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ABSTRACT The mRNA levels of genes known to be
regulated by sex steroids are not altered until 1 hr or longer
after steroid treatment, although the steroid receptor com-
plexes are bound to nuclear acceptor sites within 5 min. In a
search for early regulation of gene transcription, total chick
oviduct RNA was isolated at various times after injection (i.p.)
of progesterone and analyzed for c-myc expression. Levels of
c-myc mRNA began to decrease in response to progesterone by
10 min after injection. The mRNA levels continued to de-
crease, reached a 70% reduction at 30 mi, and returned to
control values by 8 hr after steroid injection. Changes in
a-tubulin mRNA levels were markedly less in these same RNA
preparations. The effect was dependent on the dose of the
steroid and was target-tissue specific. These changes occurred
much more rapidly than changes in egg-white protein mRNA
levels. Vehicle alone did not alter c-myc mRNA levels. Early
regulated genes such as c-myc may represent the initial site of
action of steroid receptors in the genome.

In many instances steroid hormones and vitamins regulate
the expression of genes in target cells at the level of
transcription. The regulated genes include enzymes, secre-
tory products, and structural proteins (1, 2) as well as growth
factors (3, 4) and protooncogenes (5-11). One dilemma
associated with direct sex steroid receptor mediation of
these effects is the time interval between the initial nuclear
binding of steroid receptor complexes (5-10 min) and the
steroid-induced changes in mRNA levels (2-3 hr). There is
strong evidence that protein synthesis is required during this
interval for the steroid-induced changes in mRNA levels to
occur (2, 12). One possibility considered by our laboratory is
that steroid-induced gene regulation might involve early
"regulatory" genes whose transcription would be rapidly
modulated by steroid receptor binding and whose protein
products would in turn regulate the transcription (or expres-
sion) of the well-defined "late" structural genes of house-
keeping or secretory proteins. This model would require
rapid steroid regulation of the expression of these regulatory
genes that might encode transcription factors or other nu-
clear proteins.
As a first step to test this model, we investigated whether

there were any genes that were rapidly regulated by proges-
terone in the avian oviduct. We screened a panel of genes
with 32P-labeled mRNA isolated from the avian oviduct at
early periods after progesterone injection (i.p.). Emphasis
was given to protooncogenes whose protein products mi-
grate to the cell nucleus. Analysis of mRNA from estrogen-
primed chick oviducts revealed the expression of several
protooncogenes, including c-myc. This type of analysis also
revealed that c-myc mRNA levels were decreased 1 hr after
progesterone administration. In this paper, RNA gel blot
analyses of total cellular RNA probed with v-myc were used
to define the time course, dose dependence, and tissue

specificity of the progesterone-mediated down-regulation of
c-myc expression. EVidence for an extremely rapid regula-
tion by progesterone of a v-myc-related RNA transcript in
the avian oviduct is presented. Preliminary results of some
of these results have been presented (13).

MATERIALS AND METHODS

Treatment of the Animals. Specifically, immature chicks
were injected subcutaneously with 5 mg of diethylstilbestrol
in sesanme oil per day from 6 to 25 days of age. Progesterone
was injected (i.p.) in 0.2 ml of propylene glycol 10 hr after
the last diethylstilbestrol injection. Chicks were sacrificed at
various times after progesterone injection, and the oviducts,
livers, and spleens were excised and placed on dry ice.
Tissues were frozen at - 700C and processed to total cellular
RNA within 1-2 days. All studies described in this paper
involved several experiments each with different groups of
animals.

Isolation of Total Cellular RNA. Total cellular RNA was
prepared from oviducts by a modification of the method of
Chirgwin et al. (14). Up to 3 g of tissue was homogenized in
65 ml of 6.0 M guanidine hydrochloride/20 mM sodium
acetate/10mM dithiothreitol, pH 5.2, and centrifuged 30 min
at 20,000 x g. The supernatant was layered over 8 ml of 5.7
M cesium chloride/0.1 M EDTA, pH 7.0, and centrifuged in
a Aiedknfan SW 28 rotor at 220C for 22 hr at 22,000 rpm to
sediment the RNA. The pellet was resuspended in H20 and
ethanol-precipitated twice by the addition of 0.1 vol of 3 M
sodium acetate (pH 5.2) followed by 2.5 vol of95% (vol/vol)
ethanol at - 20'C. The RNA was resuspended and stored in
sterile distilled water at - 70'C.
RNA Gel Blot Analyses with v-myc DNA as Probe. RNA

preparations were fractionated by using glyoxal denaturation
(15) and electrophoresis was performed in 1.1% agarose.
Each lane contained 30 gg of total cellular RNA denatured
by incubation for 1 hr at 520C in a solution of 1 M glyoxal,
50% (vol/vol) dimethyl sulfoxide, and 10 mM sodium phos-
phate (pH 7.0). Electrophoresis was performed in 10 mM
sodium phosphate (pH 7.0) at 70 V for -4 hr. The RNA was
then transferred to Micron Separations (Westboro, MA)
Magnagraph nylon filters by capillary action over 12-29 hr
in 20 x SCC (1 x SSC = 0.15 M NaCl/0.015 M sodium
citrate, pH 7.0.). The filters were baked for 2 hr at 809C and
hybridized as described below.
The v-myc DNA from Oncor (Gaithersburg, MD) con-

sisted of a 1500-base-pair Pst I-Aha III fragment of v-myc
containing only c-myc protein-encoding sequences and was
labeled with 32P by random hexanucleotide primer extension
by using the Multiprime DNA labeling system from Amer-
sham. Specific activities of 1.5 x 109 dpm4,ug ofRNA were
routinely obtained. The a-tubulin DNA probe was isolated
and cloned by Cleveland et al. (16). It represents a 1900-
base-pair cDNA to a-tubulin mRNA from chicken brain
representing -75% of the full length of the mRNA. The
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cDNA was cloned into pBR322 by using poly(dG)-poly(dC)
tailing. The probe was 32P-labeled by using the New England
Nuclear nick-translation system. The conditions for DNA
RNA hybridization were a modification of those reported by
Woloschak (17). Baked filters with immobilized RNA were
shaken 10 min in 20 mM Tris-HCI (pH 7.6) at 1000C. They
were rinsed in warm 3 x SSC/0.1% NaDodSO4 and prehy-
bridized in hybridization buffer [50%o (vol/vol) deionized
formamide, 5 x Denhardt's solution (1 x Denhardt's solu-
tion = 0.02% polyvinylpyrrolidone/0.02% Ficoll/0.02% bo-
vine serum albumin), poly(A) at 10 pkg/ml, denatured salmon
sperm DNA at 50 ,ug/,l, 0.01% NaDodSO4, 3 x SSC] for
2-12 hr at 430C. 32P-labeled probe was denatured by incuba-
tion at 90'C for 3 min, cooled to 40C, and then added to fresh
hybridization buffer. Hybridization proceeded for 16-48 hr
at 430C. High-stringency washes included 15 min in 3 x
SSC/0.1% NaDodSO4 at room temperature, two 30-min
washes in 1 x SSC/0.1% NaDodSO4 at 43°C, and two
15-min washes in 0.5 x SSC/0.1% NaDodSO4 at 650C.
Filters were then wrapped in polyethylene and exposed to
x-ray film (Kodak AR X-Omat) with intensifying screens for
1-4 days at - 70°C.
Scanning Densitometric Analyses of the RNA Gel Blots.

Scanning densitometry was used to obtain quantitative esti-
mations of the relative amounts of c-myc mRNA in each
RNA preparation. Autoradiographs of RNA gel blots
washed at high stringency were used. Three 15-mm scans
were taken across each hybridization band. The peak of each
scan was selected visually, and the area under the peak was
calculated by the spectrometer (Hirshmann Escript 400).
These areas were averaged from three separate scans to give
a number representing the relative signal intensity at each
band.

RESULTS
Fig. 1 Upper shows an RNA gel blot analysis of total cellular
RNAs isolated from developed oviducts of diethylstilbestrol-
treated chicks at various times after a 1-mg dose (i.p.) of
progesterone and reveals rapid down-regulation of c-myc
mRNA level (Fig. 1 Upper). Lane O' (RNA from untreated
animals) shows that c-myc mRNA is expressed in the
oviducts of estrogen-primed animals. The 2.4-kilobase (kb)
size of the major transcript is consistent with the reported
size of c-myc mRNA in avian and other tissues (7, 8). The
minor band at 4 kb was largely removed by high-stringency
washes and did not show any regulation by progesterone.
The relative abundance of the 2.4-kb c-myc mRNA begins

to decrease within 10 min after injection of progesterone,
reaches a minimum between 30 min and 1 hr, and returns to
control values by 4 hr. This effect has been observed in six
groups of chicks at two different doses of progesterone (250
t.g and 1.0 mg). This rapid effect of progesterone on the
expression of c-myc represents one of the most rapid
changes ofmRNA levels induced by any steroid reported in
the literature. As shown in Fig. 1 Lower, the same RNA gel
blot reprobed with 32P-labeled a-tubulin DNA shows that the
injection of progesterone alters a-tubulin mRNA levels
markedly less than the c-myc mRNA levels.

Fig. 2 shows the effects of injecting vehicle alone on c-myc
mRNA levels in diethylstilbestrol-stimulated oviducts. No
change in c-myc mRNA level is observed at any time point
studied when vehicle without steroid is injected. The reduc-
tion in c-myc mRNA thus appears to be dependent on
progesterone. The tissue specificity of progesterone-
mediated down-regulation of c-myc mRNA was examined
by isolating total cellular RNA from spleen and liver at
various times after a 1.0-mg dose of progesterone. Fig. 3
shows that progesterone did not alter c-myc mRNA levels in
spleen. Analyses of liver RNA in the same experiments
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FIG. 1. Progesterone regulation of c-myc and a-tubulin mRNA
levels in the diethylstilbestrol-stimulated avian oviduct. RNA gel
blots of total cellular RNA (14) from oviducts of diethylstilbestrol-
stimulated chicks given 1 mg of progesterone (i.p.) were hybridized
with 32P-labeled v-myc DNA or a-tubulin plasmid cDNA and
washed at high stringency. RNA was denatured and electrophoresed
in the presence of formaldehyde, as described (18). (Upper) RNA
was isolated from oviducts at various times (as indicated by lane
labels) after treatment with 1.0 mg of progesterone and hybridized
with v-myc. (Lower) Same blot hybridized with a-tubulin cDNA.

revealed that progesterone also did not alter the low levels of
c-myc mRNA in avian liver (data not shown). Thus the
progesterone-induced changes in c-myc mRNA are tissue
specific.
The results of densitometric tracings of the autoradio-

graphs ofRNA gel blots from two groups of chicks given 1.0
mg of progesterone and from one group given 250 ,ug of
progesterone are graphed in Fig. 4. The average densitom-
eter values from two 1-mg-dose experiments show that
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FIG. 2. Effect of vehicle on c-myc mRNA level in the
diethylstilbestrol-stimulated avian oviduct. RNA gel blot of total
cellular RNA (15) from the oviducts of diethylstilbestrol-stimulated
chicks was hybridized with 32P-labeled v-myc DNA and washed at
high stringency. The oviducts were harvested at 0, 1, 2, and 4 hr
after injection (i.p.) of 0.2 ml of vehicle (propylene glycol).
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FIG. 3. Effect of progesterone on c-myc mRNA level in the
avian spleen. RNA gel blot of total cellular RNAs from spleens of
diethylstilbestrol-stimulated chicks was hybridized with 32P-labeled
v-myc DNA, and washed at high stringency. The spleen RNAs were
isolated at various times (as indicated by lane labels) after 1.0 mg of
progesterone.

progesterone treatment causes a rapid decrease in c-myc
mRNA level. The level begins to decrease by 10 min after
progesterone injection, reaches a 70%o reduction by 30 min,
and returns to control values by 8 hr. A similar change in
c-myc mRNA level occurs in the oviduct after 250 ug of
progesterone. Fig. 4 also displays the average values ob-
tained by densitometric analyses of RNA gel blots of other
experiments investigating mRNA levels in oviduct and
spleen after progesterone or vehicle. As can be seen, the
a-tubulin mRNA level in the oviducts changes only slightly
after 1.0 mg of progesterone, the c-myc mRNA level in
spleen does not change after an injection of 1.0 mg of
progesterone, and vehicle alone causes no change in the
c-myc mRNA level in oviduct.
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Fig. 5 Left shows that the progesterone effect on c-myc
mRNA level is dependent on the dose of the steroid. In this
experiment, various doses of progesterone were adminis-
tered in 0.2 ml of vehicle, and the RNA was isolated after 30
min, when c-myc mRNA levels are minimal. Doses as low as
20 ,ug appear to cause a decrease in c-myc mRNA level.
Values obtained by densitometric tracing of the autoradio-
graph of Fig. 5 Left together with tracings from other similar
experiments for the 250-pug and 1.0-mg doses of progesterone
are shown in Fig. 5 Right. The values represent the means of
multiple densitometric scans of several blots from two
separate experiments, each involving a different group of
animals. Changes in mRNA levels at 30 min are observed at
doses of progesterone as low as 20 ug per animal followed by
a plateau above doses of 250 ug of progesterone.

DISCUSSION
These studies demonstrate that a v-myc-related RNA spe-
cies, termed c-myc based on its 2.4-kb size and hybridization
properties, is present in the developed oviducts of estrogen-
treated chicks and that the level of this c-myc mRNA is
rapidly down-regulated by progesterone. The fact that the
effect of progesterone on c-myc mRNA level requires ste-
roid, is dose-dependent, and tissue-specific suggests that the
decrease in c-myc mRNA levels by progesterone in the avian
oviduct is a steroid receptor-dependent process. The
changes in c-myc mRNA level should not be due to differ-
ential amounts of RNA in the gel lanes nor to the vehicle
alone as demonstrated by a-tubulin reprobing and the vehi-
cle time course studies. Further, the results of the a-tubulin
analysis rule out the possibility that progesterone causes an
equivalent generalized degradation of mRNAs. We cannot
exclude the possibility that the vehicle or the steroid causes
a small generalized effect on mRNA stability or rate of
transcription, but the effect by progesterone on c-myc

TIME (hours)
FIG. 4. Densitometric analysis of mRNA levels in avian oviduct and spleen after administration of progesterone or vehicle. Scanning

densitometry analyses of autoradiographs ofRNA gel blots show the effects of two doses (1.0 mg and 250 ,ug) of progesterone on c-myc mRNA
levels (- and A, respectively) and the effect of a 1-mg dose of progesterone on a-tubulin mRNA levels (v) in diethylstilbestrol-stimulated chick
oviducts. The values for the c-myc and a-tubulin mRNA levels after 1.0 mg of progesterone represent the average of two separate experiments
involving different groups of animals. The effects of vehicle on c-myc mRNA levels in the avian oviduct (n) and of progesterone on c-myc
mRNA levels in the spleen (o) are included. The data are plotted as the percent c-myc mRNA level of the control value obtained at time zero.
Data were gathered from the following numbers of experiments: one for oviduct at 250 ,ug of progesterone, two for oviduct at 1 mg of
progesterone, one for vehicle, one for spleen at 1.0 mg of progesterone.
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FIG. 5. Dose-dependent progesterone down-regulation of c-myc mRNA levels at 30 min in the diethylstilbestrol-stimulated avian oviduct.
(Left) RNA gel blot of the total cellular RNAs from the oviducts of diethylstilbestrol-stimulated chicks given various doses of progesterone in
0.2 ml of propylene glycol (i.p.) for 30 min, hybridized with 32P-labeled v-myc DNA, and washed at high stringency. (Right) Scanning
densitometry of the autoradiographs from the experiment shown (Left) combined with data from replicate experiments. Error bars on these
points reflect the standard deviation ofmultiple densitometric scans of several blots from two experiments involving different groups of animals.

mRNA abundance is clearly much greater than the small
effect on a-tubulin mRNA level. The effect of progesterone,
therefore, appears to be c-myc specific. It should be men-
tioned that the 4-kb band observed in some RNA gel blots
may represent another myc-related RNA species. Alterna-
tively, this band may represent cross-hybridization with 28S
rRNA. This band disappears on higher stringency washes.
Although protooncogenes, including c-myc, have been

shown to be regulated by vitamin D metabolites and gluco-
corticoids in cultured cells (5-9) and by estrogens in animals
(10, 11), to the best of our knowledge, these studies repre-
sent the first report of (i) the action of progesterone in the
regulation of c-myc gene expression in target tissues in
whole animals and of (it) an effect occurring within minutes
(and not hours) after injection of any steroid. The expression
of c-myc has been identified in many tissues (7, 19), and the
level of c-myc mRNA appears to correlate with mitotic
events occurring during growth and differentiation (7, 8, 20).
It is well known that progesterone inhibits estrogen-induced
mitotic events and cytodifferentiation in avian oviduct and
mammalian uterus (2, 21-23), and progesterone also causes
regression of some estrogen-dependent tumors (24). The
reduction ofc-myc gene expression by progesterone in target
cells might represent one mechanism by which this inhibition
occurs. It is interesting to note that c-myc mRNA levels
have been found to be increased by another steroid, estro-
gen, in rat uterus, a tissue that responds to estrogen with
marked growth and proliferation (10, 11). However, the
estrogen action on c-myc mRNA levels in this system
occurred at 1 hr (10) or 4 hr (11) after injection of the steroid.

This progesterone-induced reduction of c-myc mRNA
expression in the avian oviduct within 5-10 min after injection
in vivo represents one of the most rapid effects of any steroid
on mRNA abundance of any gene in an animal model system
and markedly precedes the action of steroids including pro-
gesterone on the mRNA levels of egg-white proteins as
reported in several laboratories (2, 25-29). It should be
mentioned, however, that one group has reported a somewhat
shorter lag period of change in ovalbumin mRNA levels by
progesterone in the avian oviduct (29). This rapid regulation
of c-myc mRNA levels is similar to the primary regulation of

the Ps-2 gene mRNA levels by estrogen in human MCF-7
breast cancer cells as reported by Chambon and co-workers
(30) and to the rapid effects of glucocorticoids on murine
mammary tumor virus transcription (31). It is of further
interest that the effect of progesterone on c-myc mRNA
occurs at doses (20 pAg) less than that required to alter the
mRNA levels of the egg-white proteins (32, 33).
The action of c-myc in normal cells is not entirely known,

but it is interesting to note that the c-myc protein is localized
to the nucleus (20, 34, 35) and might be involved in the
regulation of other genes (20, 35). Further, a rapid turnover
of c-myc mRNA and c-myc protein in other animal systems
has been reported (36, 37). These properties make the c-myc
gene a good candidate as a regulatory gene and possibly as
the primary site of action of steroid hormones as described
above. However, this early regulation of c-myc mRNA and
its coding for a nuclear protein does not constitute proof of
this regulatory gene model. Other models using different
assumptions could explain the delayed regulation of many
structural genes. To help elucidate the role of c-myc gene
regulation, it could be determined whether the effect of
progesterone on c-myc mRNA abundance occurs at the level
of transcription or at the level of mRNA half-life, and the
effects of cycloheximide could be assessed on progesterone
regulation of c-myc expression in the oviduct.
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