 

80. Hager, G. L. , Lichtler, A. C . ,  Ostrow­
ski, M. C. 1 983. The MMTV glucocorti­
coid regulatory sequence: A positive or 
negative element? In Current Com­
munications in Molecular Biology, En­
hancers and Eukaryotic Gene Expres­
sion, ed. Y. Gluzman, S .  Shenk, pp. 
1 61-64. Cold Spring Harbor, New York: 
Cold Spring Harbor BioI. Lab. 

8 1 .  Dobson, D. E . ,  Lee, F. , Ringold, G. M.  
1983. Separation of promoter and hor­
mone regulatory sequences in MMTV. 
In Gene Expression, ed. D. Hamer, 
M. Rosenbcrg, pp. 87-94. New York: 
Liss 

82. Kessel, M . ,  Khoury, G. 1 983. Induction 
of cloned genes after transfer into eu­
karyotic cells. In Gene Amplification and 
Analysis, ed. E .  F. Papas, M. Rosenberg, 
I. G. Chirikjian, 3:234-60. New York: 
Elsevier 

83.  Ringold, G. M . ,  Chapman, A . ,  Costello, 
M . ,  Dobson, D . ,  Hall, C . ,  et al. 1983. 
Glucocorticoid regulation of mouse 
mammary tumor virus gene expression. 
In Mechanisms of Drug Action, ed. T. 
Singer, T. E. Mansour, R. N.  Ondarza, 
pp. 91-105.  New York: Academic 

84. Culpepper, J . ,  Lee, F. 1984. A fragment 
of the MMTV LTR confers hormonal rc­
sponsiveness on a heterologous promot­
er. Mol. Cell. Bioi. In press 

85.  Banerji, J . ,  Rusconi, S . , Schaffner, W. 
198 1 .  Expression of a beta globin gene is 
enhanced by remote SV40 DNA se­
quences. Cell 27:299-308 

86. Moreau, P. ,  Hen, R . ,  Wasylyk, B . ,  
Everrett, R . ,  Gaub, M.  P . ,  Chambon, P. 
1 98 1 .  The SV 40 72 base pair repeat has a 
striking effect on gene expression both in 
SV40 and other chimeric recombinants. 
Nucleic Acids Res. 9:6047-69 

87. Fromm, M . ,  Berg, P. 1982. Deletion 
mapping of DNA regions required for 
SV 40 early region promotor function in 
vivo. J. Mol. Appl. Gen. 1 :457-81 

88. Laimins, L. A . ,  Khoury, G . ,  Gorman, 
C . ,  Howard, B . ,  Gruss, P. 1 982. Host­
specific activation of transcription by tan­
dem repeats from Simian virus 40 and 
Moloney murine sarcoma virus. Proc. 
Natl. Acad. Sci. USA 79:6453-57 

89. Khoury, G . ,  Gruss, P. 1983. Enhancer 
elements. Cell 33: 3 1 3- 14 

89a. Ostrowski, M. C . ,  Huang, A. L . ,  Kes­
sel, M. , Wolford, R. G . ,  Hager, G. L. 
1984. Modulation of enhancer activity by 
the hormone responsive regulatory ele-

ment from mouse mammary tumor virus. 
EMBO 1. 3 : 1 89 1-99 

90. Doehmer, 1. ,  Barinaga, M . ,  Vale, W . ,  
Rosenfeld, M. G . ,  Verma, I. M . ,  Evans, 
R. M. 1982. Introduction of rat growth 
hormone gene into mouse fibroblasts via 
a retroviral DNA vector: Expression and 
regulation. Proc. Nat!. Acad. Sci. USA 
79:2268-72 

9 1 .  Karin, M . ,  Eberhardt, N. L . ,  Mellon, S .  
H . ,  Malich, N . ,  Richards, R .  I . ,  et al. 
1984. Expression and hormonal regula­
tion of the rat growth hormone gene in 
transfected mouse L cells. DNA 3: 147-
55 

92. Martial, J. A . ,  Baxter, J. D . ,  Goodman, 
H. M . ,  Seeburg, P. H. 1977. Regulation 
of growth hormone messenger RNA by 
thyroid and glucocorticoid hormones. 
Proc. Natl. Acad. Sci. USA 74: 1 8 1 6-20 

93. Robins, D. M . ,  Paek, I . ,  Seeburg, P. H . ,  
Axel, R. 1982. Regulated expression of 
human growth hormone genes in mouse 
cells. Cell 29:623-3 1 

94. Roy, A. K . ,  Neuhaus, O. W. 1 966. Proof 
of the hepatic synthesis of a sex­
dependent protein in the rat. Biochim. 
Biophys. Acta 127:82-87 

95. Roy, A. K . ,  Chatterjee, B . ,  Demyan, W. 
F . ,  Milin, B .  S . ,  Motwani, N .  M . ,  et aI. 
1983. Hormone and age-dependent reg­
ulation of Olzu-globulin gene expression. 
Rec. Prog. Harm. Res. 39:425-61 

96. Kurtz, D. T . ,  Feigelson, P. 1977. Multi­
hormonal induction of hepatic OlZu­
globulin mRNA as measured by hybrid­
ization to complementary DNA. Proc. 
Natl. Acad. Sci. USA 74:4791-95 

97. Roy, A. K . ,  McMinn, D. M. , Biswas, N.  
M. 1 975. EstrogeniC inhibition of the 
hepatic synthesis OlZu globulin in the rat. 
Endocrinology 97: 1501-8 

98. Chen, C.-L. C. , Feigelson, P. 1 979. 
Cycloheximide inhibition of hormonal 
induction of Olzu-globulin mRNA. Proc. 
Natl. Acad. Sci. USA 76:2669-73 

99. Kurtz, D. T. 198 1 .  Hormonal inducibil­
ity of rat 0l-2j.L globulin genes in trans­
fected mouse cells. Nature 291 :629-31  

100. Shinomiya, T . ,  Scherer, G . ,  Schmid, 
W . ,  Zentgraf, H . ,  Schutz, G. 1 984. 
Isolation and characterization of the rat 
tyrosine aminotransferase gene. Proc. 
Natl. Acad. Sci. USA 8 1 : 1 346-50 

1 0 1 . Karin, M . ,  Herschman, H. R. 1 979. 
Dexamethasone stimulation of metal­
lothionein synthesis in HeLa cell cul­
tures. Science 204: 1 76-77 

102. Hager, L. J. ,  Palmiter, R. D. 1 98 1 .  
Transcriptional regulation of mouse liver 
metallothionein-I gene by glucocorti­
coids. Nature 291 :340-42 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
98

5.
25

:5
29

-5
66

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

1/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



103. Karin, M . ,  Andersen, R. D . ,  Slater, E . ,  
Smith, K . ,  Herschman, H.  R. 1980. 
Metallothionein mRNA induction in 
HeLa cells in response to zinc or dexa­
methasone is a primary induction re­
sponse. Nature 286:295-97 

104. Mayo, K. E. ,  Warren, R . ,  Palmiter, R. 
D.  1982. The mouse metallothionein-I 
gene is transcriptionally regulated by 
cadmium following transfection into hu­
man or mouse cells. Cell 29:99-108 

105 .  Karin, M . ,  Haslinger, A . ,  Holtgreve, H . ,  
Cathala, G . ,  Slater, E . ,  Baxter, J .  D .  
1984. Activation of a heterologous pro­
moter in response to dexamethasone and 
cadmium by metallothionein gene 5 ' ­
flanking DNA. Cell 36:37 1-79 

106. Moen, R. C . ,  Palmiter, R. D. 1980. 
Changes in hormone responsiveness of 
chick oviduct during primary stimulation 
with estrogen. Dev. Bioi. 78:450-63 

107 .  Renkawitz, R . ,  Beug, H . ,  Graf, T . ,  
Matthias, P . ,  Grez, M . ,  Schutz, G .  1982. 
Expression of a chicken lysozyme recom­
binant gene is regulated by progesterone 
and dexamethasone after microinjection 
into oviduct cells. Cell 3 1 : 167-76 

108. Renkawitz, R . ,  Schutz, G . ,  von defAhe, 
D . ,  Beato, M. 1984. Sequences in the 
promoter region of the chicken lysozyme 
gene required for steroid regulation and 
receptor binding. Cell 37:503-10 

109. Geisse, S . ,  Scheidereit, c . ,  Westphal , 
H. M. , Hynes, N. E . ,  Groner, B . ,  Beato, 
M. 1982. Glucocorticoid receptors rec­
ognize DNA sequences in and around 
murine mammary tumor virus DNA. 
EMBO J. 1 : 1613-19 

1 10. Govindan, M. V . ,  Spiess, E., Majors, J. 
1 982. Purified glucocorticoid-hormone 
complex from rat liver cytosol binds spe­
cifically to cloned mouse mammary 
tumor virus long terminal repeats in vitro. 
Proc. NaIl. Acad. Sci. USA 79:5157-61 

1 1 1 .  Scheidereit, C . ,  Geisse, S . ,  Westphal, 
H. M . ,  Beato, M. 1983 . The glucocorti­
coid receptor binds to defined nucleotide 
sequences near the promoter of mouse 
mammary tumor virus. Nature 304:749-
52 

1 1 2 .  Pfahl ,  M .  1 982. Specific binding of the 
glucocorticoid-receptor complex to the 
mouse mammary tumor virus promoter 
region. Cell 3 1  :475-82 

1 13 .  DeFranco, D . ,  Wrange, 0 . ,  Mer­
ryweather, J . ,  Yamamoto, K. R. 1 984. 
B iological activity of a glucocorticoid 
regulated enhancer: DNA sequence re­
quirements and interactions with other 
transcriptional enhancers. In Genome 
Rearrangement, ed. I. Herskowitz, M .  
Simon. New York: Academic. I n  press 

STEROID ACTION 563 

1 14.  Karin, M . ,  Haslinger, A . ,  Holtgreve, H . ,  
Richards, R. I. , Krauter, P . ,  et al. 1984. 
Characterization of DNA sequences 
through which cadmium and glucocorti­
coid hormones induce human metal­
lothionein-IIA gene. Nature 308:5 1 3-19 

l i S .  Scheidereit, c . ,  Beato, M. 1984. Con­
tacts between hormone receptor and 
DNA double helix within a glucocorti­
coid regulatory element of mouse mam­
mary tumor virus. Proc. Natl. Acad. Sci. 
USA 8 1 :3029-33 

1 16. Yamamoto, K. R . ,  Alberts, B .  1 975. The 
interaction of estradiol-receptor protein 
with the genome: An argument for the 
existence of undetected specific sites. 
Cell 4:301-10 

1 17 .  Payvar, F . ,  Wrange, 0. 1984. Relative 
selectivities and efficiencies of DNA 
binding by purified intact and protease­
cleaved glucocorticoid receptor. In Ste­
roid Hormone Receptors: Structure and 
Function, ed. H. Eriksson, J.-A. Gus­
tafsson, pp. 267-82. Amsterdam: Else­
vier/North-Holland Biomed. 

1 18 .  Cox, R. F. , Haines, M. E . ,  Emtage, J. S .  
1974. Quantitation o f  ovalbumin mRNA 
in hen and chick oviduct by hybridization 
to complementary DNA. Eur. J. 
Biochem. 49:225-36 

1 19. Chan, L . ,  Means, A. R . ,  O'Malley, B .  
W .  1973 . Rates of induction of specific 
translatable messenger RNAs for ovalbu­
min and avidin by steroid hormones. 
Proc. Nail. Acad. Sci. USA 70: 1 870-
74 

1 20. Rhoads, R. E . ,  McKnight, G. S . ,  
Schimke, R. T .  1973. Quantitative 
measurement of ovalbumin messenger 
RNA activity. J. Bioi. Chern. 248:203 1 

1 2 1 .  Palmiter, R. D . ,  Carey, N. H. 1974. 
Rapid inactivation of ovalbumin messen­
ger ribonucleic acid after acute withdraw­
al of estrogen. Proc. NaIl. Acad. Sci. 
USA 7 1 :2357-61 

122. Schutz, G . ,  Nguyen-Huu, M. C . ,  
Giesecke, K . ,  Hynes, N .  E. , Groner, B . ,  
et al. 1978. Hormonal control of egg 
white protein messenger RNA synthesis 
in the chicken oviduct. Cold Spring Har­
bor Symp. Quant. Bioi. 42:61 7-24 

123. McKnight, G. S . ,  Palmiter, R. D. 1979. 
Transcriptional regulation of the ovalbu­
min and conalbumin genes by steroid 
hormones in the chick oviduct. J. Bioi. 
Chern. 254:9050-58 

124. Schimke, R. T.,  McKnight, G. S . ,  Sha­
piro, D. J. 1 975. Nucleic acid probes and 
analysis of hormone action in oviduct. 
See Ref. 1 7 ,  3:245 

1 25 .  Rosen, J. ,  O'Malley, B .  W. 1975. Hor­
monal regulation of specific gene ex-

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
98

5.
25

:5
29

-5
66

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

1/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



564 RINGOLD 

pression in the chick oviduct. See Ref. 
1 7 , 3:271 

1 26. Heilig, R.,  Muraskowsky, R.,  Mandel, 
J . -L. 1 982. The ovalbumin gene family. 
1. Mol. Bioi. 1 56 : 1 - 1 9  

1 27.  LeMeur, M . ,  Glanville, N . ,  Mandel, J .  
L . ,  Gerlinger, P . ,  Palmiter, R . ,  Cham­
bon, P. 198 1 .  The ovalbumin gene fami­
ly: Hormonal control of X and Y gene 
transcription and mRNA accumulation. 
Cell 23:561-7 1  

1 28 .  Knoll, B .  J . ,  Zarucki-Schulz, T . ,  Dean, 
D. c . ,  O'Malley, B. W. 1 983. Definition 
of the ovalbumin gene promoter by trans­
fer of an ovalglobin fusion gene into cul­
tured cells. Nucleic Acids Res. 1 1  :6733-
54 

1 29. Dean, D. C . ,  Knoll, B. J . ,  Riser, M. E . ,  
O'Malley, B .  W .  1983. A S ' -flanking 
sequence essential for progesterone reg­
ulation of an ovalbumin fusion gene. Na­
ture 305:55 1-54 

1 30. Dean, D. c . ,  Gope, R . ,  Knoll, B. J . ,  
Riser, M .  E . ,  O 'Malley, B .  W. 1 984. A 
similar 5 '  flanking region is required for 
estrogen and progesterone induction of 
ovalbumin gene expression. 1. Bioi. 
Chern. 259:9967-70 

1 3 1 .  Loosfelt, H . ,  Fridlansky, F . ,  Savouret, 
J . -F. , Atger, M . ,  Milgrom, E. 1 98 1 .  
Mechanism of action of progesterone in 
the rabbit endometrium. 1. Bioi. Chem. 
256:3465-70 

1 32.  Kumar, N. M . ,  Chandra, T . ,  Woo, S. L. 
C., Bullock, D .  W. 1 982.  Transcription­
al activity of the uteroglobin gene in rab­
bit endometrial nuclei during carly preg­
nancy. Endocrinology I I I :  1 1 1 5-20 

1 33 .  Parker, M. G . ,  Scrace, G. T . ,  Mainwar­
ing, W. I. P. 1 978. Testosterone reg­
ulates the synthesis of major proteins in 
rat ventral prostate. Biochern. 1. 1 70: 
1 15-21 

1 34. Page, M. J . ,  Parker, M. G. 1 983.  
Androgen-regulated expression of a 
cloned rat prostatic C3 gene transfected 
into mouse mammary tumor cells. Cell 
32:495-502 

1 35 .  Brown, A. M. c . ,  Jeltsch, J . -M . ,  
Roberts, M . ,  Chambon, P.  1 984. Activa­
tion of pS2 gene transcription is a primary 
response to estrogen in the human breast 
cancer cell line MCF-7. Proc. Natl. 
Acad. Sci. USA . 8 1 :6344-48 

1 36. Hayward , M .  A . ,  Brock, M .  L . ,  Shapiro, 
D. J. 1 982. Activation of vitellogenin 
gene transcription is a diree! response to 
estrogen in Xenopus laevis liver. Nucleic 
Acids Res. 1 0:8273-84 

1 37 .  Mulvihill, E. P.,  LePennec, J .-P. , 
Chambon, P. 1 982. Chicken oviduct 
progesterone receptor: Location of spe-

cilic regions of high-affinity binding in 
cloned DNA fragments of hormone­
responsive genes. Cell 28:621-32 

138. Compton, J. G . ,  Schrader, W. T. , 
O'Malley, B. W. 1 982. Selective bind­
ing of chicken progesterone receptor A 
subunit to a DNA fragment containing 
ovalbumin gcne sequences. Biochem. 
Biophys. Res. Commun. 105:95- 1 04 

1 39. Compton, J. G . ,  Schrader, W. T . ,  
O'Malley, B .  W.  1 983.  DNA sequence 
preference of the progesterone receptor. 
Proc. Natl. Acad. Sci. USA 80: 1 6-20 

1 40. Bailly, A. , Atger, M . ,  Atger, P . ,  Cer­
bon, M.-A . ,  Alizon, M . ,  et a!' 1 983.  The 
rabbit uteroglobin gene: Structure and in­
teraction with the progesterone receptor. 
1. Bioi. Chem. 258: 10384-89 

1 4 1 .  Jost, J . -P. , Seldran, M . ,  Geiser, M .  
1 984. Preferential binding of estrogen­
receptor complex to a region containing 
the estrogen-dependent hypomethylation 
site preceding the chicken vitellogenin II 
gene. Proc. Natl. Acad. Sci. USA 8 1 :  
429-33 

142. Burch, J. B . E . ,  Weintraub, H .  1 983 . 
Temporal order of chromatin structural 
changes associated with activation of the 
major chicken vitellogenin gene. Cell 
33:65-76 

143. Chamberlin, M. J. 1 974. The selectivity 
of transcription. Ann. Rev. Biochem. 
43:721 -75 

144. McClure, W .  R .  1 980. Rate-limiting 
steps in RNA chain initiation. Proc. Natl. 
Acad. Sci. USA 77:5634-38 

1 45 .  Hawley, D. K . ,  McClure, W. R. 1 983. 
The effect of a lambda repressor mutation 
on the activation of transcription initia­
tion from the lambda PRM promoter. Cell 
32:327-33 

146. Guarente, L . ,  Nye, J. S . ,  Hochschild, 
A . ,  Ptashne, M. 1 982. Mutant A phage 
repressor with a specific defect in its posi­
tive control function. Proc. Natl. Acad. 
Sci. USA 79:2236-39 

1 47.  Hochschild, A . ,  Irwin, N . ,  Ptashne, M .  
1 983.  Repressor structure and the 
mechanism of positive controL Cell 
32: 3 1 9-25 

148.  de Crombrugghe, B . ,  Busby, S . ,  Buc, H .  
1 984. Cyclic A M P  receptor protein: Role 
in transcription activation. Science 
224:831-38 

1 49.  Spassky, A . ,  Busby, S . ,  Buc, H .  1 984. 
On the action of the cyclic AMP-cyclic 
AMP receptor protein complex at the 
Escherichia coli lactose and galactose 
promoter regions. EMBO 1. 3:43-50 

1 50. Taniguchi ,  T. , de Crombrugghe, B .  
1 983. Interactions o f  RNA polymerase 
and the cyclic AMP receptor protein on 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
98

5.
25

:5
29

-5
66

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

1/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



DNA of the E. coli galactose operon. 
Nucleic Acids Res. 1 1 : 5 1 65-80 

1 5 1 .  Shanblatt, S. H . ,  Revzin, A. 1 983. Two 
catabolite activator protein molecules 
bind to the galactose promoter region of 
E. coli in the presence of RNA 
polymerase. Proc. Natl. Acad. Sci. USA 
80: 1 594-98 

152.  Weintraub, H . ,  Groudine, M. 1 976. 
Chromosomal subunits in active genes 
have an altered conformation. Science 
1 93:848-56 

1 5 3 .  WU, C. 1980. The 5 '  ends of Drosophila 
heat shock genes in chromatin are 
hypersensitive to DNAse I. Nature 
286:854-60 

1 54. Elgin, S .  C.  R .  1 98 1 .  DNAase 1-
hypersensitive sites of chromatin. Cell 
27:41 3- 1 5  

155 .  Wilks, A. J . ,  Cato, A. C.  B . ,  Cozens, P.  
J . ,  Mattaj , I.  W., Jost, J .-P.  198 1 .  Isola­
tion and fine structure organization of an 
avian vitellogenin gene coding for the 
major estrogen-inducible mRNA. Gene 
1 6:249-59 

1 56 .  Gerber-Huber, S . ,  Felber, B .  K . ,  Weber, 
R . ,  Ryffel, G. U. 1 98 1 .  Estrogen induces 
tissue specific changes in the chromatin 
conformation of the vitellogenin genes in 
Xenopus. Nucleic Acids Res. 9:2475-94 

157.  Lawson, G. M . ,  Knoll, B .  I . ,  March, C.  
I . ,  Woo, S .  L.  C . ,  Tsai, M .-J . ,  O'Mal­
ley, B. W. 1 982. Definition of 5' and 3 '  
structural boundaries o f  the chromatin 
domain containing the ovalbumin mul­
tigene family. J. Bioi. Chem. 257: 1 501-
7 

1 5 8 .  Stumph, W. E . ,  Baez, M . ,  Beattie, W. 
G.,  Tsai, M . -I . ,  O'Malley, B .  W. 1983.  
Characterization of deoxyribonucleic 
acid sequences at the 5 '  and 3 '  borders of 
the 100 kilobase pair ovalbumin gene do­
main. Biochemistry 22:306-- 1 5  

1 59. Zaret, K .  S . ,  Yamamoto, K. R .  1 984. 
Reversible and persistent changes in 
chromatin structure accompanying 
activation of a glucocorticoid-dependent 
enhancer element. Cell 38:29-38 

1 60. Baker, H. I . ,  Shapiro, D. J. 1 978. Rapid 
accumulation of vitellogenin messenger 
RNA during secondary estrogen stimula­
tion of Xenopus laevis . J. Bioi. Chem. 
253:4521-24 

1 6 1 . Becker, P . ,  Renkawitz, R . ,  Schutz, G. 
1984. Tissue-specific DNaseI hypersen­
sitive sites in the 5 '  flanking sequences of 
the tryptophan oxygenase and the tyro­
sine aminotransferase genes. EMBO J. 
3:20 1 5-20 

1 62.  Kaye, I. S . ,  Bellard, M . ,  Dretzen, G . ,  
Bellard, F. , Chambon, P. 1 984. A close 
association between sites of DNase I 

STEROID ACTION 565 

hypersensitivity and sites of enhanced 
cleavage by micrococcal nuclease in the 
5 '  -flanking region of the actively tran­
scribed ovalbumin gene. EMBO 1. 
3: 1 1 37-44 

1 63.  Smith, G. R .  1 98 1 .  DNA supercoiling: 
Another level for regulating gene ex­
pression. Cell 24:599-600 

1 64. Dubnau, E . ,  Margolin, P. 1 972. Sup­
pression of promoter mutations by the 
pleiotropic supX mutation. Mol. Gen. 
Genet. 1 1 7:91-1 1 2  

1 65 .  Stemglanz, R. , DiNardo, S . ,  Voelkel , 
K. A . ,  Nishimura, Y . ,  Hirota, Y . ,  et al. 
198 1 .  Mutations in the gene coding for 
Escherichia coli DNA topoisomerase I 
affect transcription and transposition. 
Proc. Natl. Acad. Sci. USA 78:2747-
5 1  

1 66. Gellert, M .  198 1 .  DNA topoisomerases. 
Ann. Rev. Biochem. 50:879-91 0  

167.  Shuman, H . ,  Schwartz, M .  1975 . The 
effect of nalidixic acid on the expression 
of some genes in Escherichia coli K- 1 2 .  
Biochem. Biophys. Res. Commun. 64 :  
204-9 

1 68.  Sanzey, B. 1979. Modulation of gene 
expression by drugs affecting deoxyribo­
nucleic acid gyrase. 1. Bacteriol. 1 38: 
40-47 

1 69. Yang, H.-L . ,  Heller, K . ,  Gellert, M . ,  
Zubay, G .  1 979. Differential sensitivity 
of gene expression in vitro to inhibitors of 
DNA gyrase. Proc. Natl. Acad. Sci. USA 
76:3304-8 

1 70. Singleton, C. K . ,  Wells, R. D. 1 982. 
Relationship between superhelical densi­
ty and cruciform formation in plasmid 
pVH5 1 .  J. Bioi. Chem. 257:6292-95 

1 7 1 .  Klar, A. I. S . ,  Strathem, J. N . ,  Broach, 
I .  R . ,  Hicks, I .  B.  198 1 .  Regulation of 
transcription in expressed and unex­
pressed mating type cassettes of yeast. 
Nature 289:239-44 

1 72.  Nasmyth, K .  A . ,  Tatchell ,  K . ,  Hall, B .  
D . ,  Astell, c . ,  Smith, M .  1 98 1 .  A posi­
tion effect in the control of transcription 
at yeast mating type loci. Nature 
289:244-50 

173.  Nasmyth, K. A .  1 982. The regulation of 
yeast-mating-type chromatin structure by 
SIR: An action at a distance affecting 
both transcription and transposition. Cell 
30:567-78 

174. Ashbumer, M . ,  Chihara, c . ,  Meltzer, 
P . ,  Richards, G. 1 973.  Temporal control 
of puffing activity in polytene chromo­
somes. Cold Spring Harbor Symp. 
Quant. Bioi. 38:655-62 

1 75.  Horwitz, K. B . ,  Koseki, Y. , McGuire, 
W. L. 1 978. Estrogen control of pro­
gesterone receptor in human breast can-

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
98

5.
25

:5
29

-5
66

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

1/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



566 RINGOLD 

cer: Role of estradiol and anti estrogens . 
Endocrinology 103: 1 742-5 1 

1 76.  Vannice, J. L. ,  Ringold, G. M . ,  
Mclean, J.  W . ,  Taylor, J .  M .  1983 . In­
duction of the acute-phase reactant, 
alpha- I-acid glycoprotein, by glucocorti­
coids in rat hepatoma cells. DNA 2:205-
1 2  

177 . Baumann, H . ,  Firestone, G .  L . ,  Burgess, 
T. L. ,  Gross, K. W . ,  Yamamoto, K. R . ,  
Held, W. A. 1983. Dexamethasone reg­
ulation of 0: I -acid glycoprotein and other 
acute phase reactants in rat liver and 
hepatoma cells. 1. BioI. Chem. 258:563-
70 

1 78 .  Feinberg, R. F. , Sun, L.-H. K. , Ordahl, 
C. P . ,  Frankel, F.  R. 1983. Identification 
of glucocorticoid-induced genes in rat 
hepatoma cells by isolation of cloned 
cDNA sequences. Proc. Natl. Acad. Sci. 
USA 80:5042-46 

179. Vannice, J. L . ,  Taylor, J .  M . ,  Ringold, 
G. M. 1984. Glucocorticoid-mediated 
induction of (II-acid glycoprotein: Evi­
dence for hormone-regulated RNA pro­
cessing. Proc. Natl. Acad. Sci. USA . In 
press 8 1 :4241-45 

1 80. Firestone, G. L. , Payvar, F. , Yamamoto, 
K. 1982. Glucocorticoid regulation of 
protein processing and compartmental­
ization. Nature 300:22 1 -25 

1 8 1 .  Sachs, L. 1978 . Control of normal cell 
differentiation and the phenotypic rever­
sion of malignancy in myeloid 
leukaemia. Nature 274:535-39 

1 82.  Chapman, A. B . ,  Knight, D. M . ,  Dieck­
mann, B. S . ,  Ringold, G. M. 1984. 
Analysis of gene expression during dif­
ferentiation of adipogenic cells in culture 
and hormonal control of the developmen­
tal program. 1. Bioi. Chem. In press 

1 8 3 .  Dynan, W. S . ,  Tijan, R. 1983. Isolation 
of transcription factors that discriminate 
between different promoters recognized 
by RNA polymerase n. Cell 32:669-80 

1 84.  Feinstein, S. C . ,  Ross, S. R . ,  Yamamo­
to, K. R. 1982. Chromosomal position 
effects determine transcriptional poten­
tial of integrated mammary tumor virus 
DNA. 1. Mol. Bioi. 1 56:549-65 

1 85 .  Ostrowski, M. C . ,  Richard-Foy, H . ,  
Wolford, R.  G . ,  Berard, D.  S . ,  Hager, 
G. L. 1983. Glucocorticoid regulation of 
transcription at an amplified episomal 
promoter. Mol. Cell. Bioi. 3 :2045-57 

1 86.  Bimberg, N. C . ,  Lissitzky, J .-C. , Hin­
man, M . ,  Herbert,  E. 1983 . Glucocorti­
coids regulate proopiomelanocortin gene 
expression in vivo at the levels of tran­
scription and secretion. Proc. Natl. 
Acad. Sci. USA 80:6982-86 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
98

5.
25

:5
29

-5
66

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

1/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.


	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Pharmacology and Toxicology Online
	Most Downloaded Pharmacology and Toxicology Reviews
	Most Cited Pharmacology and Toxicology Reviews
	Annual Review of Pharmacology and Toxicology Errata
	View Current Editorial Committee


	ar: 
	logo: 



