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SUMMARY 

To gain some insight into the mechanism of regulation of gene expression by estradiol in chick oviduct. 
the effect of steroid administration in vivo on the size distribution of nascent RNA transcripts synthe- 
sized in isolated ‘chromatin’ in uitro was analyzed. In ‘chromatin’ from withdrawn (control) animals, 
the majority of form B-directed RNA products were large (> 18s) and degradation of these chains 
was minimal. After treating chicks with estradiol in uioo for Id h, a marked shift to a smaller size 
distribution was observed for the nascent RNA population. suggesting that ‘chromatin’ contained 
tightly-bound ribonucleases whose activity was enhanced by estradiol. This was confirmed by measuring 
the ability of ‘chromatin’ preparations to increase the number of 3’-ends in isolated endogenous RNA. 
The results indicate that the steroid-induced accumulation of mRNAs coding for egg white proteins 
in chick oviduct may be mediated by an activation of nuclear ribonucleases. 

INTRODUCTION 

There are still large gaps in our comprehension of 
the mechanism of action of the steroid hormone estra- 
diol in chick oviduct tissue. The sequence of events 
which occurs between the binding of the steroid to 
receptor proteins in the nucleus [1,2] and the onset 
of accumulation of specific mRNA molecules coding 
for egg white proteins in the cytoplasm 2-3 h later 
is poorly understood [3-51. Recent studies have 
attempted to analyze steps occurring between the 
apparent de nmo synthesis of the gene product and 
the appearance of mRNA in the cytoplasm for a 
single specific egg white protein gene, namely that 
coding for ovalbumin [S-7]. However, ovalbumin 
mRNA sequences are detected at very low levels in 
the nuclei both before and after steroid treatment, 
and nuclear precursors containing this mRNA have 
been difficult to identify, since 95% of the nuclear 
RNA sequences containing this message are identical 
in size with sequences found in cytoplasmic poly- 
somes [S. 83. Consequently it is not clear yet whether 
ovalbumin gene transcription is the primary site of 
steroid action, or whether alternative regulatory sites 
are also affected. 

Given our present ignorance of the sequence of 
events occurring between transcription and trans- 
lation in eukaryotic cells, several mechanisms, which 
are not mutually exclusive, could feasibly account for 
the estradiol-mediated induction of ovalbumin 
mRNA: (i) de nova transcription of previously inactive 
ovalbumin genes or an enhancement of the rate of 
transcription of active genes; (ii) an activation of pro- 
cessing mechanisms which precede the passage of 
mRNA to the cytoplasm; (iii) selective stabilization 
of ovalbumin mRNA in the cytoplasm. In this con- 
text, processing mechanisms would include the associ- 

ation of nascent transcripts with proteins [9], correct 
cleavage of precursor mRNA by specific ribonucleases 
(if indeed, a high molecular weight precursor for oval- 
bumin mRNA exists), link up of the correct primer 
sites with poly-A polymerases [lo], methylation [ 111, 
and interaction of the ‘completed’ translatable mRNA 
with components governing transport to the cyto- 
plasm. It is conceivable that if any of these processes 
become severely rate limiting, or occur out of 
sequence, transcripts containing ovalbumin mRNA 
sequences may never reach their intended destination, 
the cytoplasm, but eventually contribute to the pool 
of rapidly-turning-over nuclear RNA [12]. 

As part of this investigation, I have measured the 
size of the nascent RNA chains attached to endo- 
genous RNA polymerases in ‘chromatin’ isolated 
before and up to 6 h after estradiol treatment in uivo, 
and the ability of chromatin-associated ribonucleases 
to degrade endogenously-synthesized RNA. This 
report indicates that treatment of chicks with estra- 
diol activates nuclear ribonucleases capable of 
degrading the RNA products synthesized by form B 
RNA polymerases, suggesting a possible action of the 
steroid on mechanisms which contribute to the effi- 
ciency of conversion of RNA transcript to completed 
mRNA. 

EXPERIMENTAL 

Chicks and injections 

One-week old, female, White Leghorn chicks were 
given 14 days of primary stimulation with estradiol 
benzoate or diethylstilbestrol (1 mg per day) and then 
withdrawn from steroid treatment for at least three 
weeks prior to a short-term secondary stimulation 
with estradiol-178 (2 mg in sesame oil injected intra- 
muscularly). 
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C~romutin isolation 

All solutions were adjusted to 0.5% diethylpyrocar- 
bonate (Eastman) and boiled for 15-30 min before 
use. Excised oviducts were frozen immediately to 
- 10°C in 25% glycerol, 0.5% triton X-100, 3 mM 
CaCI,, 0.25 M sucrose and 1OmM Tris-HC1, pH 7.5 
prior to tissue homogenization. Nuclei were then pre- 
pared by ~ntrifugation through 2.1 M sucrose 
medium as described [l], resuspended and stirred in 
10 mM Tris-HCI, pH 8.0 for 30 min at 4”C, and the 
resulting ‘chromatin’ collected by centrifugation. 
‘Chromatin’ observed under the light microscope 
appears as clumped nuclei, and is consequently used 
only as an operational definition. 

Synthesis, isalution and a~lysis of RNA 

Standard reaction mixtures for RNA synthesis 
(1 ml) contained 25mM Tris-HCl, pH 8.0, 1 mM 
MnC12, 0.5 mM DTT, 0.3 mM each of GTP and CTP, 
250 mM (NH&Sod, 1 mg heparin and 600-8OOpg 
‘chromatin’ DNA. Mixtures incubated for 5-30min 
at 37°C also contained 0.3mM ATP and 50pM 
[3H]-UTP (19.50 d.p.m./pmol). Zero time mixtures 
were only supplements with 50pM E3H]-ATP 
(2000 dp.m./pmol) and incubated 2 min at 37°C. All 
tubes were then rapidly frozen in salt/ice and labeled 
RNA was isolated using cetyltrimethylammonium 
bromide (CTAB) and analyzed on 2.2% polyacryl- 
amide gels containing SDS and 0.5% agarose [13]. 

Preparation and analysis of RNA hydrolysates 

After addition of 10% trichloro-acetic acid to reac- 
tion mixtures, precipitates were washed extensively, 
hydrolyzed with 0.3 M KOH for 16 h at 37°C and 
the resulting nucleotida and nucleosides absorbed 
onto charcoal and eluted with pyridine [14]. Aliquots 
were chromatographed on PEl-cellulose thin layer 
plates, and radioactivity in UMP and uridine esti- 
mated as described [14], except that relevant sections 
or plastic-backed cellulose plates were cut out and 
counted directly. 

RESULTS 

Isolated ‘chromatin’ contains tightly-bound RNA 
polymerases [ 151 which are predominantly form B 
(that is, sensitive to a-amanitin at a concentration of 
0.5,&ml), which already bear nascent RNA chains 
[13] (presumably synthesized in vir)o), and which can 
be elongated in vitro under high salt conditions. Incu- 
bations were carried out in the presence of heparin, 
an inhibitor of initiation of form B RNA polymerase, 
to restrict,.RNA synthesis to elongation of pre-existing 
chains and to minimize breakdown of RNA during 
the isolation procedure [13,16]. The increase in size 
of these nascent chains in vitro is then monitored by 
isolating and separating labeled RNA on polyacryl- 
amide gels (Fig. 1). The size of the nascent RNA prior 
to elongation in vitro was determined by a brief end- 
labelling with t3H]-ATP in the presence of GTP and 
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Fig. 1. Polyacrylamide gel electrophoresis of labeled RNA 
chains synthesized by endogenous RNA pofymerases as- 
sociated with chromatins isolated from withdrawn chick 
oviduct (panel A), or after treatment with estradiol for 1 h 
in vioo (panel B). RNA chains were elongated in vitro for 
O-15 min (as indicated), then isolated and analyzed on 2.27; 
polyacrylamide gels containing SDS and 0.5% agarose. The 
positions to which chick embryo rRNAs (18s; 28s) and 
encephalomyocarditis virus RNA (37s) migrate under iden- 
tical conditions are indicated, Gels were fractionated and 
radioa~ivity was estimated (13). For the 10 min sample 
in panel B. the magnitude of the labeled RNA profile has 
been reduced by 500,!, for the sake of clarity. Direction 

of migration is from left to right. 

CTP (designated time 0). Using ‘chromatin’ isolated 
from withdrawn (control) chicks (Fig. IA), nascent 
RNA chains with an average peak size of 10s are 
extended in ten minutes to chains which migrate at 
the same rate as 28s rRNA, but a further incubation 
for 5 min causes an overall decrease in chain size. 
indicative of a shift of the balance between synthesis 
and degradation in favor of the latter. 

When an identical analysis was performed with ovi- 
duct ‘chromatin’ isolated from chicks treated with 
estradiol in vivo for 1 h (Fig. lB), the distribution of 
RNA chains differed markedly. The size of RNA 

chains prior to elongation is similar to that in control 
‘chromatin,’ but the rate of increase in chain size with 
time during elongation is diminished. Clearly, degra- 
dation of nascent RNA chains is occurring in b,)th 
‘chromatin’ samples, but after steroid treatment, the 
rate of degradation appears to be increased. In the 
latter case, a significant proportion of the smaller 
chains are lost from the bottom of the gel. These. 
effects are seen under conditions where the rate 01 
incorporation of C3H]-UTP into RNA per unit DNA 
is comparable for both control and steroid-treated tis- 
sues [16]. 

Similar profiles of degraded RNA were obtained 
after incubating ‘chromatin’ isolated up to 6 h aftrr 
estradiol injection, as shown in Fig. 2 (upper set >t 
profiles). After 15 min of RNA synthesis, chain sizes 
in control ‘chromatin’ resemble those obtained III 
Fig. 1, but after an extended period of incubation 
(30min), a significant fraction of labeled chains are 
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Fig. 2. Polyacrylamide gel electrophoresis of labelled RNA chains synthesized by endogenous RNA 
polymerases associated with oviduct chromatins isolated before and after estradiol treatment in vim. 
Chromatin was isolated from withdrawn oviduct (0 h E), or after treatment with estradiol in uiuo 
for I h. 3 h or 6 h (as indicated). RNA chains were then elongated in vitro at 37°C for 0 min (dotted 
line). 15 min (heavy line) or 30 min (shaded profile) either in the absence (upper set of profiles) or 
presence (lower set of profiles) of z-amanitin (0.45 pg/ml). The position to which E. coli tRNA (4% 
or chick embryo rRNAs (18s; 28s) migrate under identical conditions is indicated. Direction of migra- 

tion is from left to right. 

too large to enter the gel. in contrast, RNA chains 
synthesized on steroid-treated ‘chromatin’ are, on 
average, smaller after incubation for 30 mitt, and have 
a peak distribution which diminishes approximately 
in proportion to the time of estradiol treatment in 
vivo; after prolonged RNA synthesis, the majority of 
RNA species in 6 h-treated ‘chromatin’ migrate close 
to the tRNA marker. End-labelling of RNA chains 
with [3H]-ATP prior to elongation showed that for 
all “chromatins’, ‘zero time’ RNA chains had a peak 
distribution at approximately 4-6s. The significance 
of a second peak of RNA chains, migrating at ap- 
proximately 215 in 6 h steroid-treated ‘chromatin’, is 
not clear. These effects were not seen when chicks 
were injected with sesame oil only; however, results 
similar to those shown in Figs 1 and 2 have been 
obtained on each of four separate occasions when 
RNA transcripts from control and steroid-treated ovi- 
duct tissue were analyzed. 

The effect of estradiol on the RNA product sizes 
synthesized by endogenous form A and C RNA poly- 
merases was also analyzed (Fig. 2, lower set of pro- 
files) under conditions in which form B RNA poly- 
merase was selectively inhibited (0.45pg a-amani- 
tin/ml). In withdrawn oviduct, two major RNA peaks 
were observed, one of which migrated at 45s and 
the other which remained at the top of the gel. This 
pattern is consistent with the idea that form A and 
C enzymes are responsible for the synthesis of 45s 
rRNA precursor, and tRNA and 5s rRNA respect- 
ively [17,18-J. At present, direct evidence for the iden- 
tity of these RNAs is lacking, but when RNA syn- 
thesis is carried out in the presence of high r-amanitin 
levels (2OO~g/ml), the radioactive profile remains un- 
changed except that the 4-5s peak disappears (not 
shown), thus strengthening the possibility that this 

peak represents tRNA and 5s rRNA synthesized by 
form C RNA polymerase. After estradiol treatment, 
there appears to be some degradation of the high 
molecular weight peak. However, the rate of migra- 
tion of the original 4-5s RNA peak does not change, 
suggesting that these RNA species are comparatively 
stable. 

The effect of estradiol in viuo on the absolute levels 
of RNA synthesis in isolated oviduct nuclei has been 
reported [16] and in these experiments the results 
obtained were identical; that is, endogenous form B 
RNA polymerase activity (80% of total RNA syn- 
thesis) was essentially unchanged after steroid treat- 
ment for 6 h, but forms A and C activity (620% of 
the total RNA synthesis) was activated 2-3 fold after 
6 h. This explains the marked increase in the area 
of the radioactive RNA profiles in Fig. 2. 

In view of the above results, it seemed likely that 
estradiol was enhancing the level of ribonuclease ac- 
tivity in isolated ‘chromatin’ fractions. To test this 
directly, labelled RNA chains synthesized in uitro 

from chicks receiving O-6 h steroid treatment were 
isolated and added back to a second preparation of 
‘c~omatin’. Each mixture of ‘chromatin’ and endo- 
genous RNA was incubated at 37°C in the absence 
of RNA synthesis. To monitor the rate of degradation 
of the added RNA, each reaction mixture was acid- 
precipitated and hydrolyzed with alkali, thus releasing 
internal RNA chain units as ribonucleoside mono- 
phosphates, and units from 3’ ends as ribonucleosid~ 
[19]. A given RNA labeled with C3H]-UTP has a 
constant ratio of UMP:U, but degradation by 
endonucleases or exonucleases will increase the - 
number of 3’-ends relative to internal residues, thus 
diminishing the UMP:U ratio [16]. 

Table 1 displays data obtained from two indepen- 
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Table 1. Effect of estradiol treatment in I&O on the degradation of labetled nascent RNA by ribonu- 
cleases associated with oviduct chromatin 

Radioactivity associated 
Time after Time of incubation with 

Experiment estradiol of RNA with chromatin uridine (U) UMP Ratio Average 
number (h) (min) (c.p.m.) (c.p.m.) UMPjU ratio 

1 0 0 

15 

30 

I 
0 

1.5 

30 

3 
0 

15 

30 

2 0 0 
15 
30 

3 0 
15 
30 

6 0 
15 
30 

393 46813 119.1 
412 49217 119.4 
410 47427 115.6 
416 48988 117.7 
332 38947 117.3 
345 40924 118.6 
256 27648 108.0 
307 32032 104.3 
336 29316 87.2 
449 39414 87.7 
287 2424 1 84.4 
320 26921 84. I 
2X3 26768 94.5 
294 25400 86.3 
325 26341 81.0 
290 24139 83.2 
293 23369 79.1 
299 23055 77.1 

340 67533 198.6 
351 68523 195.2 
373 73592 197.3 
356 70854 199.0 
360 66743 185.3 
385 67958 176.5 
321 65218 203.1 
355 61913 174.4 
337 56803 168.5 

119.2 

116.6 

1 17.9 

106.1 

87.4 

84.2 

90.4 

82.1 

78.4 

Experiment 1: RNA was synthesized using chromatin isolated from withdrawn (control) chicks. or 
after treatment for 1 or 3 h in vioo with estradiol. Standard reaction mixtures (except that E3H]WTP 
was present at a specific activity of 26 x 10’ d.p.m./pmoIe) were incubated at 37°C for IO min. and 
RNA was isolated using CTAB. Aliquots (containing 2.5 x 10’ c.p.m.) were then added back to fresh 
preparations of oviduct chromatin (containing 160-f801,(g DNA) from the same source, incubated 
for 1 S or 30 min at 37°C. and then precipitated with 10% trichloroacetic acid. Incubations were carried 
out in duplicate using the same preparations of chromatin and RNA. For zero time incubations. 
labeled RNA was present. but chromatin was added after the addition of acid. Precipitated RNA 
was then washed and hydrolyzed. hydrolysis products were charcoal-extracted. and aliquots were ana- 
lyzed by chromatography on thin layer plates as described [I43 to determine the radioactivity in 
UMP and uridine (U). The ratio of labeled UMP: U, which indicates the concentration of 3’-nucleoside 
ends in a given RNA preparation. was then calculated. Experiment 2: Chromatins isolated from control. 
3 h- or 6 h-estradio~-treated chicks were incubated with RNA synthesized from control chromatin, 
and the UMP:U ratios then analyzed as above. 

dent experiments. In experiment 1, ‘chromatins’ from It is important to note that this assay does not 
control, 1 h- and 3 h-estradiol-treated chicks were detect all ribonuclease activity, which may partly 
mixed with labelled RNA synthesized from the same explain why relatively small changes in the ratio 
‘chromatin’ source, and in experiment 2, ‘chromatins’ UMP:U are seen compared to the dramatic changes 
from control, 3 h- and 6 h~tradiol-treaty chicks in RNA size visualized on ~Iya~l~ide gels. 
were mixed with RNA synthesized from control ‘chro- Endonucieases cleaving to form S-monophosphate 
matin’. After incubation for 0, 15 and 30 min the ends will be detected [ZO], but those which form 
UMP:U ratio of the RNA was determined. Values 3’-monophosphate ends will not, since the terminal 
were then expressed as a percentage of those unit will hydrolyze to a nucleoside monophosphate. 
measured at zero time and plotted in Fig. 3 (experi- Secondly, removal of protein from, or structural 
ment 1 in panel A; experiment 2 in panel B). The modification to, RNA transcripts (during their isola- 
results indicate that control ‘chromatin’ has little tion) may modify the specificity of the chromatin- 
effect on the degradation of control RNA, but ‘chro- associated nucleases. ~o~ideratio~ of this nature 
matins’ isolated after I-6 h of estradiol treatment in could also explain why 1 h-estradiol-treated ‘chroma- 
aivo markedly decreased the UMP:U ratio, irrespec- tin’ appears to have a higher level of ribonuciease 
tive of the source of the added labelled RNA. activity than 3 h- and 6 h-steroid-treated preparations, 



Chromatin associated ribonuclease in oviduct 701 

(b) 

Incubation time. min 

Fig. 3. Effect of estradiol treatment in uiuo on the degrada- 
tion of labeled nascent RNA by ribonucleases associated 
with oviduct chromatin. The UMP:U ratios obtained in 

Table 1 were expressed as a percentage of the ratio 
obtained at zero time of incubation of RNA with chroma- 
tin. Panels A and B depict the results obtained for experi- 
ments 1 and 2 respectively. Captions indicate the source 
of chromatin in each incubation. In panel A. labelled RNA 
was synthesized by chromatin from the same source. In 
panel B. labelled RNA was synthesized from ‘control 

chromatin. 

in contrast to the situation suggested by the data in 
Fig. 2. 

To check that the differential ability of ‘chromatin’ 
to alter the ratio of UMP:U during incubation of 
labeled RNA is not caused by differential addition 
of poiy-A to the 3’-ends, levels of poly-A polymerase 
activity were tested in isolated ‘chromatin’ using a 
method described previously [21]. Results obtained 
using O-6 h-estradiol treated ‘chromatin’ (not shown) 
indicate that in all cases the amount of poly-A synthe- 
sized, as determined by ribonuclease-resistant acid- 
precipitable radioactivity, represents 2-3x of the total 
ATP incorporated into RNA. This result, coupled 
with the fact that RNA chains are physically degraded 
in vitro (Fig. l), makes it unlikely that poly-A addition 
accounts for the change in UMP:U ratios observed 
in Fig. 3. 

DISCUSSION 

Eukaryotic nuclei undoubt~ly contain high levels 
of ribonuciease activity. Available evidence [22J indi- 
cates that, of the total RNA transcript synthesized, 
approximately loo/, reaches the cytoplasm and the 
remainder is degraded in the nucleoplasm. Both exo- 
and endonucleases have been implicated in the pro- 
cessing of ribosomal RNA precursors [23,24], and 
endonucieases specific for RNA have been identified 
in rat liver nuclei [25] as well as in association with 
30S ribonucleoprotein particles [26]. In keeping with 
this evidence, the size patterns of nascent RNA chains 
observed in these experiments clearly reflect a balance 
between rates of synthesis and degradation. These 
RNA chains are being degraded in all control and 
hormone-treated ‘chromatin’ preparations studied, 
and apparently by ribonucleases which are tightly 
bound, since the Iatter survive several washes in solu- 
tions containing Triton X-100, salt and concentrated 

sucrose. In addition, they are capable of degrading 
RNA products even in the presence of heparin. which 
probably inhibits some classes of nuclease [l3]. 

Since the rates of RNA synthesis, as well as the 
number of actively-elongating form B RNA polymer- 
ase molecules, are similar in both control and steroid- 
treated ‘chromatins’ [16], two principal effects might 
feasibly account for the reduction in the size spectrum 
of nascent RNA chains seen after estradiol adminis- 
tration. Firstly, the steroid may activate chromatin- 
associated ribonucleases. My analysis of the effects 
of ‘chromatins’ on the UMP:U ratios in labelled nas- 
cent RNA strongly indicates that this mechanism is 
operative, and that ribonuclease activity is enhanced 
within the first hour of steroid treatment. Secondly, 
estradiol might alter the kinds of RNA transcripts 
copied from the chick genome, resulting in the pro- 
duction of RNA molecules which are smaller, on 
average, than those in control ‘chromatin’. Currently, 
this remains an open question, and an analysis of 
isolated RNA transcripts using competition-hybridi- 
zation techniques would be necessary to clarify this 
point. 

Form B RNA polymerase is responsible for trans- 
cribing structural genes [27], but it is not clear from 
this work whether estrogen-induced ribonucleases are 
specific for form B-directed RNA products. A concise 
interpretation is complicated by the fact that several 
nucleases with different specificities may be present 
in ‘chromatin’. some of which may be steroid-sensit- 
ive. It seems unlikely that the present results can be 
explained on the basis of differential contamination 
of chromatin by nonspecific nucleases, since 4-55 
RNA products synthesized on ‘chromatin’ isolated 
before or after estrogen treatment remain relatively 
stable, but such a conclusion must be considered ten- 
tative. Secondly, non-specific degradation might be 
expected to reduce RNA transcripts to sizes which 
are smaller than those required of putative mRNAs. 
The average molecular weight of oviduct proteins is 
less than 0.04 x 10” [28], suggesting that mRNAs of 
100%2000 nucteotides in length would be sufficient 
to code for these molecules. The heavy side of the 
pattern of degraded RNA products synthesized in 
steroid-treated ‘chromatin’ (Fig. 2) could certainly in- 
clude putative mRNAs of this size. Direct proof that 
the estradiol activates specific processing enzymes for 
form B-directed products will ultimately require an 
analysis of the RNA species involved in the transition 
from nascent transcript to cytoplasmic RNA for one 
particular gene, and of the enzymes responsible for 
each conversion step. 

The activation by estradiol of chromatin-associated 
ribonucleases observed here, and the phenomenon of 
induction of egg white protein mRNAs [4,5], occur 
simultaneously in chick oviduct. The rate of transcrip- 
tion of egg white protein genes is probably enhanced 
by estrogen [3], but it is conceivable that the appear- 
ance of completed mRNAs in the cytoplasm is also 
dependent on the activation of RNA processing or 



702 RONALD F. Cox 

transport mechanisms. One can envisage rate-limiting 
steps in the nucleus through which all potential 
mRNAs must pass and which involve cleavage by 
specific ribonucleases. A low level of chromatin-asso- 
ciated ribonuclease activity may result in an accumu- 
lation of nascent RNA transcripts in the vicinity of 
a given gene, resulting in an inhibition of RNA syn- 
thesis. Another possibility is that cleavage of RNA 
transcripts at the correct site may be a prerequisite 
for subsequent processing events. 

An alternative to the idea that estradiol activates 
chromatin-associated nucleases per se is that trans- 
port to the nucleus is enhanced, resulting in a greater 
association of these enzymes with isolated ‘chroma- 
tin’. Indeed, it has been noted in rat vaginal cells that 
lysosome-like bodies are found in close association 
with nuclear membranes after estradiol treatment, 
suggesting that degradative lysosomal enzymes invade 
the nucleus in response to steroid [29]. The concept 
that in withdrawn chick oviduct processing mechan- 
isms operate with low efficiency and that steroid 
stimulates these activities in order to achieve maximal 
rates of mRNA processing remains an intriguing pas- 

sibility. 
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