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Control by Estrogen of Genetic

Transcription and Translation

Binding to chromatin and stimulation of nucleolar RNA
synthesis are primary events in the early estrogen action.

The physiological effects of estrogen
in the mammalian uterus are medi-
ated by increases in the synthesis of
RNA and protein (/-3). By 1964 it was
clear that an acceleration of synthesis
of ribosomal RNA and of ribosomes
was an essential feature in the initial
or early action of estrogen in its charac-
teristic target organ (4, 5). We also
knew, as a result of the experiments of
Segal and his co-workers (3), that
growth of the estrogen-deficient uterus
was induced by treatment in utero with
RNA extracted from the organ stimu-
lated by the hormone. However, the
role of messenger RNA synthesis in
this action of estrogen was and still
remains uncertain (6, 7). Furthermore,
it was also uncertain whether, for early
estrogen action, genetic transcription
was truly stimulated prior to enhance-
ment of cytoplasmic genetic translation,
as expected by the sequence hypothe-
sized: hormone— genome—RNA—>pro-
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tein. Before 1964 there was no tech-
nique for separating the nuclei from
the cytoplasmic fraction of the uterus.
Since we knew that nearly all of the
RNA in the mammalian cell was syn-
thesized in the nucleus and transported
to the cytoplasm where most of the cel-
lular RNA resided, it was obvious that
isolation of nuclei from the uterus was
a prerequisite to studies of estrogen-
stimulated RNA synthesis. In 1964
Widnell and Tata (8) developed an ex-
cellent technique for isolating intact
and enzymically active nuclei from
homogenized rat liver. In 1965 Widnell,
Tata, and I (9, 10) adapted the tech-
nique for application to rat uterus, ob-
taining a meaningful partition of the
nuclear and cytoplasmic RNA and
protein in the organ. A series of investi-
gations of the metabolism of RNA and
protein in vivo and in vitro during the
course of the action of estrogen in the
uterus were carried out first in Tata’s
laboratory at the National Institute for
Medical Research in London, and later
in my laboratory at the University of
Texas (9-16).

L. Starkel, A, Srodofi, Folia Quaternaria 16,
1 (1964); A. Srodofi, ibid. 21, 1 (1965); V.
Kneblova, Preslia’ 35, 52 (1963).

30. E. M. Lavrenko, Shurn. Russk. Bot. Obshch.
15, 351 (1930).

31. E. Bonatti, Nature 209, 984 (1966); H. J.
Beug, Flora 154, 401 (1964); T. van der
Hammen, T. A. Wijnstra, W. H. van der
Molen, Geol. Mijnbouw 44, 37 (1965).

32. E. Ricciardi, Nuovo Giorn. Bot. Ital. 172,
62 (1965).

33. J. Menendez Amor and F. Florschiitz, Bol.
Real Soc. Espan. Hist. Nat. Secc. Biol. 62,
251 (1964).

34. 1. 1. Satilova, Dokl. Akad. Nauk SSSR 139,
1194 (1961); ibid. 145, 895 (1962).

35. M., 1. Neiitadt, Istorija lesov i paleogeografiya
SSSR v golocene (Academy of Sciences
U.S.S.R., Moscow, 1957).

36. K. W, Butzer, Rev. Can. Geograph. 12, 129
(1958); Erdkunde 18, 67 (1964).

In this article T review the metab-
olism of RNA and protein in the nu-
clear and cytoplasmic fractions of the
uterus, as a function of time after ad-
ministration of exogenous 173-estra-
diol (1,3,5-estratriene-3,178-diol) to the
ovariectomized adult rat. Variations in
the metabolism of RNA and protein in
the uterus of the normal rat, from the
diestrous to estrous phase of the es-
trous cycle, mimic in certain particulars
the variations observed during early es-
trogen action. The topics deal with the
synthesis of RNA and protein in the
nucleus, the binding in vivo of tritiated
17B-estradiol to chromatin and the lat-
ter’s template activity assayed in vitro,
the transport of RNA from nucleus to
cytoplasm, the formation of polyribo-
somes, and the variation in the incor-
poration of amino acid by the poly-
ribosomes as assayed in the cell-free
system. Although the precise and pri-
mary molecular mechanisms involved
in early estrogen action remain undis-
covered, the broad outlines of the hor-
mone’s control of the formation and the
activity of the protein-synthesizing ap-
paratus of the organ are clear. The orig-
inal theory of a genomic site for one
of the primary actions of estrogen re-
mains valid, but the inducer theory
(17) for the mechanism of action of
this hormone strictly according to the
Jacob-Monod model for microbial en-
zyme induction (78) appears in need
of revision.

Metabolism of RNNA and Protein

With regard to the variation in con-
centration of DNA, RNA, and pro-
tein, the uterus of the normal rat in
estrus contains about twice the amount
of RNA and six times the amount of
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Table 1. Effect of ovariectomy, hormone treatment, and phase of estrous cycle on the ratio
of RNA to DNA and the ratio of protein to DNA in the uterus or the nuclei of its indi-
vidual cells (I6). Ovariectomized adult rats were given (intraperitoneally) 10 ug of 178-
estradiol at zero time, and at later times in the experiments designated. Animals were killed,
the uteri were weighed, and the nuclei were isolated (I0). Each nuclear preparation was
washed twice prior to determinations of ratios of RNA to DNA and of protein to DNA (/6).
Portions of the tissue homogenate were taken for DNA determination. Each control or experi-
mental group consisted of six to eight animals, and their uteri were pooled for the subsequent
determinations. With the exception of the data on uterine DNA, each value is the average of
duplicate or triplicate experiments with the range of variation being less than 5 percent. The
other experimental details have been described (11, 12, 16).

Interval . Whole-tissue
after DNA in Nuclear ratios homogenate ratios U:;rtus
hormone uterus - weight
treatment (mg) RNA/ Protein/ RNA/ Protein/ (mg)
(hr) DNA DNA DNA DNA g
Ovariectomized animals
0 0.98 0.23 2.20 0.43 2.10 68 + 5
0.5 91 24 2.05 41 2.66 86 =7
1 .85 79+ 7
2 96 28 2.32 52 2.80 87+6
4 92 27 2.30 102 =+ 10
12 97 29 2.30 1 3.98 1179
24% 1.10 32 3.36 .82 7.82 130+ 8
36 1.22 135 +9
48* 1.20 .32 3.6¢ 140 = 11
72% 1.24 .33 3.78 210+ 19
Normal animals
Diestrus 1.26 0.32 3.54 0.58 4.86 213+ 16
Estrus 1.49 34 3.28 92 24.80 630 =44

*Hormone administered again at intervals of 24 hours each.

protein that occurs in the organ of the
ovariectomized animal, as shown in
Table 1. There is a three- to sixfold
increase in the protein content of the
organ taken from the normal animal
in estrus, compared to that in the di-
estrous phase. The ratios of nuclear
RNA to DNA and of protein to DNA
exhibit only minor decreases after
ovariectomy, and only slight increases
during the estrous phase. These obser-
vations indicate that both ovariectomy
and decreased hormone titer result in a
marked decline in the cytoplasmic con-
centration of ribonucleoprotein in uter-
ine cells. The DNA content of the or-
gan decreases only slightly as a result
of ovariectomy, and there is only a
minor increase on passing from the
diestrous to estrous phase. In estrus,
the endogeneous titers of ovarian hor-
mones are possibly at their highest
(19). The consistent but minor varia-
tion in the DNA content during the
cycle indicates a small turnover either
in the number of cells in the organ or
in the DNA content of the cells re-
sponsive to estrogen. The physiological
significance of this turnover is unknown
(10). Table 1 shows also that the bio-
chemical deviations are restored to nor-
mal by administration of 178-estradiol
to the ovariectomized animal. The de-
crease in the concentration of ribo-
nucleoprotein in the cytoplasm and the
absence of any significant decrease in the
DNA content of the organ after ovari-
ectomy are in accordance with the well-
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known observation that hormone-de-
pendent cells shrink, undergo atrophy,
and become dormant when deprived of
hormone (20). It is now established that
DNA templates in the nucleus are the
sites of synthesis of nearly all the RNA
occurring in animal cells (27). Thus
the observation that in the uterus con-
centration of cytoplasmic RNA, but
not of nuclear RNA, is altered mark-
edly by ovariectomy, estrous cycle, or
hormone treatment is one line of evi-
dence that estrogen in some way reg-
ulates nuclear synthesis of RNA and
its transport to, and its accumulation
in, the cytoplasm.

Nuclear Synthesis of RNA

Previous studies had shown the in-
volvement of RNA synthesis in early
estrogen action in the uterus of the
ovariectomized or immature rat (22),
and Gorski had described (23) the
stimulation in vivo by estrogen of the
RNA polymerase reaction (24) for an
enzyme preparation obtained from
nuclei isolated from the organ. Utiliz-
ing the technique for isolating intact
nuclei from the uterus (/0) and the
procedure of Marushige and Bonner
(25) for isolating and assaying the ac-
tivity of chromatin preparation, we in-
vestigated  estrogen-stimulated RNA
synthesis according to (i) rapidly la-
beled nuclear RNA synthesized in vivo,
(i) RNA polymerase in intact nuclei

assayed in vitro, and (iii) the template
activity of chromatin preparation as-
sayed in vitro with added Escherichia
coli RNA polymerase.

The early effects of estrogen on syn-
thesis of uterine nuclear RNA rapidly
labeled in vivo are shown in Fig. 1.
The incorporation of tritiated uridine
into RNA was increased by more than
500 percent 20 minutes after the hor-
mone was administered. Thereafter, the
specific activity of rapidly labeled nu-
clear RNA decreased, but remained
higher than that of the control from 40
minutes to 24 hours of hormone action.
In another series of investigations (/4)
we were able to show that, as early as
2 minutes after administration of the
hormone, the specific activity of the
nuclear RNA was increased over that
of the control by 40 percent. The ef-
fect of hormone treatment on the up-
take by the uterus of the tritiated uri-
dine, and on the proportion of this
total radioactivity that is not incor-
porated into material precipitable by
perchloric acid (that is, the acid-soluble
fraction), is also shown in Fig. 1. A
consistent observation in our studies
has been that estrogen, in differentially
increasing the specific activity of nu-
clear RNA in vivo from 2 minutes to
24 hours, also increases differentially
the uptake by the organ of the radio-
active precursor (9-11, 13). Correlated
with this increase in uptake is a drop
in the proportion of radioactivity in the
acid-soluble fraction, and an increase
in the acid-insoluble fraction. It is dif-
ficult to say whether the variation in
specific activity of the nuclear RNA
is a cause or consequence of the varia-
tion in uptake of the precursor. How-
ever, kinetic studies suggest that syn-
thesis anticipates uptake in estrogen ac-
tion, with the radioactive precursor en-
tering the uterine cells in response to
depletion of the uridine pool, as a re-
sult of acceleration of the rate of RNA
synthesis (26).

The RNA polymerase in isolated
uterine nuclei was studied in the pres-
ence of divalent magnesium (Mg2t)
ions at low ionic strength, or in the
presence of divalent manganous (Mn2+)
ions and 0.4N ammonium sulfate. The
principal characteristics and Kkinetics
for the incorporation of “4C-labeled
adenosine triphosphate into RNA under
both conditions were similar to those
reported for liver nuclei (27, 28). Both
RNA polymerase reactions assayed in
uterine nuclei in vitro were dependent
upon the presence of all four nucle-
oside triphosphates, and they were in-
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hibited by deoxyribonuclease, ribonu-
clease, or actinomycin D. The data ob-
tained (Table 2) for the base composi-
tion and nearest-neighbor base frequen-
cies of the reactions indicate that the
RNA formed by the Mg2+-activated
reaction is a ribosomal type of RNA.
The ratio of the base pairs (adenine
and uracil to guanine and cytidine) was
less than 0.8. The product of the reac-
tion activated by Mn2* and (NH,),SO,
is more like that of DNA (that is, the
base-pair ratio is equal to or greater
than 1.0). These observations are in
good agreement with the findings of
Widnell and Tata (20) and of Mc-
Gregor and Mahler (28) concerning
RNA synthesis in isolated nuclei from
rat liver.

The stimulation of the two DNA-
dependent RNA polymerase reactions
by estrogen acting in the uterus of the
ovariectomized rat is shown in Fig. 2.
The Mg?+-activated reaction was stim-
ulated at 1 hour, as reported by Gorski
(23). The greatest increase, 100 to 125
percent, was reached at 12 hours and
the peak was maintained until 24 hours
after hormone treatment. No change
was observed in the polymerase reac-
tion activated by Mn2+ and (NH,),SO,
before 12 hours of hormone action.
From 12 to 24 hours after hormone
treatment a slight but consistent (50 to
60 percent) stimulation of this polym-
erase reaction was observed. The same
sequential stimulation of the two RNA

Table 2. The base composition and frequency of the nearest-neighbor base of the product of
RNA polymerase in nuclei isolated from uterine cells (/2). For each experiment (in duplicate),
nuclei were isolated from pooled uteri taken from ten normal adult rats. For analysis of base
composition, all four nucleoside triphosphates were labeled with carbon-14, and 0-3 u-mole of
each was added to the reaction mixture and incubated for 15 minutes (I2). For the reaction
in the presence of 0.4M ammonium sulfate, the radioactive nucleoside triphosphates were
added after 15 minutes of preliminary incubation. For analysis of nearest-neighbor base fre-
quency, 0.06 pmole of ,-**P-adenosine triphosphate was added to the reaction mixture con-
taining 0.3 ymole each of the nonradioactive nucleoside triphosphates. For the Mn?-(NH4)2SO,-
activated reaction, the labeled adenosine triphosphate was added after the reaction mixture
was incubated for 15 minutes with 0.3 ymole each of the nonradioactive nucleoside triphos-
phates. Conditions of incubation, the other experimental details, and the calculation of the
frequencies have been described (7/2). UMP, GMP, CMP, and AMP are uridylic, guanylic,
cytidylic, and adenylic acids, respectively.

RNA Recovery of radioactivity (%) AMP + UMP
polymerase
activation UMP GMP CMP AMP GMP +4 CMP
Base composition
Mg+ 21 31 27 21 0.72
22 30 28 20 0.72
Mn?* and (NH,).SO, 23 26 23 28 1.04
26 26 22 26 1.08
Nearest-neighbor base frequency
Mg2+ 18 32 29 21 0.64
20 33 27 20 0.67
Mn? and (NH,).SO, 25 26 21 28 1.13
23 24 20 33 1.27

polymerase reactions, but on a more
protracted time scale, was also observed
for liver nuclei stimulated in vivo by
thyroid hormone (29). Dissociations of
the stimulations of RNA polymerase
activities in nuclei incubated in the
presence or absence of ammonium sul-
fate have also been reported for the ac-
tions in vivo of testosterone (30) and
growth hormone (29-31) and for di-
ethylstilbestrol in vitro (32).

More recently, we have undertaken
a study of the effect of ovariectomy or

estrogen administration on the template
activity of uterine chromatin assayed
in vitro (33). Barker and Warren (34)
had shown that this activity was stimu-
lated 2 hours after hormone treatment,
and that the activity rises and falls (35)
in a way that could be correlated with
the estrous and diestrous phases of the
estrous cycle. This observation of cycli-
cal variation in template activity of
- chromatin assayed in vitro paralleled
our previous observation (/1) that the
Mg2+-activated RNA polymerase re-

6000

1
=. =

Total 3H radioactivity [104coun| min ! mg1DNA)
!
@®
>
Acid-soluble radioactivity (% of total)

l | I | | | jl

Q I
_;
3
< T_'“6000

oo
= e
o' ey
« £
=
£+
23
® 9Q
o L
=
=
L8]
Q.
(7]

0 ] L 1 I 1 1 y]}/ | 2.0
0 20 40 60 80 100 180min. 12 hours 24

Time after 178 —estradiol

0 20 40 60 80 100 120min. ' 12hours 24

RNA polymerase activity (count/min)

Time after 174 -estradiol

Fig. 1 (left). Time course for the effect of a single dose of 17p-estradiol on the incorporation of °H-uridine into nuclear RNA
rapidly labeled in vivo in the uterus of the ovariectomized rat (/2). All animals were given 100 uc of the radioisotope intraperi-
toneally 10 minutes before they were killed. All animals were given 10 ug of 173-estradiol intraperitoneally at zero time and killed
at the indicated time thereafter. Three to five uteri were pooled for homogenization and isolation of nuclei for each experiment.
Uptake of the radioisotope by the uterus was measured as the total radioactivity per milligram of DNA in the whole-tissue
homogenate. Determination of the total radioactivity and that in the acid-soluble fraction and of the specific activity of RNA
in the nuclei isolated has been described (I12). Fig. 2 (right). The effect of administration of a single dose of 17g-estradiol on
polymerase reactions in RNA nuclei isolated from the uterus of the ovariectomized rat (/2). All animals were given 10 ug of the
hormone intraperitoneally at zero time. The animals were killed as indicated, and the uteri were excised, pooled, and homogenized.
The nuclei were isolated and assayed for RNA polymerse activity in the presence of 5 mM Mg* and in the absence of (NH4)2SOs, or
in the presence of 4 mM Mn?* and 0.4M (NH.):SO.. Solid circles, Mg*-activated RNA polymerase; open circles, Mn* and
(NH.,)-SO.-activated RNA polymerase.

16 AUGUST 1968 651



Table 3. Chemical composition and template activity of uterine chromatin (33) from ova-
riectomized and intact animals. Ovariectomized adult rats were given -(intraperitoneally) 10 e
of 17g-estradiol and killed at the time indicated. The uteri of each group of ovariectomized
or intact animals were pooled, and the chromatin isolated and purified. The chemical composi-
tion and template activity of the chromatin were determined as described (33). The template
activity was expressed in picomoles (pm) of “C-adenylic acid incorporated per 0.25 ml of the

reaction mixture containing 10 ug of DNA in the form of chromatin.

Ovariectomized animals*

Intact animalst

Hormone-treated

Control Diestrus Estrus
8 hours 48 hours
DNA (mass ratio)
1.0 1.0 1.0 1.0 1.0
RNA (mass ratio)
0.12 0.14 0.17 0.17 0.21
. Total protein (mass ratio)
1.12 1.14 1.32 2.45 2.65
Histone (mass ratio)
0.70 0.55 0.65 0.92 0.75
Template activity of chromatin (pm)
14.5 30.5 22,5 12,5 16.0

*Six animals per group.

action shows cyclical variation in prep-
arations of nuclei from uterine cells at
the two prominent phases of the cycle.

The variation in template activity in
vitro of uterine chromatin, isolated and
purified at various intervals after ad-
ministration of estrogen to the ovariec-
tomized rat, is shown in Fig. 3. The
principal characteristics and the Kkinet-
ics of the “template reaction” in the
presence or absence of Escherichia coli
RNA polymerase were similar to those
reported for liver chromatin (25).
Thirty minutes after hormone treat-
ment, the template activity of the iso-

fThree animals per group.

lated uterine chromatin had increased
26 percent over that of the control.
Eight hours later, this activity increased
to about 300 percent more than that of
the control. Thereafter, to 72 hours,
the activity decreased, although at all
intervals of time examined it remained
greater than that of the control. There
was a small but repeatable stimulatory
effect of the hormone on the template
activity of chromatin preparations iso-
lated from the livers of the animals used
(Fig. 3). This stimulation was also max-
imum at 8 hours, but represented an
enhancement of activity of only 5 to

10 percent compared to the control.
The mammalian liver is generally con-
sidered not to be a target organ of es-
trogen, and the physiological signifi-
cance of the stimulation observed re-
mains to be discovered.

An unexpected observation (Fig. 4)
was that the ratio of RNA to DNA of
the chromatin isolated from the uterus
and purified showed a significant in-
crease after only 15 minutes of estro-
gen action in vivo, seemingly anticipat-
ing the stimulation of the preparation’s
template activity first detected at 30
minutes. From 12 to 24 hours the ratio
of protein to DNA in the chromatin
also increased (Fig. 4), in parallel with
the rise in the ratio of protein to DNA
noted for intact nuclei (Table 1).

That the chemical composition as

well as the template activity of chroma-

tin isolated from the uterus is regulated
by both exogenous and endogenous es-
trogen acting in vivo is shown in Table
3. The chromatin isolated from the
ovariectomized rat showed increased
template activity, increases in the ratios
of RNA to DNA and of total protein
to DNA, and a decrease in the ratio of
histone to DNA. The same alterations
of template activity and of chemical
composition were observed for the
chromatin isolated from intact rat in
estrus, compared to that from the ani-
mal in diestrus. Whether the hormone-
induced increase in template activity is
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Fig. 3 (left). Rate of RNA synthesis directed by chromatin isolated from the uterus or liver of the ovariectomized rat, as a
function of time after treatment with estrogen in vivo (33). All animals were given 10 ug of 17g-estradiol intraperitoneally at zero
time. At the times indicated, the animals were killed; the uteri and fragments of the liver were excised and pooled respectively
for homogenization. The chromatin was isolated and purified, by a modification of the technique of Marushige and Bonner (25),
and assayed for template activity in vitro, with the same amount of RNA polymerase of Escherichia coli being added to each
reaction tube. Template activity is expressed as picomoles (pmole) of “C-adenylic acid incorporated per 0.25 ml of reaction mixture
containing the amount of DNA indicated in the form of chromatin. The base line indicates the activity observed for uterine
chromatin (10 ug of DNA) assayed in the absence of RNA polymerase. The constituents of the reaction mixture and the remaining
experimental details have been described (33); solid circles, uterine chromatin; open circles, liver chromatin. Fig. 4 (right). Ratios of
RNA to DNA and of protein to DNA in chromatin isolated from the uterus or liver of the ovariectomized rat, as a function of time
after treatment with estrogen in vivo (33). The experimental procedure is described in Fig. 3, with the exception that the chromatin
isolated and purified was determined chemically for DNA, RNA, and protein (33). Results are representative of replicate experiments.
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a cause or consequence of the changes
in chemical composition is unknown.

These observations suggest that the
estrogen-induced increase in the ratio
of RNA to DNA for uterine chromatin
is a result of an early synthesis of chro-
matin-associated RNA, and not a re-
sult of contamination or of redeploy-
ment of other RNA occurring within
the nucleus. First, the chromatin prep-
arations isolated from the livers of the
animals used in these experiments did
not show an increase in this ratio (Fig.
4). Second, 15 minutes after hormone
treatment the specific activity of RNA
labeled in vivo with tritiated uridine
and contained in the isolated chroma-
tin is also increased over that of the
control (33). Third, the 32P-labeled
RNA contained in the chromatin prep-
aration distributed by centrifugation in
2.09M cesium chloride indicates by
sedimentation profiles a heavy, DNA-
associated RNA peak and a lighter
RNA peak associated with the histone
of the preparation (33). It remains to
be determined if an early increase in
the synthesis and accumulation of chro-
matin-associated RNA in the uterus
is a prerequisite for hormonal stimula-
tion of the template activity of the or-
gan’s chromatin.

Transport of RNA from
Nucleus to Cytoplasm

The turnover of newly synthesized
RNA from the nucleus to the cyto-
plasm in vivo in the uterus has been
examined for effects of ovariectomy
and estrogen administration (I12). The
characteristics of incorporation of
tritiated uridine into RNA of the uterus
of the ovariectomized rat, as a function
of time after administration of the pre-
cursor are shown in Fig. 5A. Tritiated
uridine was rapidly incorporated into
nuclear RNA, with the specific activity
being maximum at 20 to 40 minutes.
The appearance of newly formed RNA
in the cytoplasm was not observed un-
til 1 hour and 20 minutes, at which
time the RNA of the microsomal frac-
tion demonstrated a significant incor-
poration of the radioactive precursor.
Incorporation of radioactivity into mito-
chondrial and cell-sap RNA was not
observed before 2 hours. At 4 hours,
the specific activity of RNA of all cyto-
-plasmic fractions was significantly ele-
vated, with the specific activity of nu-
clear RNA now being less than that of
the microsomal RNA. The effect of
coadministration of 17B-estradiol with
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Fig. 5. Effect of a single dose of 17g-estradiok on the incorporation of *H-uridine into
RNA in the uterus of the ovariectomized adult rat (I2). All animals were given either
100 uc of the radioisotope (A) or 100 uc of the radioisotope and 10 ug of the
hormone (B) intraperitoneally at zero time. At the time indicated, the animals were
killed, and the uteri were excised and pooled for homogenization. The subcellular
fractions were then isolated for extraction of RNA and determination of its specific
activity. Specific activity is expressed as the number of counts per minute per milligram
of RNA. The other details have been described (I2). Solid circles, nuclear RNA;
open circles, mitochondrial RNA; open squares, microsomal RNA; open triangles,

cell-sap RNA.

tritiated uridine (Fig. 5B) was to in-
crease further the specific activity of
nuclear RNA and to accelerate the en-
try of newly formed RNA into the
cytoplasm. Twenty minutes later the
specific activity of nuclear RNA was
increased threefold over that observed
in the absence of the hormone. At 1
hour and 20 minutes, all cytoplasmic
fractions of RNA were significantly
labeled, and by 4 hours the activity of

- microsomal RNA was about 300 per-

cent more than that of the RNA labeled
in the absence of the hormone. In gen-
eral, hormone treatment caused the
rates of synthesis and transport of RNA
in the organ to return to values similar
to those observed when labeled pre-
cursor was administered to the normal
rat (12).

These observations on the intra-
cellular distribution of RNA labeled
in vivo are in good agreement with the
evidence for transport of RNA from
the nucleus to the cytoplasm in mam-
malian cells (36), as well as with the
evidence for variation in uterine con-
tent of whole-tissue and nuclear RNA
(Table 1).

Synthesis of Protein in vivo

Earlier investigations had shown (37)
a general stimulation of synthesis of
total protein during early estrogen ac-
tion in the uterus, usually 4 hours after
hormone administration. Since total
protein was extracted from homog-
enates of the organ previously exposed
to radioactive amino acid for a rela-
tively long period of time, these studies

provided no information on variations
in subcellular rates of protein synthesis.
Also, the synthesis of rapidly labeled
proteins could not be dissociated from
the labeling of structural protein of a
membranous or organelle nature.

The effect of estrogen administration
on synthesis of nuclear, mitochondrial,
microsomal, and cell-sap protein rapid-
ly labeled in vivo (31, 26) with radio-
active methionine is shown in Fig. 6.
First there was a 35 to 60 percent de-
pression of the rate of incorporation of
tritiated methionine into protein of the
several subcellular fractions. This de-
pression was detectable from 20 to 30
minutes after hormone treatment, and
persisted for about 1 to 1¥2 hours. The
early depression of the rate of amino
acid incorporation due to estrogen ac-
tion at 30 minutes was also observed if
glycine, tryptophan, or lysine was used
as a radioactive precursor (75). At 2
hours, the stimulation of synthesis of
protein in both nuclear and microsomal
fractions was apparent. From 2 hours
to 4 hours, there was an enhancement
of nuclear protein synthesis which an-
ticipated the stimulation of synthesis of
cytoplasmic protein, and particularly of
that of the microsomal fraction. At 8
hours, the rate of protein synthesis in
the cytoplasmic fractions was acceler-
ated by 200 to 300 percent. After 8 to
24 hours of hormone action, cytoplas-
mic protein synthesis remained ele-
vated, whereas the amount of synthesis
of nuclear protein decreased to less
than that of the control. The uptake of
tritiated methionine by the uterus and
the proportion of radioactivity that was
acid soluble were consistent with the
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variation in specific activity of the pro-
tein fractions, with exception of the
activity of the nuclear protein fraction
in the later period of estrogen action.

Why the rate of nuclear protein syn-
thesis in the uterus of the ovariecto-
mized rat should first be depressed, then
accelerated, and depressed again dur-
ing the course of estrogen action is un-
certain. Perhaps the early effect of the
hormone on nuclear RNA synthesis at
2 to 20 minutes provides a major drain
on the concentration of adenosine tri-
phosphate in the cells, thereby dimin-
ishing the intracellular energy available
for protein synthesis. Aaronson, Natori,
and Tarver have reported (38) that dur-
ing early estrogen action in the ovari-
ectomized or immature rat a linear de-
¢rease in the adenosine triphosphate
content of the uterus is detectable from
30 minutes to 4 hours after hormone
treatment. The stimulation from 2 to
8 hours in the rate of nuclear protein
synthesis, preceding stimulation of pro-
tein synthesis in the cytoplasm, may
well be a reflection of enhanced syn-
thesis of the protein programed for
transport to the cytoplasm in conjunc-

tion with the accelerated formation of
ribosomes or of their components (I6).
The decrease in rate of nuclear pro-
tein synthesis later in the action of the
hormone is correlated both with the
accumulation of polyribosomes in the
cytoplasm and with the decrease in
their activity in incorporating amino
acids in vitro, as discussed below.

Formation and Activity of

Ribonucleoprotein Particles

Cell-free systems for the study of
protein synthesis by preparations of
ribonucleoprotein extracted from the
rat uterus or chick oviduct has been de-
scribed (3, 39). Segal and Scher (2)
have pointed out the disappointments
in these -early efforts, although the
studies cited demonstrated enhance-
ment of amino acid incorporation ac-
tivity of ribonucleoprotein particles iso-
lated from the target organs, as a result
of estrogen action in vivo. One weak-
ness in these studies was the absence of
information on the sedimentation char-
acteristics of the ribonucleoprotein par-
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Fig. 6. Rates of synthesis of rapidly labeled protein of subcellular fractions of the
uterus of the ovariectomized rat, as a function of time after treatment with estrogen
in vivo (73, 26). All animals were given 83 uc of tritiated r-methionine intraperitoneally
10 minutes before they were killed. Experimental animals were similarly given 10 ug of
the hormone at zero time, and killed at the time indicated. Certain animals were
given doses of the hormone at intervals of 24 hours thereafter. Uteri were pooled
and homogenized, and the subcellular fractions were isolated for determination of
protein and its radioactivity. Specific activity was expressed in counts per minute
per milligram of protein. The data are expressed as percentages of the control values,
which are nuclear protein (N), count/min 340; mitochondrial protein (M), 548 count/
min; microsomal protein (R), 514 count/min; supernatant protein (S), 409 count/min,
The insert shows the variation in tissue radioactivity and in the proportion of radio-
activity that was in the acid-soluble fraction. The other experimental details have

been described (13, 26).
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ticles isolated for assay in the cell-free
system. For this and other reasons, we
undertook a complete study of the sedi-
mentation characteristics of ribonucleo-
protein particles in the cytoplasmic
fraction of the uterus and of the activ-
ity in vitro of the particles with respect
to incorporation of amino acid, as in-
fluenced by ovariectomy or hormone
treatment (40, 41). A mixture of poly-
meric and monomeric ribosomes, des-
ignated polyribosomal preparation, was
isolated from the microsomal fraction
of the uterus (that is, a homogenate of
the organ minus remaining cells, cell
membranes, nuclei, and mitochondria
(42, 43). Most of the polymeric and
monomeric ribosomes in the micro-
somal fraction appear to be unattached
to membranes and to be relatively un-
stable (41, 44). The recovery in the
particles isolated of the total ribonucleo-
protein in the microsomal fraction
was 58 to 61 percent. The same values
were obtained even if the microsomal
fraction was 1.3 percent with respect
to potassium deoxycholate (40). Table
4 describes the principal characteris-
tics of the cell-free system containing,
in addition to the usual constituents
(45), 1C-leucine and the polyribo-
somal preparation. The complete sys-
tem is dependent upon the presence of
adenosine triphosphate, guanosine tri-
phosphate, polyribosomal preparation,
a supernatant fraction (which contains
activating enzymes, transfer factors, and
soluble RNA), and the 20 amino acids.
Cycloheximide, puromycin, ribonucle-
ase, and sodium fluoride inhibit amino
acid incorporation in the system. Table
4 also shows the activity in the cell-free
system of washed monomeric ribo-
somes previously treated with ribonu-
clease, sodium deoxycholate, or sodium
fluoride. Ribosomes treated with sodi-
um fluoride have a higher amino acid
incorporation activity than those treat-
ed with ribonuclease. Sucrose density-
gradient sedimentation indicated, how-
ever, that sodium fluoride was more ef-
fective than ribonuclease in dissociating
polymeric ribosomes (40). Lin, Mostel-
ler, and Hardesty (46) also observed
that ribosomes treated with sodium
fluoride incorporate amino acids very
easily in the rabbit reticulocyte cell-free
system. Sodium fluoride is thought to
dissociate polyribosomes into single
ribosomes, with messenger RNA re-
maining attached to some of the mono-
mers (41, 47). If true, this conceivably
could be useful in studying the effects
of estrogen on the synthesis of mes-
senger RNA.
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Effect of Ovariectomy and
Hormone Treatment

The C-leucine incorporation activ-
ity of the preparation from ovariecto-
mized animals was consistently ob-
served to be 50 to 60 percent greater
that that of the preparation from the
normal animal (Table 5). This was true
whether the incorporated radioactivity
in the cell-free system was evaluated
for each milligram of protein or each
milligram of RNA contained in the
polyribosomal preparation assayed.

The effect of administration of estro-
gen to the ovariectomized rat on the
incorporation of 14C-leucine in vitro by
the polyribosomal preparation is shown
in Fig. 7. Two hours after hormone
treatment, this activity had increased
30 percent. At 8 to 12 hours, the ac-
tivity had increased by about 100 per-
cent. Thereafter, however, the activity
declined, and at 72 hours it approached
the lower activity observed for the
preparation obtained from normal ani-

Table 4. Principal characteristics of the
uterine cell-free system for protein synthesis
(40). Polyribosomal preparation was isolated
from homogenized pooled uteri of normal
rats and assayed for amino acid incorpora-
tion activity (40). The “C-leucine incorpora-
tion activity was expressed as counts per
minute per milligram of protein of poly-
ribosomal preparation added to the reaction
mixture.

Radio-

a_ctivity

Alterations to reaction mixture Incor-

porated

(count/

min)
None 406
Minus polyribosomal preparation 17
Minus 19 unlabeled amino acids 196
Minus ATP 62
Minus GTP 250
Minus supernatant enzyme fraction 28
Plus puromycin (4 X 10-*M) 48
Plus cycloheximide (50 yg) 244
Plus cycloheximide (100 yg) 164
Plus ribonuclease (5 ug) 58
Plus sodium fluoride (5 mM) 360
Plus sodium fluoride (10 mM) 250
Plus sodium fluoride (20 mM) 255

Plus ribonuclease-treated ribosomes,
minus polyribosomal preparation® 197
Plus sodium fluoride-treated ribo-
somes; minus polyribosomal

preparation® 302
Plus potassium deoxycholate-treated

ribosomes, minus polyribosomal

preparation* 209

* Monomeric ribosomes were prepared by in-
cubation of the polyribosomal preparation in
the presence of the enzyme, salt, or detergent
(potassium deoxycholate). After this incubation
the ribosomes were washed twice, and collected
for assay in the cell-free system (40).
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mals (Table 5). A second dose of the
hormone administered at 36 hours
further lowered the activity of the prep-
aration, to a value closely approaching
“normal.”

Variation in concentration of the
polyribosomal preparation isolated from
the uterus of the ovariectomized rat,
as a function of time after hormone
treatment, is shown in Fig. 8. From 2
to 48 hours there was a linear increase
in the concentration of the polyribo-
somes. This increase was 600 to 700
percent at 48 to 72 hours if a second
dose of hormone was administered at
36 hours. If the hormone was admin-
istered only at the start, the concentra-
tion of the preparation from cytoplasm
increased linearly by 400 to 500 per-
cent during the first 36 hours, but de-
creased thereafter to 200 to 300 percent
of the control. This is further evidence
for estrogenic control of cytoplasmic
concentration of ribonucleoprotein par-
ticles in the organ (3, 4), and is one in-
dication of their relative instability (40).
Profiles on sucrose-density gradients of
the polyribosomal preparations iso-
lated from uteri of ovariectomized ani-
mals treated with the hormone for 4,
12, or 24 hours were similar to each
other, as well as to that of the prep-
aration isolated from normal animals
(48).

The uterus could be considered a
factory for the production of protein.
For this interpretation I can make an
analogy to an industrial factory. There
the output or net manufacturing capac-
ity is controlled by the number of work-
ing units and the rate with which these
units work or are run. I believe a new
view of estrogen regulation of protein
synthesis in the cytoplasm of uterine
cells can be obtained by estimation of
the net protein-synthesizing capacity of
the organ, as a function of time after
the ovariectomized rat is treated with
the hormone. This capacity can be es-
timated by combining the information
on the incorporation activity in the cell-
free system of the polyribosomes (Fig.
7) with that of their concentration in
the cytoplasm (Fig. 8). The effect of
hormone treatment on the net protein-
synthesizing capacity of the uterus is
shown in Fig. 9. The capacity is esti-
mated as the number of picomoles of
14C-leucine that would have been in-
corporated in 30 minutes in the cell-
free system, if all of the polyribosomes
isolated from the organ homogenate
containing 1 milligram of DNA had
been incubated. From 2 to 24 hours

Table 5. Effect of ovariectomy on the *C-
leucine incorporation activity of polyribo-
somal preparation in the cell-free system
(41). Polyribosomal preparation from pooled
uteri of normal or ovariectomized rats was
isolated and assayed in the complete cell-free
system as described in Table 4. The ovariecto-
mized animals were used not less than 3
weeks after surgery, and 12 uteri were pooled
for each experiment. The normal animals
were in diestrus, and four uteri were pooled
for each experiment. Activity in the cell-free
system was expressed as counts per minute of
“C-leucine incorporated per milligram of

protein of the polyribosomal preparation
added to the reaction tubes.
Average weight Radioactivity
of uteri* incorporated
(mg) (count/min)
Normal animals
266 += 8 398
254+ 9 406
245 =10 17081
Ovariectomized animals
1+ 4 640
67x 3 627
67 = 4 2680+

* Mean values, plus and minus one-half the
range of measurements. TExpressed by counts
per minute per milligram of RNA of polyribo-
somal preparation added to the reaction mixture.

after hormone treatment, this capacity
for protein synthesis increases 300 per-
cent. Thereafter to 72 hours, the capac-
ity holds constant. The elevated pro-
tein-synthesizing capacity decreases
more than 50 percent from 36 hours to
72 hours if a second dose of the hor-
mone is not administered at 36 hours.
The constant protein-synthesizing ca-
pacity exhibited by the organ between
24 hours and 72 hours, which results
from serial administrations of estrogen,
is achieved by the decrease in incor-
poration activity of the polyribosomal
preparation (Fig. 7) being balanced by
an increase in the amount of the prepa-
ration (Fig. 8). This observation indi-
cates an equilibrium between the for-
mation and the activity of uterine poly-
ribosomes during the later period of
estrogen action, This equilibrium for
cytoplasmic genetic translation in the
uterus is maintained by estrogen con-
trolling the number and the activity of
the polyribosomes in an inverse re-
lation.

These observations lead to the con-
clusion that an essential feature of the
early action of estrogen in the uterus
is the appearance in the cytoplasm, of
new polyribosomes, having amino acid
incorporation properties different from
the old ones occurring there. This con-
clusion is consistent with the previous
studies (3, 4) suggesting that both the
number and activity of ribosomes in
the organ are estrogen-dependent.
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Binding of Radioactive
Estrogen to Chromatin

Another approach to the study of
the early if not primary sites and
mechanisms of action of estrogen is
based on the concept that estrogen is
bound only in its characteristic target
organs, and that this binding is related
to the subsequent physiological actions
of the hormone. In particular, Jensen
and his co-workers have emphasized this
concept (49, 50). Both cytoplasmic (571)
and nuclear binding sites (52) within
the uterine cell have been proposed for
estrogen. Autoradiographic studies have
shown the occurrence of labeled estro-
gen in the uterine nucleus (53), and
Maurer and Chalkley (54) have de-
scribed some properties of a nuclear
binding site for 17g-estradiol in calf
endometrial cells. They estimated 2000
to 2500 binding sites per nucleus for
the hormone and an equilibrium con-
stant of 2 X 10-8M, and they con-
cluded that the binding of the hormone
is stereospecific and noncovalent in the
nature of its linkage. They suggest that
the estrogen binds to a protein com-
ponent of chromatin, and is not con-
tamination as a result of cytoplasmic

protein being isolated with the chro-
matin,

As a result of our finding of very
early effects of estrogen on nuclear
RNA synthesis in vivo and on the
ratio of RNA to DNA in uterine chro-
matin (see Figs. 1 and 4), we measured
the time course of the binding in vivo
of radioactive estrogen to uterine and
liver chromatin in the ovariectomized
rat (33). In the 2-minute interval after
administration of tritiated 178-estradi-
ol in vivo, the hormone’s molecules
entered the uterine cell, penetrated
the nucleus, and were bound to the
chromatin (Fig. 10). This was also
the earliest time that we could detect a
stimulation of nuclear RNA synthesis
by the hormone (I4). Radioactive 178-
estradiol was considered bound to
chromatin if it was not released by
dialysis for 18 hours at 0°C against
0.03M tris [tris(hydroxymethyl)amino-
methane], pH 7.3 (54). Maximum bind-
ing occurred at 8 hours, and it is use-
ful here to recall that, in the studies of
estrogen-stimulated template activity of
uterine chromatin, the peak stimulation
occurred at 8 hours (Fig. 3). At this
time in the action of estrogen in the
uterus the template activity of the iso-

lated chromatin is maximum (Fig. 3)
and its content of RNA and histone
are respectively elevated and reduced
(Table 3). The causal mechanisms re-
sponsible for these genomic variations
in template activity, chemical composi-
tion, and hormone binding remain to
be elucidated. Substantial binding of
the hormone to hepatic chromatin also
occurred, although the amount of the
binding was less than that bound to
uterine chromatin (Fig. 10).

The relation of the binding of 178-
estradiol to uterine chromatin (33, 54)
to the binding of the hormone to 9.5$
and 5§ cytoplasmic and nuclear receptor
molecule(s) of the organ (50, 52) re-
mains to be investigated. The role of
the nuclear membrane in early estrogen
action also remains to be clarified, and
there is evidence that steroid hormones
bind to the nuclear membrane (49). A
comparable conclusion can be inferred
from the findings of Kanno and Lowen-
stein (55) concerned with changes in
nuclear membrane potentials of insect
cells treated with ecdysone. In terms of
molecular structure and binding phe-
nomena, the major characteristics of
the nuclear binding site of 17-estradiol
remain undescribed. The receptor
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Fig. 7 (left). Effect of administration of 17g-estradiol on the *C-leucine incorporation activity in the cell-free system of the
polyribosomal preparation isolated from the uterus of the ovariectomized rat (4). At zero time all experimental animals were
given 10 ug of the hormone intraperitoneally. Each group consisted of ten animals, and individuals of certain groups were given a
second dose of the hormone at 36 hours. At the times indicated the animals were killed, the uteri were removed, and the polyribo-
somal preparation was isolated. Recovery of the microsomal ribonucleoprotein in the polyribosomal preparation was 58 to 61
percent. The constituents of the cell-free system and the procedure of assay of incorporation activity were described in Table 4
and by Teng and Hamilton (41). Solid circles, incorporation of “C-leucine by the polyribosomal preparation isolated from uterine
cells of animals given the hormone at zero time and again at 36 hours; open circles, from animals given the hormone at zero time
only; broken line, from normal animals in diestrus, Fig. 8 (right). Effect of administration of 178-estradiol on the cytoplasmic
concentration of uterine polyribosomal preparation, as a function of time after administration of 17g-estradiol to the ovariecto-
mized rat (4I). The procedure and recovery of microsomal ribonucleoprotein in the polyribosomal preparation isolated were as
described in Fig. 7 and elsewhere (41). Concentration of the polyribosomes in the cytoplasm was determined by the number of
micrograms of protein of the preparation isolated per milligram of DNA in the tissue homogenate. Protein and DNA were de-
termined chemically. Tht ratio of absorbance at 260 mu to that at 280 mu for each preparation isolated was 1.78 to 1.80. Solid
circles, concentration of polyribosomes in cytoplasm of uterine cells of animals given hormone at zero time and again at 36 hours;
open circles, concentration when hormone was given at zero time only; broken line, concentration for normal animals in diestrus
(465 = 20 ug of protein per milligram of DNA for triplicate analyses).
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Fig. 9 (left). Effect of 17g-estradiol on the net protein-synthesizing capacity of the uterus of the ovariectomized rat (41). This
figure combines the data of Fig. 7 with that of Fig. 8. Net protein-synthesizing capacity was estimated by converting each value
for specific activity in Fig. 7 to the number of picomoles of *C-leucine incorporated per milligram of protein of polyribosomal prep-
aration, and multiplying that value by the corresponding number of micrograms of protein of polyribosomal preparation per milli-
gram of DNA in the tissue homogenate (Fig. 8). Solid circles, net protein-synthesizing capacity of uteri of animals administered
17g-estradiol at zero time and again at 36 hours; open circles, the net protein-synthesizing capacity of uteri of animals treated

with hormone at zero time only; broken line, the net protein-synthesizing capacity of uteri of normal animals in diestrus.
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10 (right). Binding of tritiated 178-estradiol to chromatin isolated from the uterus or the liver of the ovariectomized rat (33).
At zero time all animals were given 1 ug (150 uc) of the radioactive estrogen. At the times indicated thereafter the animals were
killed, and the uteri and the liver fragments were respectively excised, pooled, and homogenized for isolation and washing of the
chromatin (33). The binding was expressed as the number of counts of tritiated 17g-estradiol per minute per milligram of DNA
of chromatin preparation. The thin lines indicate the binding values determined again after samples of the preparations previously

isolated and washed had been dialyzed for 18 hours at 0°C against 0.003M tris, pH 7.3.

molecule in chromatin for the hormone
appears to be a protein (54), but
whether it is a histone is still uncertain.
Evidence for the binding of testosterone
(56) and hydrocortisone (57) to histone
has been reported. However, now that
techniques are available (58) for the
electrophoretic separation of histones
in polyacrylamide gel and for their
chemical determination, some answers
to these problems may soon be found.

Discussion and Conclusions

Considered together, the various
studies surveyed and summarized in
Fig. 11 indicate that genetic transcrip-
tion is activated prior to sequential
stimulations of nuclear and cytoplasmic
genetic translation during the early
action of estrogen in the uterus. The
genetic program activated by the hor-
mone early in its action apparently has
as a primary function the initiation of
biosynthetic and nuclear-to-cytoplasmic
transport activities, which result in a
restoration of the organ to a higher
and “normal” level of protein-synthe-
sizing capacity. Figure 11 also shows
that the sequential administration of
several doses of the hormone to the
ovariectomized adult rat restores to the
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uterus the biochemical balance ob-
served for the organ in the diestrous
phase of the estrous cycle of the intact
animal.

Although it is clear that in order to
enter the nucleus estrogen must first
pass or be transported (49-52) through
the membranes, and the cytoplasm
of the uterus, there appears to be
one primary site of action of the hor-
mone within the genome of the organ’s
cells (14, 33, 54, 59). Five observations
support this conclusion. (i) Two minutes
after injection of radioactive 17(B-estra-
diol to the ovariectomized rat the hor-
mone is tightly bound to uterine chro-
matin (Fig. 10). The kinetics of this
binding and some general properties of
the binding site have been described
for chromatin isolated from endo-
metrial cells of the calf uterus (54). (ii)
During the same and very early period
of hormone action, the rate of synthesis
of nuclear RNA in the rat uterus is
accelerated by 40 percent (/4). (iii) The
ratio of RNA to DNA of the chromatin
preparation isolated 15 minutes after
hormone treatment is also increased
(Fig. 4). (iv) The incorporation of trit-
iated wuridine into the RNA of the
chromatin preparation is also enhanced
by the hormone during the first 15
minutes of its action (33). (v) Church

and McCarthy have discovered that,
within minutes after estrogen adminis~
tration, there is a qualitative and quan-
titative increase in the nuclear RNA of
the uterus of the ovariectomized rabbit,
as evidenced by analysis of RNA hy-
bridized with DNA (59).

These observations leave little doubt
that a stimulation of synthesis of nu-
clear RNA is a primary event in the
early action of estrogen. The RNA thus
synthesized is now best considered
only in general terms as representing
one or more types of chromosomal and
ribosomal RNA (6, 7, 12, 32, 60). The
function of the nuclear or nucleolar
RNA synthesized early in the action of
estrogen or testosterone, or during liver
regeneration, may be more diverse than
attributed commonly to “ribosomal
RNA,” as implied by the work of
Trachewsky and Segal (61), Barton and
Liao (62), Church and McCarthy (63),
and others. Precise characterization of
the RNA formed early in estrogen
action, and its relation to the unstable
nuclear RNA described by Harris and
his co-workers (64) and to the chro-
mosomal RNA described by Bonner
and Widholm (65), remain to be de-
termined. Of interest but yet uncertain
significance here is the observation that
cyclic 3’,5’-adenylic acid stimulates uri-
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dine incorporation in the uterus, taken
from the ovariectomized rat and incu-
bated in vitro for 1 hour in the presence
of the nucleotide (66). It has also been
reported that generation of the cyclic
nucleotide is stimulated at 15 seconds
after the rat uterus is stimulated by
estrogen (67).

Current Models and Theories of

Estrogen Action

Tata has reviewed (7) recent ad-
vances in the understanding of hor-
monal mechanisms, He points out that
evidence accumulated since 1963
necessitates a revision of Karlson’s idea
(17) that the primary action of many
growth-promoting and developmental
hormones involves induction of mes-
senger RNA synthesis. Karlson follow-
ed explicitly the Jacob-Monod model
(18), whereby inducers cause derepres-
sion of specific operons for synthesis of
messenger RNA and a resulting control
of enzyme synthesis. The new evidence
may be summarized as follows.

First, work from several laboratories
(36) has indicated that messenger RNA
in nucleated cells is transported from
the nucleus to the cytoplasm only when
it is attached to the smaller ribosomal
component. In the cytoplasm, this com-
plex appears to be united to the larger
ribosomal component for the formation
of a polyribosome. The majority of mon-
omeric ribosomes isolated from the cy-
toplasm are thought to be derived from
polyribosomes. Thus the mechanism of
polyribosome formation must be con-
sidered in interpreting effects of hor-
mone on messenger RNA synthesis and
its transport to the cytoplasm, which
determines the specificity of hormone
action (7, 12). Second, there is now
evidence that insulin as well as adreno-
corticophic and gonadotrophic hor-
mones may control the translational
activity of cytoplasmic polyribosomes
(68). These translational effects of hor-
mones seem to occur independently of
effects on nuclear synthesis of RNA,
and Tata emphasizes the probability
that many hormones may have multiple
rather than single primary actions and
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Fig. 11. Summary of the effect of administration of 17g-estradiol on the synthesis
and accumulation of RNA and protein in the uterus of the ovariectomized rat. All
animals received 10 ug of the hormone at zero time, and certain animals were given
additional hormone at intervals of 24 hours thereafter. The symbols on the right
ordinate indicate the biochemical data on uteri of normal animals in diestrus, similarly
expressed as percentages of the control values. Open circles, activity of the Mg*-
activated RNA polymerase reaction; open triangles, activity of the Mn*-(NHs4)2S04-
activated RNA polymerase reaction; open squares, specific activity of rapidly labeled
nuclear protein in vivo; solid circles, ratio of nuclear RNA to nuclear DNA; closed
squares, ratio of nuclear protein to DNA (values prior to 8 hours are not shown);
closed triangles, concentration of ribonucleoprotein in the cytoplasm; broken line,
specific activity of nuclear RNA rapidly labeled in vivo; dotted line, incorporation
of “C-leucine in the cell-free system of cytoplasmic polyribosomes. The last two
curves are taken from refs. 12, 13, and 16.
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effects on the protein-synthesizing ap-
paratus of the cells of their respective
target organs. Taking the foregoing
ideas into account, let us now discuss
the mechanisms of estrogen action.

The nucleolus is the major site of
synthesis of ribosomal RNA and of
ribosomal components or precursors
(69). Much of the nuclear RNA syn-
thesized early in the action of estrogen
in the uterus of the ovariectomized rat
is of a ribosomal type (9, 12). Laquens
(70) has shown by electron microscopy
that from 6 to 24 hours after estrogen
action begins there is an increase in
the size and number of nucleoli in the
smooth muscle cells of the uterus;
from 24 to 72 hours the nucleoli con-
tinue to increase in size and move
closer to the nuclear membrane. At the
same time there is an increase in the
number of cytoplasmic ribonucleopro-
tein particles. The differential effects of
estrogen on the activity and the forma-
tion of uterine polyribosomes (Figs. 7
and 8) probably represent dual effects
of the hormone on genetic transcription
in association with nucleolar as well as
chromosomal function. The early stimu-
lation of the Mg2*+-activated RNA
polymerase reaction (Fig. 2), the prod-
uct of which is a ribosomal type of
RNA (Table 1), also points to this con-
clusion.

There is some positive evidence that
messenger RNA synthesis is stimulated
after an initial increase in the synthesis
of chromosomal and ribosomal RNA
during early estrogen action. For ex-
ample, the relatively small but delayed
enhancement of the reaction of RNA
polymerase activated by Mn2* and
(NH,),S0O, in vitro only occurs after the
cytoplasmic concentration of ribosomes
is already rapidly increasing (Figs. 3
and 8). Since the product of this poly-
merase reaction is a more DNA-like
type of RNA (Table 1), it can be as-
sumed that the enhancement of this
nuclear reaction is associated with the
increased synthesis of messenger RNA
geared to increased formation of ribo-
somal components programmed for
transport to the cytoplasm for poly-
ribosome formation. Supporting this as-
sumption is the observation that be-
tween 12 hours and 24 hours, the ratio
of RNA to DNA and that of protein to
DNA increase in the uterine nucleus
about 20 to 60 percent (Table 1), with
values similar to those observed for the
enhancement of the Mn?*-(NH,),S0,-
activated polymerase reaction during
the same period (Fig. 11).

These parallel observations of en-
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hanced polymerase activity and nuclear
content of RNA and protein relatively
late in estrogen action suggest that
another effect of the hormone leads to
an increase in the protein-synthesizing
capacities of subnuclear fractions, by
increasing their content of ribonucleo-
protein particles. Indeed, an amplifica-
tion of the capacity of the nucleus to
synthesize RNA (messenger as well as
chromosomal and ribosomal RNA)
and protein (RNA polymerase as well
as structural ribosomal protein) may be
necessary for the “underwriting” of the
synthesis of the ribosomal components
which turn over to and accumulate in
the cytoplasm in polyribosomes. Mc-
Carty and his co-workers (7/) have
shown that ribosomes isolated from
subfractions of the rat-liver nucleus
synthesize protein by essentially the
same mechanism as those found in the
cytoplasm. Further, recent studies in
my laboratory (72) and that of Allfrey
and Mirsky (73) have shown by electron
microscopy and autoradiography that
the Mg2+-activated RNA polymerase
resides in the nucleolus, whereas the
Mn?*-(NH,),S0,-activated RNA poly-
merase is restricted almost entirely to
the extranucleolar chromatin of the
nucleus.

Whether a preferential synthesis of
new messenger RNA molecules is
necessary for the early effects of estro-
gen on protein synthesis in the uterine
nucleus and cytoplasm is still unknown,
However, the studies on early estrogen
action can be interpreted without re-
sorting to the idea of induction of
synthesis of messenger RNA only by
the hormone (77). On the contrary, one
of the earliest effects of estrogen in its
action may well be the stimulation or
activation of some rate-limiting process
which in turn controls the activity of
the cistrons controlling the synthesis
of several species of RNA. Thus the
hormone would do no more than cause
an acceleration of the synthesis of the
same or several species of RNA mole-
cules. For the present, the cistrons that
control the synthesis of chromosomal
and ribosomal RNA seem likely candi-
dates for some of the primary sites
of action of the hormone (74, 75).

In my laboratory we now follow the
hypothesis that estrogen in its early
action accelerates first the synthesis of
chromosomal and ribosomal RNA and
then the formation of ribosomal com-
ponents or precursor particles. These
particles probably then “pick up” mes-
senger RNA molecules from their re-
spective DNA sites (76), and transport
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them to the cytoplasm for completion
of ribosomal synthesis and thus of poly-
ribosome formation. This hypothesis is
compatible with the demonstration that
Escherichia coli ribosomes stimulate
the capability of the DNA-RNA poly-
merase complex of the system to syn-
thesize RNA (77). The hypothesis is in
agreement with the work indicating that
either the small ribosomal subunits (36)
or “informosome” particles (78) trans-
port messenger RNA from the nucleus
to the cytoplasm. It is also consistent
with the demonstration that hydrocorti-
sone causes an accelerated rate of
transfer of 458 ribonucleoprotein par-
ticles from the nucleus to the cytoplasm
in liver (79). The hypothesis also falls
into line with Tata’s suggestion (7) that
a coordinated proliferation of a unit of
membrane, ribosomes, and messenger
RNA geared to the rate of protein syn-
thesis is a common property of multi-
cellular control systems (80).
Stimulation of genetic transcription
precedes that of genetic translation dur-
ing the early action of estrogen—inso-
far as a genetic program for increased
nuclear-to-cytoplasmic transfer of ribo-
nucleoprotein particles and an increase
in the protein-synthesizing capacity of
the uterine cytoplasm is concerned.
This is not to say that this is the only
genetic program activated or controlled
by the hormone in the organ. Evidence
for the synthesis in vitro by estrogen of
specific proteins now exists (75, 81) for
several other systems influenced by the
hormone, and these studies and the
techniques may be of value in further
studies of the mechanisms through
which estrogen controls the synthesis
of new proteins. Separate, hormone-
dependent genetic programs may exist
in uterine cells responsive to hormones:
one for quantitative control in overall
RNA and protein metabolism such as
described, and one for the qualitative
control of messenger RNA synthesis or
translation for the specific synthesis of
individual proteins. As Tata (7) has
suggested, growth-promoting hormones
such as estrogen may have multiple
rather than single primary mechanisms
or sites of action. The estrogen-deficient
uterus of the ovariectomized adult rat
should not be expected to exhibit a
sequential array of new and specific
proteins synthesized de novo during its
initial response to hormonal stimula-
tion. A return to a higher and more
efficient state of protein synthesis with
a corresponding increase in the number
of cytoplasmic organelles necessitates
only an expansion of pre-existing bio-

synthetic and transport mechanisms,
However, the development of the im-
mature rat uterus or of the chick ovi-
duct (32, 82) may demand the synthesis
of new proteins. Correspondingly, the
uterus of the adult rat encounters a
new hormonal environment during its
transition from estrus to the pregnancy
state. A new constellation of proteins
may well appear at that time, correlated
with the new functions of the organ
(83). In this context it is important to
note that recently two groups reported
(83a) that estrogen induces the syn-
thesis of new species of nuclear RNA
in the chick oviduct, as indicated by
studies of RNA hybridized with DNA.

Prospects

The uterus undoubtedly has several
if not many genetic programs permit-
ting a wide array of metabolic re-
sponses to variations in hormone titer
and diversity, and in terms of molecu-
lar mechanisms we know almost
nothing of this control. Of particular
interest concerning the direct or in-
direct effect of estrogen on the activity
of the uterine genome is the recent iso-
lation from Escherichia coli systems of
repressor proteins (acid type) by Gil-
bert and Miiller-Hill (84) and by
Ptashne (85). Investigations of the roles
of chromosomal RNA (86) as well as
of acidic (87) and basic (58, 88) pro-
teins in the nucleus during early estro-
gen action in the uterus should provide
basic information. Solution of related
problems dealing with the interaction
between 17g-estradiol molecules and
the nuclear receptors or protein com-
ponents of uterine chromatin, should
reveal the nature of the repressor-in-
ducer interaction in this system. Such
findings would also aid us in under-
standing the molecular mechanisms reg-
ulating genic activity in multicellular
organisms, There are already hints (73,
26) of the synthesis of protein or pro-
teins having repressor or suppressor
functions in control of RNA synthesis in
the estrogen-deficient uterus.

Summary

Although the precise molecular
mechanisms are almost totally un-
known, recent studies of RNA and

protein synthesis in the uterus of the
ovariectomized adult rat suggest the
following intracellular sequence for
some of the events occurring during
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the early action of 17B-estradiol: (i)
binding of the hormone to the chroma-
tin in the nucleus; (ii) stimulation of
synthesis of chromosomal and ribo-
somal RNA in conjunction with chro-
mosomal and nucleolar activity; (iii)
an acceleration of the rate of formation

of

ribosomal precursor particles; (iv)

an acceleration of transport of the ribo-
somal precursor particles with attached
messenger RNA to the cytoplasm; and
(v) an accumulation of new polyribo-
somes in the cytoplasm having different
amino acid incorporation properties
compared to those of the old ones. The
effect of estrogen on cytoplasmic pro-
tein seems indirect, with effects of the
hormone on genetic transcription re-
sulting in a regulation of the rate and
amount of genetic translation.
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Undergraduate Achievement
and Institutional ‘“Excellence”

Traditional indices of institutional quality do
not appear to contribute to student achievement.

Although the American system of
higher education is noted for its diver-
sity, most of its institutions pursue a
common quest for quality or “excel-
lence.” Among the attributes which are
generally regarded as indices of excel-
lence are a select student body, a highly
trained faculty, an institutional em-
phasis on scholarship, a large library, a
high faculty-student ratio, and a vigor-
ous program of research. Perhaps the
most important benefit presumed to de-
rive from these attributes concerns the
intellectual development of the student.
In the folklore of higher education, it is
assumed that the student’s learning and
intellectual development will be en-
hanced if he attends a “high-quality”
institution. The principal purpose of the
research reported here was to test this
assumption empirically, by means of a
longitudinal study of undergraduate stu-
dents attending colleges of varying de-
grees of “quality.”

Design of the Study

Studies of the comparative effects of
collegiate institutions on the student’s
development are difficult to design, pri-
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marily because students are not distrib-
uted randomly among institutions. On
the contrary, particular types of stu-
dents are attracted to particular types
of institutions. Under these circum-
stances, observed variations among col-
leges in the average achievement of
their students may result from differ-
ences in ability that existed prior to
matriculation, as much as from the dif-
ferential impact of the institutions them-
selves. The nonrandom character of
college attendance necessitates the use
of “natural experiments,” in which the
comparative influence of different in-
stitutions is examined only after some
attempt is made to compensate for dif-
ferences in the average academic ability
of the entering students.

The need for controlling differential
student inputs is well illustrated by the
history of studies of institutional “Ph.D.
productivity” (/). In general, this re-
search has shown that an adequately
controlled study requires the following
three types of data. (i) Student output
information—performance or achieve-
ment of the student; these data repre-
sent the dependent variable or variables
of concern in the study; (ii) student in-
put (control) information—character-
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Nucleic Acid Res. 6, 25 (1967).
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istics of the student, at the time of col-
legze entrance, u.at might affect his
subsequent performance on the output
mecasures; (iii) environmental data—
characteristics of the student’s college
that might affect his subsequent output
performance.

Sample of Students

The sample of 669 students used in
the analysis was drawn from a larger
sample comprising the freshman classes
entering a stratified national sample of
248 accredited, 4-year colleges and uni-
versities in the fall of 1961 (2). A
subject was included in the study if he
satisfied the following four conditions:
(i) he was among the random samples
of approximately 250 students at each
college who were selected for a follow-
up study conducted in 1962 (3); (ii)
his institution was one of the 38 in our
sample that administered the area tests
from the Graduate Record Examinations
to its seniors in 1965; (iii) he could be
positively identified by name among
those students from whom Graduate
Record Examination scores were avail-
able; (iv) he had taken the National
Merit Scholarship Qualifying Test while
in high school, and his scores could be
obtained from the files of the National
Merit Scholarship Corporation. This
last requirement was considered essen-
tial, since the student’s academic ability
before entrance into college was ex-
pected to be a major determinant of his
subsequent performance on the Grad-
uate Record Examination (4).
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