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I .  INTRODUCTION 

Despite remarkable advances in our understanding of the organization of eucaryotic 
genes, the mechanisms by which eukaryotic gene expression is regulated remain one of 
the major unresolved questions in biochemistry and molecular biology. The intractability 
of this problem in spite of intense efforts in numerous laboratories is in large part due to a 
failure to understand, or even to identify, many of the protein-nucleic acid interactions 
which lie at the core of differential gene expression. While the enormous technological 
advances signalled by recombinant DNA technology to isolate and amplify specific 
nucleic acid sequences, by restriction enzymes and other enzymes which cut, ligate, and 
act on nucleic acids in a variety of ways and by rapid sequencing techniques for DNA and 
RNA have made possible a detailed description at the primary sequence level of the 
structure of a number of regulated eucaryotic genes, a lack of technical innovations of 
comparable magnitude makes it impossible to even identify the proteins which regulate 
most developmental processes. Two new techniques, one based on faithful in vitro 
transcription of eukarytoic genes’‘4 and the other on the use of monoclonal antibodies 
against single promise new approaches to these problems. While these 
techniques and eukaryotic gene transfer possess enormous potential, their application to  
the identification of eukaryotic gene regulatory proteins has barely begun.’ 

Our present inability to identify many of the proteins involved in control of gene 
expression in development stems in large part from the absence of functional assays for 
these proteins which are independent of their effects on gene expression. A great deal of 
attention has therefore focused on systems in which known intercellular signals, 
especially steroid hormones, control the expression of specific genes. The molecular 
effects of most hormones are mediated by specific protein receptors capable of 
stereospecific high-affinity binding of specific hormones. Steroid hormone receptors 
appear to be bifunctional proteins whose ability to specifically bind labeled hormones 
makes them identifiable biochemically, while their ability to act at the chromatin level 
allows them to control the expression of specific genes. While several biochemical 
systems responsive to steroid hormones have received considerable attention,”’ the 
induction by estrogens of the egg white protein ovalbumin in the magnum portion of the 
chick oviduct remains the most widely studied model for this type of system. In this 
review, the author will focus on a new model system which is under intensive study in a 
number of laboratories, the estrogen-mediated induction of the egg yolk precursor 
protein, vitellogenin, in amphibian and avian systems. The focus will be primarily on 
vertebrate systems as more detailed information concerning gene structure and 
expression is available in these systems than in the very interesting juvenile hormone 
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regulated insect systems. Excellent reviews of the insect vitellogenins have appeared 
recently. 'OJ' 

11. VITELLOGENIN 

The formation of egg yolk proteins in oviparous vertebrates such as Xenopus laevis 
and the hen, Gallus gallus, involves synthesis of a yolk protein precursor by the liver, 
secretion into the serum and uptake and processing by the ovary.'2-20 The vitellogenin 
monomer is a calcium binding phospholipoglycoprotein with a monomer molecular 
weight variously estimated at  190,000 to 220,000 in X e n o p u ~ ' ~ ' ' ~ ~ ~ ' ~ ~ ~  and 210,000 to 
230,000 in the chicken.20y23 The secreted form of vitellogenin isolated from serum is a 
dimer and it is not clear whether or not the three distinct vitellogenin polypeptide chains 
which have been identified24 form heterodimers in vivo. Vitellogenin is selectively 
removed from serum by the ovary through an uptake mechanism which has not been 
extensively characterized at the molecular level. The vitellogenin monomer is cleaved in 
the ovary to yield lipovitellin and phosvitin, an extensively phosphorylated protein which 
is about 55% serine. Two major forms of X. laevisvitellogenin have been identified2' and 
the following tentative scheme for their organization has been advanced: (1) NHz-lipo- 
vitellin I -phosvitin-lipovitellin I1 -COOH, and (2) NHz-lipovitellin I -[phosvette I, 
phosvette 111- lipovitellin I1 -COOH. (It is proposed that phosvettes arise through 
cleavage at an additional site in the serine-rich portion of each vitellogenin monomer.) 
Two forms of avian vitellogenin have been detected26 and they appear to contain two 
molecules of phosvitin and one molecule of lipovitellin.20 The relation between the 
various Xenopus vitellogenin polypeptides and the four different vitellogenin genes (see 
below) remains to be established. The site of vitellogenin synthesis and the mechanisms of 
secretion, uptake, and processing have been studied for many years, and are treated in 
several  review^.^'-'^ 

111. INDUCTION OF VITELLOGENIN SYNTHESIS AND 
VITELLOGENIN mRNA 

Administration of estradiol-17P to male X .  laevis or to cockerels evokes the massive 
and prolonged synthesis of vitellogenin and its cognate mRNA. Vitellogenin synthesis 
can account for as much as 70% of liver cell mRNA and protein synthesis in X e n o p ~ s ~ ~ , ~ ~  
(Figure 1) and 10 to 40% of liver cell mRNA and protein synthesis in different strains of 
r o o ~ t e r . ~ ~ , ~ '  The induction of vitellogenin synthesis in X. laevis can occur without cell 
differentiation or cell death.36 Although significant cellular hyperplasia occurs in avian 
systems it does not appear to play a major role in the induction of vitellogenin 

Vitellogenin synthesis can be induced in both organ cultures and in primary 
liver cell monolayers derived from  amphibian^.^^-^' The maintenance and induction of 
vitellogenin synthesis in avian and insect cells has proven quite difficult and only modest 
success has been reported.'0"' 

The induction of vertebrate vitellogenin represents a relatively simple system which is 
readily amenable to biochemical analysis. Vitellogenin gene expression is induced by 
well-defined biochemical signals (steroid hormones). The specificity of the hormonal 
response is very high as only estradiol-17P and diethylstilbestrol are capable of efficient 
induction of vitellogenin mRNA.4' The induction of vitellogenin is reversible, occurs in a 
single cell type, and can be achieved without cell division or cell death. Induction of 
vitellogenin results in production of large amounts of protein and mRNA which areeasy 
to isolate due to their unusual size and abundance. Induction can be achieved in vitro in a 
chemically defined environment. A major drawback of this system is that it has not been 
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FIGURE 1 .  Time course of estrogen induction of vitellogenin mRNA and 
vitellogenin synthesis. Male X. laevis received injections of estradioLl7p on day 0. The 
fraction of liver protein synthesis devoted to the synthesis of vitellogenin was 
determined by comparing the level of immunoprecipitable vitellogenin to the level of 
trichloracetic acid precipitable protein (0-0). The ability of extracted RNA to 
code for immunoprecipitable vitellogenin in a rabbit reticulocyte lysate protein 
synthesizing system was determined. Results are plotted as vitellogenin synthesis per 
pg  of RNA (0-0). (From Shapiro, D. J., Baker, H .  J., and Stitt, D. T., J. B i d .  
Chem., 251, 3105, 1976. With permission.) 

possible so far to make use of modern genetic techniques in the study of vertebrate 
vitellogenin synthesis. 

The large size (approximately 30s) and high abundance of vertebrate vitellogenin 
mRNA facilitated its i ~ o l a t i o n . ~ ~ ’ ~ ~ - ~ ~  In experiments performed at approximately the 
same time in several laboratories cDNA hybridization probes synthesized from purified 
vitellogenin mRNA templates were used to quantitate the induction of vitellogenin 
mRNA.45-47 Vitellogenin mRNA was undetectable in the livers of unstimulated male 
Xenopus iuevis in hybridization experiments with a limit of detection of less than one 
molecule of vitellogenin mRNA per ce11.42945,58 In roosters, a low level of vitellogenin 
mRNA corresponding to 1 to 5 molecules per cell was de te~ted . ’~  The time course of 
accumulation of vitellogenin mRNA in Xenopus liver cells following primary estrogen 
stimulation appears to be dose dependent. Using large pharmacologic doses of estrogen 
to maximize the vitellogenic response, Baker and Shapiro detected vitellogenin mRNA 
within 4 %  hr of initial estrogen Ryffel et al.46 who employed much smaller 
doses of hormone did not observe cytoplasmic vitellogenin mRNA until 9 to 12 hr after 
primary estrogen stimulation. The rate of accumulation of Xenopus liver vitellogenin 
mRNA increases between 4 % and 24 hr after primary estrogen stimulation and is linear 

The observed level of vitellogenin mRNA in fully for several days thereafter. 
induced liver cells and the peak mRNA level obtained are also dependent on estrogen 
dose. At low but still nonphysiologic levels of estradiol-17P vitellogenin mRNA 

45,46,48 
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peaks at  approximately 10% of cellular mRNA 6 days after primary estrogen 
~ t i m u l a t i o n , ~ ~  while a t  higher levels of hormone vitellogenin mRNA levels peak 
approximately 12 days after estrogen stimulation and comprise as much as 70% of 
mRNA in liver ~ e l l s . ~ ~ , ~ ~  

In the absence of additional exogenous estrogen the cellular estradiol-17P 
concentration declines and ultimately returns to basal levels. The withdrawal and 
subsequent disappearance of estrogen is accompanied by a profound decline in cellular 
vitellogenin mRNA levels, which reach a level of less than one molecule per cell 
approximately 60 days after primary estrogen ~ t i m u l a t i o n . ~ ~ ’ ~ ~  Restimulation with 
estrogen at that time (secondary stimulation) elicits a rapid appearance of new 
vitellogenin mRNA and a more rapid accumulation of vitellogenin mRNA throughout 
secondary estrogen stimulation (Figure 2). The enhanced secondary response t o  estrogen 
in X .  laevis has been observed at both the protein and mRNA levels.30336’45746348 

The induction of vitellogenin mRNA in the rooster follows a similar but more rapid 
time course. Avian vitellogenin mRNA begins to  accumulate approximately 30 min after 
estrogen administration following both primary and secondary estrogen stimulation. 
The rate of vitellogenin mRNA accumulation is 6- to  7-fold greater during early 
secondary estrogen s t i r n ~ l a t i o n . ~ ’ ~ ~ ~  The elucidation of the molecular mechanisms which 
account for the enhanced secondary vitellogenic response observed in amphibian and 
avian systems represents one major area of current work. With this outline of the 
induction of vitellogenin it is possible to focus on recent work which attempts to  define 
both the structure of vitellogenin genes and the individual steps in the induction process 
and their role in the regulatory system. 

IV. ESTROGEN RECEPTORS AND VITELLOGENIN 
GENE EXPRESSION 

A. Level of Estrogen Receptor During Vitellogenin Induction and Withdrawal 
In the general model for steroid hormone effects on gene expression the cytoplasm of 

target cells contains high levels of protein(s) capable of stereospecific high affinity 
hormone b i ~ ~ d i n g . ~ ’ ~ ~ ’ ~ ’  The binding of hormone to the receptor results in “transforma- 
tion” of the receptor to  a form with a high affinity for nuclear components. The receptor 
then translocates into the nucleus, binds to chromatin and exerts its nuclear effects. The 
estrogen receptor systems involved in induction of vitellogenin deviate from this model 
in several important respects. Westley and Knowland” first identified a high affinity 
(Kd = 4-5 . lo-]’ M) estradiol-17g binding protein in Xenopus liver cytosol. The high 
affinity for estradiol-17P and the specificity of binding led them to suggest that this 
protein was the estrogen receptor involved in vitellogenin synthesis. They reported a 
roughly equal distribution of receptor with approximately 100 high affinity estrogen 
binding sites in both the nucleus and cytoplasm of unstimulated cells. In contrast, 
Hayward et al.53 recently observed several-fold higher levels of receptor in both the 
nucleus and the cytoplasm from unstimulated X .  laevis liver cells. The differences in 
observed nuclear receptor levels (550 ~ i t e s / ce l l ’~  vs. 100 ~ i t e s / c e l l ~ ~ )  may be due to  the 
fact that Hayward et al. employed a rather crude nuclear preparation while Westley and 
Knowland employed a nuclear preparation which was washed and resedimented several 
times. It is possible that substantial leakage of estrogen receptor from the nucleus occurs 
during the course of nuclear isolation. It is improbable that the high level of estrogen 
receptor observed in nuclei from unstimulated liver cells is due to  nonspecific trapping of 
cytoplasmic receptor during nuclear isolation - as nuclei from unstimulated and 
withdrawn Xenopus liver cells contain similar levels of nuclear receptor but dif- 
fer by at least five-fold in levels of cytoplasmic receptor. The high level of nuclear 
receptor in unstimulated cells might be explicable in terms of low level expression of the 
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vitellogenin genes in these cells. However, as indicated below, unstimulated Xenopus 
liver cells do not contain detectable vitellogenin mRNA42,45 and do not appear to 
transcribe the vitellogenin genes which are in an inactive DNase I insensitive 
conformation in these It is not known whether the nuclear estrogen receptor in 
unstimulated cells is bound at specific high affinity sites in chromatin as the thyroid 
hormone receptor appears to be, or is more loosely and randomly associated with the 
chromatin. 

Administration of estradiol-17P results in the induction of nuclear receptor which 
reaches a level of approximately 2000 sites per cell.53 The cytoplasmic receptor 
level in estrogen stimulated cells varies in a time-dependent fashion and is generally less 
than 1000 sites per cell.53 

Administration of estrogen to male X .  laevis previously induced to synthesize 
vitellogenin mRNA, but inactive in vitellogenin mRNA synthesis at the time of 
restimulation with estrogen, results in more rapid activation of the vitellogenin genes and 
accelerated accumulation of vitellogenin mRNA (see Figure 2). Measurement of 
estrogen receptor levels in these withdrawn animals revealed that the nuclear receptor 
which remains elevated for an extended period56 has returned to the basal level 
prevailing in unstimulated  cell^.^' In constrast the cytoplasmic receptor level in- 
creased many-fold to several thousand sites per cell. The rapid apparent turnover of 
nuclear receptor56 and the long duration of the effect suggest that the cytosol receptor 
detected has been synthesized in the cytoplasm and has never entered the nucleus as 
opposed to  return of nuclear receptor to the cytoplasm following estrogen withdrawal. 
The shift in the nuc1ear:cytoplasmic receptor ratio from approximately 1:l in un- 
stimulated cells to 1.3 in withdrawn cells has not been observed in other systems 
responsive to steroid hormones. This large pool of cytoplasmic receptor may be rapidly 
translocated into the nucleus following estrogen stimulation, and thereby facilitate the 
rapid induction of vitellogenin mRNA. Since no comparable pool of cytoplasmic 
receptor is detected in unstimulated cells, efficient induction of vitelloginin mRNA in 
primary stimulation may require synthesis of additional estrogen receptor. A possible 
role for this newly discovered pool of cytoplasmic estrogen receptor in the more rapid 
and efficient expression of the vitellogenin genes during secondary estrogen stimulation 
of X .  luevis represents an attractive hypothesis subject to experimental verification. 

The estrogen receptor in avian liver is also present at low concentrations. 
Approximately 300 high affinity estrogen binding sites were detected in unstimulated 
cockerel cytoso15' and 150 sites in salt extracts of unstimulated nuclei. Administration of 
estradiol-17P induces rapid depletion of cytosol receptor, which is slowly replenished. 
Nuclear receptor levels increase to a peak of approximately 2500 sites per cell 24 hr after 
estrogen administration at which time cytosol receptor levels were 250 sites per cell.57 
These values are strikingly similar to  those we have reported in estrogen stimulated 
Xenopus liver.53 

B. Properties of the Estrogen Receptors 
The low levels of estrogen receptor in cytosol of unstimulated amphibian and avain 

liver cells has restricted studies to salt extracted nuclear receptors. The possibility that 
salt extraction induces receptor aggregation is a serious one and must be assessed 
through the use of receptor released from nuclei by polyamines or nuclease digestion.58 
The salt extracted nuclear estrogen receptor from X .  luevis sediments with a molecular 
weight of approximately 40,000 daltons on sucrose  gradient^.^' The short half-life of the 
Xenopus estradiol-17P-receptor complex (210 rnin at 4", and 60 to 90 min at  10') 
necessitates the use of [3H] estradiol-17/3-containing sucrose  gradient^.'^ The avian 
estrogen receptor is an asymmetric protein with a high tendency to aggregate. After 
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trypsinization the molecular weight of the estrogen binding protein of the receptor 
subunit falls from 56,000 to  40,000 and the higher molecular weight 80,000 and 150,000 
dalton aggregates are no longer o b ~ e r v e d . ~ ~ . ~ ~ ~ ~ ~  

C. The Estrogen Receptor and Vitellogenin Gene Expression 
While a relationship between the high affinity estrogen binding proteins identified in 

Xenopus and chicken liver and vitellogenin gene expression has not been conclusively 
established, the receptor’s properties are consistent with a role in vitellogenin synthesis. 
Only estradiol-17p and diethylstilbestrol exhibit high affinity binding to  these 
p r~ te ins~*’~~’ ’ ’  and these are the only hormones which are efficient inducers of 
vitellogenin mRNA.36,4’,61 These estrogen receptors are the only high affinity 
(Kd = 3-5. 1O-IoM) estrogen binding proteins detectable in amphibian and avian livers. 
Administration of estrogen induces both vitellogenin and the nuclear receptor. Nuclear 
receptor levels peak at approximately the point of maximal vitellogenin mRNA 
accumulation and the induction of cytoplasmic receptor in withdrawn Xenopus is 
consistent with a role in the enhanced accumulation of vitellogenin mRNA observed 
early in secondary estrogen stimulation. While this evidence is suggestive rather than 
conclusive, i t  seems reasonable to assume that these proteins do in fact represent the 
estrogen receptors in these tissues. 

D. A Receptor Saturation Model of Vitellogenin Gene Expression 
In the “classical” model for steroid hormone action estrogen binding to  a high-affinity 

cytosol receptor produces a conformational change in the receptor which is then 
translocated into the nucleus. In the nucleus the receptor “searches” through the 
chromatin, binding and dissociating from low-affinity sites, until it binds tightly to the 
correct high affinity chromatin binding  site^.^,^,^^,^' Once bound to the correct site one or 
two receptors elicit some modification of adjacent chromatin (perhaps through histone 
acetylation-deacetylation or DNA demethylation). This modification changes the 
template capacity of the chromatin and is propagated down the chromatin in some 
fashion. This model is difficult to reconcile with the properties of the Xenopus liver 
estrogen receptor. The Xenopus liver estrogen receptor is largely nuclear in unstimulated 
cells. The vitellogenin genes in these cells are in the transcriptionally inactive DNase I 
insensitive  onf formation^^ and the cells do not contain detectable vitellogenin mRNA.42,46748 

The author proposes an alternative model for the interaction of hormone receptors 
with chromatin. In this model the “specific” chromatin regulatory sites have a relatively 
low affinity for the estrogen-receptor complex and the affinity of these specific sites for 
E-R complex is only slightly higher than the affinity of a large number of nonspecific 
sites. Specificity in estrogen action is achieved because the binding of E-R complexes to 
chromatin is highly cooperative and the small difference in binding energies for 
individual receptor molecules binding to specific and nonspecific chromatin sites 
becomes substantial when it is totaled over a substantial number of receptors (perhaps 5 
to 10) binding in a cooperative fashion.62 Full activation (or repression) of a particular 
gene requires the binding of a large number of receptors. If fewer receptors are bound, a 
submaximal response is achieved until a critical threshold level of receptors is reached in 
the nucleus, below which no specific receptor binding can occur62 and no template 
activity of the genes is observed. This model, which is based in part on observations of the 
mode of binding of the T4 gene 32 protein to nucleic acids,62 makes several predictions 
which can be tested experimentally. It explains in functional terms why hormone 
receptors have the propensity for aggregation so frequently observed and why specific 
high affinity chromatin binding sites for hormone receptors have proven so elusive. It 
also explains why administration of steroid hormones frequently produces an induction 
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of the receptor.’’’ It provides a simple rationale for the differential effect of E-R on 
specific genes. For example, the binding of fewer molecules of estrogen receptor might be 
required to activate synthesis of new receptor RNA than to activate other estrogen 
regulated genes. The slow rate of vitellogenin mRNA accumulation in early primary 
stimulation would be explained by a failure to achieve a fully saturating receptor level 
until more receptor is synthesized. The high level of nuclear receptor in unstimulated 
Xenopus liver cells is compatible with the two possible explanations. The receptor could 
be randomly distributed in these cells whose nuclei occupy much of the cell volume, or 
unstimulated male Xenopus liver cells may contain levels of estradiol-17P which are 
sufficiently high to elicit the translocation of the estrogen receptor into the nucleus, but 
are insufficient to elicit the translocation or synthesis of sufficient estrogen receptor to 
achieve specific binding and activate transcription of the vitellogenin genes. Current data 
does not allow for an unequivocal choice between these alternatives. Kinetic studies of 
[’ Hlestradiol binding to receptor from unstimulated nuclei which might be expected to 
distinguish “loaded” from “unloaded” nuclear receptor are complicated by the rapid 
dissociation of estradiol-17P from the receptor. The available kinetic data suggest that 
the nuclear estrogen receptor from unstimulated liver cells does not contain bound 
estradiol- 17 PIo4 

The predominance of cytoplasmic estrogen receptor in unstimulated cockerel liver is 
similar to the situation prevailing in most steroid responsive systems. However, the level 
of estrogen receptor in both the amphibian and avian systems is 10- to 100-fold lower 
than is observed in most other estrogen responsive systems including rat liver and uterus 
and hen oviduct. The receptor level is so low as to allow a direct test of the hypothesis that 
estrogen receptors are direct regulators of gene transcription in these systems. If 
estrogen-receptor is a direct transcriptional activator, much and perhaps most of the 
receptor should be associated with rapidly transcribed genes as several hundred RNA 
sequences exhibit large changes in concentration following estrogen a d m i n i ~ t r a t i o n . ~ ~  Of 
course, if the receptor saturation model presented above is valid, direct transcription 
regulation would certainly require binding of most E-R complexes to estrogen responsive 
genes. 

V. STRUCTURE OF THE VITELLOGENIN GENES 
AND TRANSCRIPTS 

X. laevis vitellogenin is coded by a large 6300 to 6500 nucleotide mRNA42,43 while 
avian vitellogenin is coded by a 7500 nucleotide mRNA.34*3’ Wahli et al. cloned 
vitellogenin mRNA by A-T tailing into the ECoRI site of the plasmid 
Restriction endonuclease mapping and cross hybridization experiments with vitel- 
logenin cDNA revealed that vitellogenin mRNA was coded by a family of four related 
genes designated Al ,  A2, and B1, B2. Within the A and B gene pairs the sequence 
divergence is about 5% while it is about 20% between each pair of The 
vitellogenin A1 gene is 21 kilobases in length and the A2 gene is 16 kb long. The A1 and 
A2 genes each contain 33 intervening sequences located at homologous positions within 
the c o d i n g s e q ~ e n c e s . ~ ~ - ~ ~  The intervening sequences in the vitellogenin A genes and the 5’ 
flanking region contain large blocks of middle repetitive DNA.69 The size and structure 
of the homologous intervening sequences exhibit extensive divergence. The relative 
stability of the vitellogenin coding sequences and the diversity of the intervening 
sequences led Wahli et al.69 to propose that the A 1 and A2 genes arose by duplication and 
are highly conserved by selective pressure. Although the number and location of the 
intervening sequences in the Xenopus vitellogenin A genes is conserved, the DNA in the 
intervening sequences has undergone extensive change through mechanisms which 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



March 1982 195 

appear to  include point mutation, deletion, insertion, and possibly duplication. The 
extensive divergence within the intervening sequences and the occurrence of repeated 
DNA led to the suggestion that most of the DNA within the intervening sequences may 
have no specific f ~ n c t i o n . ~ ’  

The chromosomal locations of the four vitellogenin genes are unknown but the failure 
to isolate overlapping genomic clones indicates that the A1 and A2 genes are at least 30 kb 
apart.66 The existence of four related Xenopus vitellogenin genes lends support to the 
theory that the Xenopus genome arose through a primitive double duplication. This 
theory suggests that the four vitellogenin genes lie on at least two different chromosomes 
rather than in tandem array. 

The large mRNA procursor for one of the vitellogenin A genes has been identified and 
its processing examined.68 Removal of intervening sequences appears to be an ordered 
event following multiple pathways. A putative precursor to  avian vitellogenin mRNA 
approximately 22 kb in length has been reported and a cDNA clone of a portion of the 
avian vitellogenin mRNA molecule has been The melting characteristics 
of hybrids between the single avian cDNA clone reported to  date and avian vitellogenin 
mRNA have not been described so no conclusions may be drawn yet concerning the 
possible existence of multiple genes in this system. 

VI. VITELLOGENIN CHROMATIN 

The organization of vitellogenin chromatin is a subject of critical importance which is 
only beginning to  be addressed. A knowledge of the properties of estrogen receptors and 
the structure of the vitellogenin genes is clearly insufficient to establish the mechanism of 
estrogen regulation. The importance of chromatin structure is graphically illustrated by 
the fact that chicken liver and oviduct both contain functional estrogen receptor. In 
oviduct the ovalbumin gene but not the vitellogenin gene is transcribed while in hen liver 
the vitellogenin gene but not the ovalbumin gene is transcribed. 

A. Effect of Estrogen on RNA Polymerase 11 Levels 
In the avian system investigations have centered on the effects of estrogen on the level 

and activity of RNA polymerase. Titration of RNA polymerase I1 with [’Hlcr-amanitin 
led to the conclusion that an increase in the number of RNA polymerase I1 molecules and 
not an  increase in their a ~ t i v i t y ’ ~  is responsible for the two-fold increase in polymerase 
catalyzed RNA synthesis observed in nuclear extracts12 and chromatin.13 Increased 
activity of RNA polymerase I1 is one of the earliest estrogen effects in a variety of 
systems. While this two-fold increase in polymerase activity is undoubtedly of 
physiologic significance, it is orders of magnitude smaller than the effects of estrogen on 
synthesis of specific RNAs, such as vitellogenin. In a sense the increase in polymerase 
activity appears to be a universal and perhaps very primitive response to steroid 
hormones. Superimposed on this ancient response are the tissue and gene specific effects 
of steroid hormones. 

In addition to RNA p~lymerase’~  the avian estrogen receptor is enriched two- to four- 
fold in an actively transcribing chromatin f r a ~ t i 0 n . l ~  The estrogen dependent transfer of 
receptor from a random distribution in chromatin to one in which it is specifically 
associated with the actively transcribing fraction of chromatin is especially amenable to 
study in this system. 

B. 
Chromatin which is undergoing active transcription appears to possess a unique 

conformation which is reflected in enhanced susceptibility to digestion by DNase I and 

Conformation of Vitellogenin Genes in Chromatin 
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by micrococcal n ~ c l e a s e ~ ~ - ~ ~  and by preferential solubility at low magnesium 
~oncentrations.’~ Two proteins which have been implicated in the acquisition of DNase 
sensitivity have been isolated.” The binding of these proteins to DNA may be related to 
the demethylation of transcriptionally active These proteins may act by 
displacing histones H2A-H2BBo which are deficient in transcriptionally active chromatin. 

Experiment in the chicken globin and ovalbumin systems suggest that these genes may 
become sensitive to digestion by DNase I before the onset of transcription and, at least 
over short time periods, remain DNase I sensitive after transcription  cease^.^"^^ A similar 
observation in the vitellogenin system might help to explain the shorter lag period 
observed on secondary estrogen stimulation. If the vitellogenin genes in withdrawn 
X .  laevis remain in an “open” transcriptionally active conformation they might be 
immediately accessible for initiation of transcription - resulting in a shorter lag period. 
The susceptibility of the vitellogenin genes to  DNase I digestion has been examined 
following partial DNase I digestion of isolated nuclei. DNA was extracted, fractionated 
into four size classes, and the relative amount of vitellogenin DNA in each size class was 
determined by moderate cDNA excess hybridization to vitellogenin cDNA. DNA which 
is preferentially digested by DNase I becomes enriched in the smallest of the four size 
cla~ses.’~ In unstimulated cells, which do not contain detectable vitellogenin mRNA and 
do not transcribe the vitellogenin genes at a significant rate, the two lower molecular 
weight fractions are deficient in vitellogenin DNA. Administration of estradiol-17P 
induces transcription of the vitellogenin genes and results in a dramatic increase in the 
abundance of vitellogenin sequences in the most rapidly degraded, smallest size class of 
DNA. Long-term estrogen withdrawal (2 months) results in complete restoration of the 
DNase I digestion pattern observed in unstimulated  cell^.^^,'^ These results indicate that 
in unstimulated cells the vitellogenin genes are in the transcriptionally inactive bulk 
chromatin which is relatively insensitive to digestion by DNase I. Administration of 
estrogen induces transcription of the vitellogenin genes and converts the vitellogenin 
genes into a transcriptionally active DNase I sensitive conformation. Estrogen 
administration does not produce a permanent change in the conformation of the vitel- 
logenin genes in chromatin. The vitellogenin genes in withdrawn chromatin have returned 
to the transcriptionally inactive DNase insensitive conformation found in unstimulated 
cells. The data indicate that the shorter lag period observed during secondary stimulation 
is not the result of permanent conversion of the vitellogenin genes to a more “open” 
conformation - at least with respect to those structural features which are susceptible to 
investigation using DNase I. The utility of the vitellogenin system, in which a reversible 
regulatory response occurs in a stable cell type, is also apparent-as it allowed the first 
demonstration that conversion of a gene into a DNase I sensitive conformation is 
reversible and can occur in the absence of DNA replication.s47s4 At this time it is not 
known whether conversion of the vitellogenin genes into a more open DNase I sensitive 
conformation is a prerequisite for RNA polymerase binding and transcription, or is a 
consequence of the passage of RNA polymerase down the vitellogenin DNA. 

VII. VITELLOGENIN G E N E  TRANSCRIPTION,  mRNA 
PROCESSING AND STABILITY 

A. Vitellogenin Gene Transcription in Heterologous Cells 
Vitellogenin mRNA is absent in unstimulated Xenopus liver cells45946,48 and is 

not found in cultured Xenopus kidney cells.55 or in o o ~ y t e s . ’ ~ ~  The availability of 
cloned vitellogenin cDNAs makes possible sensitive measurements of both relative and 
absolute rates of gene transcription. In essence, nuclear RNA is pulse labeled in whole 
cells or in isolated nuclei, hybridized to DNA immobilized on nitrocellulose filters and 
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the hybridized material is quantitated after extensive washing and digestion.85 This type 
of study is only beginning in the vitellogenin system. Brock et al.5s have demonstrated 
that the Xenopus vitellogenin gene is not transcribed at a low rate in nonhepatic cells. 
Each of the four vitellogenin genes is transcribed at a rate which does not exceed 
0.6 ppm (relative to total nuclear RNA synthesis) in  nuclear RNA from Xenopus 
kidney cells cultured in both the presence and absence of estrogen. Since these cells do 
contain vitellogenin DNA, the transcription of the vitellogenin genes is not “leaky” as has 
been suggested for the genes coding for all nonhyperprevalent mRNAs.86 

B. Processing of Vitellogenin mRNA Precursors 
Investigations of the vitellogenin mRNA precursors are still at  an early stage. 

Ryffel et a1.68 have described large polyadenylated precursors to vitellogenin 
mRNA which suggests that polyadenylation occurs very early in processing. In 
contrast Jost et al.70 have described a precursor to avian vitellogenin mRNA 
which is only 5 to 10% polyadenylated. The data for Xenopus’vitellogenin mRNA 
precursors68 suggest that polyadenylation precedes splicing. Although a great deal of 
work will obviously be needed to characterize the splicing out of the 33 intervening 
sequences in a single vitellogenin mRNA precursor, their data led Ryffel et al. to suggest 
that processing out of intervening sequences does not follow a single pathway. 

C. Stability of Cytoplasmic Vitellogenin mRNA 
Despite its size, cytoplasmic vitellogenin mRNA appears t o  be relatively stable during 

estrogen stimulation. Vitellogenin mRNA labeled in vivo did not decay appreciably 
when it was isolated many hours later.43 The accumulation of vitellogenin mRNA during 
primary stimulation2* exhibits the linear kinetics characteristic of a species which is being 
synthesized but not When the half-life of vitellogenin mRNA during 
primary induction22 is calculated using the expression of K a f a t o ~ * ~ ” ~  vitellogenin mRNA 
exhibits a half-life of approximately 800 hr during estrogen stimulation and 45 hr during 
early withdrawal.Io6The selective stabilization of major hormonally regulated mRNAs 
may be widespread as hormonal stabilization of mouse casein ~ R N A s , * ~  and hen 
ovalbumin mRNAgO has been reported. The absence of substantial cell proliferation and 
cell death makes the vitellogenin system an attractive one in which to  pursue studies of 
hormone induced stabilization of mRNA. 

VIII. CELLULAR SYNTHESIS OF VITELLOGENIN 

The induction of vitellogenin synthesis requires a major reorganization of cell 
structures as well as synthesis of new cell components. Vitellogenin is a secreted 
phospholipoglycoprotein which is synthesized on membrane bound polyribosomes. The 
massive induction of vitellogenin synthesis in Xenopus liver is characterized by 
proliferation of the endoplasmic reticulum and Golgi a p p a r a t u ~ ’ ~ . ~ ’  by induction of new 
ribosomes and ribosomal protein~,’’~ and by a doubling of total cell RNA 
This complex of events in essence represents a specialization of liver cells for the 
production of and secretion of massive amounts of a specific protein. The lower level of 
induced vitellogenin synthesis in rooster liver results in a correspondingly smaller cellular 
response. 

Vitellogenin synthesizing polysomes containing 30 to  40 ribosomes have been 
identified in both X e n o p u ~ ~ ’ , ~ ~ ’ ~ ~  and 

The question of whether or not the translational activity of vitellogenin mRNA is 
regulated along with its level is controversial. Farmer et al.30394 have reported that the 
induction of large amounts of translatable vitellogenin mRNA procedes the appearance 
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of that RNA in immunoprecipitable polysomes during primary estrogen stimulation of 
male Xenopus laevis. They report a close correspondence between these parameters 
during secondary estrogen stimulation. In other studies in which either in vitro 
translation or hybridization to cDNA was employed to quantitate vitellogenin mRNA, 
and immunoprecipitation was employed to determine rates of vitellogenin synthesis, no 
substantial translation control was o b s e r ~ e d . ’ ~ , ~ ~ , ~ ~  Given the difficulty in achieving 
quantitative antibody precipitation of p o l y ~ o r n e s ~ ~ ’ ~ ~  it seems fair to  conclude that the 
major site of control in both avian and amphibian systems is at the level of the quantity of 
vitellogenin mRNA in cells. 

IX. OTHER LIVER GENES REGULATED BY ESTROGEN 

The massive induction of vitellogenin mRNA has led to investigation of estrogen 
effects on other liver proteins as well. In roosters apo-very low density lipoprotein (apo 
VLDL) is induced to almost the same level as v i t e l l ~ g e n i n . ~ ~ - ’ ~ ~  A hybridization 
enrichment technique was employed to identify a cDNA clone of apo VLDL by Deeley 
et a1.’Oo In constrast to vitellogenin, apo VLDL is synthesized at an appreciable rate in the 
absence of estrogen. 

Given the massive synthesis and secretion of vitellogenin and the accumulation of 
vitellogenin in the serum of male animals, considerable attention has centered on the 
production of the major serum protein, serum albumin, during the estrogen induction of 
vitellogenin. Albumin synthesis in avian liver declines by 50% following primary estrogen 
stimulation. lo’ Farmer et al. suggested that the level of translatable albumin mRNA 
remains fairly constant during primary estrogen stimulation but declines during 
secondary estrogen ~ t i m u l a t i o n . ~ ~  In constrast, Wangh et al. who examined the proteins 
secreted into the medium by primary monolayers of Xenopus liver cells exposed to 
estrogen, reported the total disappearance of albumin within a few days.40 Recently, 
Philipp et al.lo2 examined albumin mRNA levels by measuring the hybridization of 
cDNA synthesized from total cell RNA to cloned albumin cDNA immobilized on 
nitrocellulose filters. They found that the number of molecules of albumin mRNA per 
cell remains constant during primary estrogen stimulation. Since both total cell RNA 
and cell mRNA double during primary estrogen stimulation the fraction of cell RNA 
which is albumin mRNA falls by approximately 50% during this period. The apparent 
persistence of albumin synthesis in the face of the massive induction of vitellogenin is a 
striking example of the ability of hepatocytes to maintain multipotential differentiated 
functions even in the face of the competing demands of massive vitellogenin synthesis. 

X. CONCLUSIONS 

Although the detailed molecular mechanisms regulating vitellogenin gene expression 
and mRNA levels remain obscure, several key features of these processes have been 
revealed in recent studies. These events are outlined for cells of male X .  laevis in which the 
most detailed information is available. Unstimulated liver cells preserve the potential to 
respond to estrogen by transcription of the vitellogenin genes but they are in no sense 
primed to do so. In the liver cells of unstimulated male Xenopus the vitellogenin genes are 
insensitive to DNase and do not appear to be transcribed at an appreciable The 
estrogen receptors which will be required to mediate the response to estrogen are only 
present at  minimal levels in both male X .  Iaevis and roosters. When estrogen diffuses into 
cells it does not contact the high levels of pre-existing cytoplasmic receptors which can 
rapidly translocate into the nucleus that are typcial of other hormonally responsive 
cells.8,9,53,57 Instead, in Xenopus it must diffuse into the nucleus and bind to nuclear 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



March 1982 199 

estrogen receptor. The estrogen-receptor complex both activates vitellogenin gene 
transcription and auto-induces the synthesis of the additional receptor which is required 
for maximal transcription of the vitellogenin While the transcription of the 
vitellogenin genes requires the continued presence of a hormone, the auto-induction of 
estrogen receptor is a permanent irreversible response of the cells to  estrogen and 
“primes” the cells for future vitellogenin gene expression - which is both efficient and 
rapid.53 

In the presence of nuclear estrogen-receptor complex the vitellogenin genes take on an 
open DNase I sensitive conformation either as a prerequisite for, or a consequence of, the 
initiation of t r a n s c r i p t i ~ n . ~ ~ ’ ’ ~  The large initial transcripts of the vitellogenin genes are 
polyadenylated6’ and the 33 intervening  sequence^^^-^^ are removed by processing in a 
highly specific but nonsequential process.68 Vitellogenin mRNA which reaches the 
cytoplasm interacts with the large pool of inactive ribosomes in unstimulated Xenopus 
liver cells.2‘ and begins to synthesize vitellogenin which is then modified and secreted by 
the liver cells. Since vitellogenin mRNA appears to be extremely stable in estrogen 
stimulated liver cells, each mRNA molecule may be translated thousands of times. The 
accumulation of massive amounts of vitellogenin mRNA eventually exhausts the pool of 
ribosomes and ribosomal subunits and saturates the cell secretory apparatus. The 
induction of ribosomal RNA45 and proteins”’ and of HMG-CoA reductase and 
acetyl-CoA carboxylase, the key regulatory enzymes in cholesterol and fatty acid 
synthesis follows.’o3 Whether the level of cell components is directly regulated by 
estrogen-receptor complex or responds to homeostatic mechanisms which recognize 
their depletion is not known. 

Withdrawal of estrogen evokes the reversal of most but not all of these responses. 
Vitellogenin mRNA is degraded and ultimately declines to undetectable The 
vitellogenin genes revert to  their original “inactive” DNase I insensitive conforma- 
t i ~ n . ~ ~ ’ ’ ~  The extensive secretory apparatus is slowly degraded and the liver cells revert to 
their original morphology. Estrogen receptor synthesis continues and the receptor 
accumulates in the cytoplasm facilitating future response to estrogen.53 

This picture of the events involved in the estrogen induction of vitellogenin, while 
occasionally based on fragmentary data, seems most consistent with available 
information in this system. Investigations from many laboratories are providing an 
overview of what happens during induction of vitellogenin mRNA and it now seems 
possible to ask, to paraphase Bettman Hollweig, “how does it all happen?”. 
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