ARCHIVES OF BIOCHEMISTRY AND BIOPHYSICs 169, 712-721 (1973)

Increased RNA Synthesis in Nuclei Isolated from Rat Liver Tissue

Slices Incubated with Cyclic Adenosine 3',5-Monophosphate
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Incubation of rat liver tissue slices with cyclic adenosine 3’,5’-monophosphate
(cyclic AMP) for 30 min results in a dose-dependent increase in RNA synthesizing
capacity of nuclei prepared from these slices, with a doubling of synthetic rate ob-
served at 1077 m cyclic AMP. The cyclic AMP effect is observed when RNA polym-
crase activity is measured either in the presence of Mg?t and low ionic strength, or
Mn?* and high ionic strength. Experiments employing saturating amounts of exoge-
nous bacterial RNA polymerase suggest that the cyclic AMP-induced stimulation
occurs primarily at the level of template activity. Other cyclic nucleotides tested in
the same manner are ineffective in stimulating RNA synthesis by tissue slice nuclei.
In addition to cyclic AMP, adenosine 5’-monophosphate (5’-AMP) consistently pro-
duced small increases in nuclear RNA synthesis although never of the magnitude
seen with the cyclic nucleotide.

An increased capacity for RNA synthesis is also seen in nuclei isolated from liver
slices incubated with glucagon at concentrations from 0.5 ug/ml to 50 ug/ml. A maxi-
mal stimulation of approximately twofold occurs at a glucagon concentration of 1.0
pg/ml. Liver slices incubated with optimal concentrations of cyclic AMP and gluca-
gon simultaneously show that the effects of the two agents on RNA synthesis are
not. additive.

The results indicate that cyclic AMP at physiological concentrations can stimu-
late RNA synthetic capacity in vitro, and that the effect mimics a similar response
to glucagon. Since it is known that glucagon causes an increase in liver concentra-
tions of cyclic AMP and a subsequent induction of some liver enzymes, it is suggested
that eyclic AMP-mediated control of RNA syvnthesis may be involved in such regula-
tion.
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RNA synthesis in baeterial systems (1).
Recent evidence has led to the proposal
that a cyelic AMP-protein complex binds
to K. coli DNA and serves as a positive
signal for the initiation of transcription of
the genes for a number of inducible c¢n-
zymes (2). Since eyelic AMP is known to
mediate the effects of a large number of
hormones 1n higher organisms (3), it scems
of interest to determinc whether any of

MgCls, 0.25 m sucrose, pH 8.3; TCS, 0.01 m Tris-
HCI, 3 mm CaCls, 0.25 u sucrose, pH 8.3.
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these responses also involve the control of
RNA synthesis by this evelie nucleotide.

Recently some cvidencee has begun to
accumulate which supports the possibility
that cyclic AMP does play a role 1 con-
trolling gene transeription in  cukarvotic
cells. For example, 1t has been shown in a
number of different systems that cyelic
AMP causes an increase in the rate of in-
corporation of radioactive precursors into
RNA (4-15). One system which has been
extensively studied and serves as a good
model in this regard is the stimulation of
mammalian liver by glueagon, a hormone
whose actions are known to be mediated at
feast in part by ecyclic AMP (3). Admin-
istration of glucagon or cvelic ANMP has
been shown to cause the induction of a
specifie set of enzymes in rat liver (16), and
inhibition of RNA synthesis by actinomyein
D blocks such effeets on at least one enzyme
(17). Furthermore, Langan (18, 19) has
observed that phosphorvlation of liver f;
histone is stimulated by both glucagon and
evelie AMDP, a finding which has led him
to suggest that this histone modification
may lead to a specific stimulation of tran-
scription of the genes coding for some
glucagon-inducible enzymes.

If Langan’s hypothesis is correct, then
cyelic AMP should cause an inercase in the
rate of RNA synthesis in rat liver, although
the magnitude of this effeet might not be
very great duc to the small number of
enzymes whose synthesis is induced by this
nucleotide. Consistent with this predietion,
positive effects of cyclic AMP on RNA
synthesis in rat liver have been observed
both by injecting cvelic ANIP ¢n vivo (10)
and by incubating ccll-frec systems with
evelic AMP in vitro (9, 12). Unfortunately,
the n vivo experiments are complicated by
the possibilities of secondary effeets when
injecting whole animals with cveliec AMP,
while most of the in vitre experiments with
isolated nuclei required relatively high con-
centrations of ecyelic AMP to produce
effects.

In order to try to overcome these diffi-
cultics, we have chosen to study RNA
synthesis in nuclet obtained from liver

slices which have been incubated with
cyclic AMP or glucagon. The present
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studies show that in such a system low
concentrations of both cvelic AMP and
glueagon produce significant increases in
the ability of nuclei to synthesize RNA.
Since these two substances do not give
additive effeets  when  administered  to-
gether, it is suggested that the stimulation
of RNA syvnthesis by glucagon is mediated
by its elevation of cyclic AMP levels and
that the resulting effects on RNA synthesis
may be involved in the mechanism of action
of this peptide hormone,

MATERTIALS AND METHODS

Preparation and ineubalion of liver slices. Adult
male Sprague-Dawley rats were fasted 18-20 hr
prior to the start of each experiment. The rats
were sacrificed by decapitation and the livers per-
fused with 15 ml of ice-cold 0.14 M NaCl. Liver
slices were prepared at 4°C with a Stadie-Riggs
microtome (Arthur Thomas) and placed in 50 ml
of Krebs Ringer phosphate (KRP) buffer (0.14 m
NaCl, 5 mu KC1, 2.3 mm CaCl,, 1.3 mm MgSQ,,
0.01 M Na,HPO,, pH 7.4). Just before incubation,
control slices were transferred into 50 ml of fresh
KRP. Experimental slices were placed into 50 ml
KRP containing various concentrations of cyclic
nucleotides and/or glucagon. Slices were incu-
bated at 37°C for 30 min with constant shaking.
At the end of this period, the supernatant medium
was decanted and the pH read.

Isolalion of nuclei. All operations were carried
out at 4°C. Kach 5 g of liver (slices or fresh) was
homogenized with a Dounce homogenizer (4
strokes with loose pestle and 3 strokes with tight
pestle) in 3 vol of 0.32 m sucrose/3 mm MgCl,. The
homogenates were spun at 1,000g for 15 min, and
the resulting pellets suspended in 40 ml of 2.4 m
sucrose/1 mm MgCl, with a Sorvall Omnimixer.
The preparations were centrifuged at 105,000¢g for
1 hr, the nuclear pellets resuspended and washed
two times in TMS (0.01 m Tris-HCI, 0.25 m sucrose,
4 myv MgCl,, pH 8.3), and finally suspended in 2
vol of TMS.

Measurements of RNA synthesis by isolaled
nucler. Assays for magnesium-activated RNA
synthesis were performed by incubating 0.1 ml of
nuclei (400-600 gg DNA) in a final volume of 0.5
ml of reaction medium containing 8 mm Tris-HCI,
pH 8.3, 0.2 M sucrose, 4 mm MgCl,, 0.2 pCi [8-14C]-
ATP (30 mCi/mmole), and 1.8 mm each CTP,
GTP, and UTP. For measurements of manganese-
activated RNA synthesis, nuclei were washed in
TCS (0.01 y Tris-HCI, 3 mm CaCl,, 0.25 m sucrose,
pH 8.3) instead of TMS, and 0.1-ml aliquots of
nuclear suspension were then incubated in a final
volume of 0.5 ml of reaction medium containing %
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mwm Tris-HCI, pH 8.3, 0.2 m sucrose, 1.6 mum CaCls,
0.6 mm MnCl,, 40 mm (NH,)s80,, 0.2 uCi [8-14C]-
ATP (30 mCi/mmole), and 1.8 mm each CTP,
GTP, and UTP. In both cases, 0.1-ml samples were
taken at 1, 3, and 5 min, and incorporation of
radioactivity into acid-insoluble material deter-
mined as described elsewhere (10).

Nuclear DNA concentrations were determined
by a modified indole procedure (20). Insulin-free
glucagon (0.0000025¢%;; 0.6 wU/mg) was kindly
supplied by David Brennan of Kl Lilly Co.,
Indianapolis, IN.

RESULTS

RNA synthesis in nucler isolated from
liver slices. 1t is known that rat liver nuclei
carry on RNA synthesis 4n vitro and that
transeription of chromatin prepared from
rat liver nuclei results in the produetion of
an RNA complement similar to that tran-
seribed 7 vivo (21-23). However, because
of the time needed to prepare and incubate
liver slices, and to isolate nuclei from these
slices, it seemed necessary to determine at
the outset whether RNA  synthesis  in
nuclet isolated from such slices oceurred at a
rate comparable to that of nuelel prepared
direetly from rat liver.

As is shown in Fig. 1, nuclei isolated from
rat liver slices which had been incubated
for 1 hr prior to nuelear isolation exhibit a
rate of RNA synthesis comparable to that
of nuelel isolated direetly from liver. There-
fore, it is assumed that the nucle used in
this set of experiments are not only viable,
but are also comparable to standard rat
liver nuelei in regard to both rate of nucleo-
tide incorporation and total amount of
RNA synthesized.

Effects of nucleotides on RN A synthesis.
When rat liver slices are incubated for 30
min in the presence of varving concentra-
tions of eyelic ANMDP, nuelel isolated from
these slices are found to exhibit an inereased
rate of RNA synthesis (Iig. 2). The optimal
offeet 1s observed at a eyelic AMP con-
centration of 1077 a1, where a doubling of
the rate of RNA synthesis oceurs. Some
stimulatory effeet can  be  observed at
cyclic AMP concentrations as low as 1079
and in the presence of 1 mar theophylline
optimal stimulation was found to oceur
with cyclic AMP concentrations as low as
1073 a1
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Fra. 1. Comparison of rates of RNA synthesis
in nuclei obtained from rat liver slices versus
nuclei obtained directly from fresh liver (“stand-
ard nueclei”’). Liver slices were prepared as de-
scribed in the text and incubated for 1 hr at 37°C
prior to isolation of nuclei. RNA synthesis was
measured in the magnesium-containing medium.
Iach point is the average of 5 samples of 0.1 ml
each; standard deviations for each set of points
show no significant differences hetween standard
and slice nuclei.

In order to determine whether the ob-
served stimulation of RNA  synthesis is
specific for eyelic AMP, we have tested the
effects of a variety of other nucleotides in
this system. Incubation of liver slices with
5-AMP causes a small, but reproducible,
stimulation of RNA svnthesis (Fig. 3).
This effect is never near the magnitude of
that seen with cvelic AMP, although con-
centrations as high as 107y have been
tested. No other 5- or cyelic nucleotides
tested in this system have been found to
produce any significant alterations of RNA
synthesis (Fig. 4).

Since nuclear RN A synthesis is now known
to be catalyzed by at least two distinet
RNA polvmerase aetivities, one activated
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Fic. 2. Effects of incubating rat liver slices with varying coneentrations of eyelic AMP

on rates of RNA synthesis in nuelei isolated
during a 30-min incubation, after which nuele

from these slices. Cyclic AMP was included
i were isolated and RNA synthesis measured

in the magnesium-containing medium during a 3-min incubation. The data represent aver-
ages obtained from at least two, and in some cases, up to five experiments. The vertical
lines are standard deviations. The eontrol value in this experiment represents 727 cpm/mg

DNA.

by magnesium and one by manganese
(24-26), we compared the effects of cvelie
AMP on RNA synthesis under cach of
these conditions. As 1s shown in g, 5,
both magnesium- and mangancse-activated
RNA synthesis are stimulated by evelie
AMP.

One common way to determine whether
an observed stimulation of RNA synthesis
is caused via an effeet on RNA polymerase
or chromatin template activity is to 1in-
cubate with saturating amounts of exogenous
bacterial RNA polyvmerase. As is seen from
the data in Table I, cvelic AMP induces ¢
comparable pereentage increase in RNA
synthesis in nuelel incubated with exogenous
RNA polymerase. These results  suggest
that the effeet of the evelie nucleotide may
be at the level of chromatin template ace-
tivity rather than a stimulation of cn-
dogenous RNA  polymerase, although al-
ternative explanations are also  possible.

Effects of glucagon and epinephrine on
RN A synthesis. When rat liver tissue slices
are incubated in the presence of varving
concentrations of glucagon, nuelei isolated
from these slices are also found to exhibit an

increased rate of RNA synthesis (Fig. 6).
Again the response is found to be concen-
tration dependent, with near optimal effects
being observed with hormone concentrations
as low as 1.0 pyg/ml. It is of interest to note
that in the case of both eyvelic ANMP and
glueagon, the maximum inercases in RNA
svithesis seen are of the same magnitude,
approximately a doubling of control values.
In order to rule out the possibility that the

stimulation  of  RNA  synthesis  seen
with glucagon was caused by insulin
contamination,  “‘insulin-free”  glucagon
(<0.00000259, insulin) was obtained from

El Lilly Co. and tested in this system.
Under such conditions, a similar stimulation
of RNA synthesis was observed.

Since glueagon is known to elevate evelie
AMP levels in rat liver (3), it is possible
that the stimulation of RNA synthesis scen
with glucagon is in fact mediated by this
inerease in cvelic AMDP, which we have
already seen can stimulate RNA svnthesis.
On the other hand, it is conceivable that
glucagon is stimulating RNA synthesis via a
mechanism independent from eyelic ANMP.
It is casy to distinguish between these
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Fra. 3. Comparison of rates of RNA synthesis
in nuclei obtained from rat liver slices incubated
with cyclic AMP or §-AMP. Slices were incubated
for 30 min with 1077 v nucleotide, after which
nuclei were isolated and RNA synthesis measured
in the magnesium-containing medium. A small,
but reproducible stimulation occurs with 5-AMP,
although the magnitude of the effect never ap-
proaches that seen with cyclic AMP. Vertical lines
are standard deviations.

possibilities experimentally, since, if gluca-
gon is acting on RNA synthesis independ-
ently of cyclic AMDP, the effects of these
two agents should be additive. As is shown
in Fig. 7, simultaneous addition of glucagon
and cyclic AMDP to tissue slice incubations
stimulates RNA synthesis in isolated nueclel
to no greater extent than the presence of
either agent alone,

If glucagon is stimulating RNA synthesis
via a ecyclic AMP-mediated mechanism,
then one might expect other agents which
elevate cyclic AMP levels to also enhance
RNA synthesis in this system. Consistent
with this prediction, we found that epineph-
rine at a concentration of 1.0 ug/ml caused
a 609, stimulation of the rate of RNA syn-
thesis.
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TABLE I
Errrcrs oF ExogrNous RNA PoOLyMERASE ON
Cycric AMP-Inpuckp StimuraTioN o RNA
NYNTHESIS®

Radioactivity in ‘ Stimula-

Condition
RNA (cpm/mg | tion (%,
| DNA) i contral)
i + cychic
iControl AMP
A. Mg -containing assay |
Complete system 1,296, 2,460, 190

+ E. coli RNA polym- . 2,5921 4,780 183
erase ;

B. Mn? -containing assay !
Complete system | 6,750
+ K. coli RNA polym- 11,400

erase

8,775, 130
22,100/ 194

¢ Nuclet were prepared from rat liver slices
incubated for 30 min with or without 107¢ m
cyclic AMP as described in Methods. Assay for
RNA synthesis was done by labeling for 3 min
in either magnesium- or manganese-containing
media. In cases where the effects of exogenous
RNA polymerase were tested, 12 units (a saturat-
ing amount) of K. coli RNA polymerase were
added.

DISCUSSION

Although firm evidence exists that eyelic
AMP mediates the action of glucagon in
rat liver, little is known about the mecha-
nism by which cyelic AMP activates the
synthesis of glueagon-inducible enzymes.
The present experiments lend support to
the possibility that at least part of the
effects of cyclic AMP are mediated via
cffeets on gene transeription. We have
found that incubation of rat liver slices
with concentrations of cyclic AMP in the
physiological range can cause dramatic
increases in the eapacity for RNA synthesis
in nuelei isolated from these slices. Although
others have been able to observe such
cffects in liver slices only with the dibutyryl
derivative of cyelic AMP (12), they did
not measure RNA synthesis directly in
isolated nuclei as was done in the present
studies. The virtual absence of any com-
parable effects for a wide range of other
nucleotides tested in our system suggests
that the effect is highly specific for cyclic
AMP. The only other nucleotide which
causes any signifieant  enhancement of
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RNA synthesis is 5-AMP, and its effeet  brain tissue (27), it is possible that cven
is much less dramatic than that observed the effects of 5 -AMP in our system arc
with eyclic AMP, Since 1t is known that  mediated via cyelic ANP.

5-AMP ecan activate adenyl evelase in It is of Interest to note that concentra-
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Fic. 4. Comparison of rates of RNA synthesis in nuclei obtained from rat liver slices
incubated with various nucleotides at 107 m. Experiments were performed as deseribed
in Fig. 3; A. cyelic AMP (@— -@), cyclic GMP (O -—0O), eyelic UMP (A ——A), cyelic
CMP (@m—- W), control (X——X). B. evclic AMP (@---@), 5'-GMDP> (O~ - -0), 5-UMP
(A——A), 5-CMP (m—-®), control (X— -X). Note that of all these nucleotides tested,
only eyclic AMP causes a significant stimulation of RN A synthesis. Vertical lines are stand-

ard deviations.
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Fia. 5. Comparison of the effects of cyclic AMP on magnesium- and manganese-depend-
ent RNA synthesis. Rat liver slices were incubated with cyclic AMP for 30 min, nuclei
isolated, and their capacity for RNA synthesis measured in either magnesium- or manga-
nese-containing media as described in the text. Iiffects of 1077 M (@-—@) and 103 'm
(A——A) cyclic AMP are compared to control values (M- -#). Note that a concentra-
tion-dependent stimulation of hoth types of RNA svnthesis occurs. Vertical lines are
standard deviations.
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Fia. 6. Effects of incubating rat liver slices with varying concentrations of glucagon on
rates of RNA synthesis in nuclei isolated from these slices. Glueagon was included during a
30-min incubation, after which nuclei were isolated and RNA synthesis measured in the
magnesium-containing medium for 3 min. The control value in this case represents 400
cpm/mg DNA. Vertical lines are standard deviations.
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Fr¢. 7. Effects of cyclic AMP and glucagon on
RNA synthesis. Rat liver slices were incubated
for 30 min with 10~% m cyeclic AMP, 5.0 pg/ml
glucagon, or both. Nuclei were isolated, and RNA
synthesis was measured in the magnesium-con-
taining medium. Note that the effects of cyclic
AMP and glucagon are not additive. Vertical lines
are standard deviations.

tions of eyclic AMP higher than 10-%m
in the slice incubation medium produce
submaximal iIncreases in nuclear RNA
synthesis. It is a possibility that the intra-
cellular concentrations of cyelic AMP
generated by these high incubation dosages
may activate some sort of a negative feed-
back syvstem, i.c., high levels of evelic AMP
may activate phosphodiesterase activity
(28) or some as vet unknown inhibitor of
eyclic AMP action. Little concrete evidence
is available to explain how responses to
eyelic AMP are turned off, but data such
as deseribed here imply that regulation
at this point may be as complex as activa-
tion of the entire system.

Several aspects  of  these  experiments
suggest that a physiologically relevant

response is being observed. In addition to
the above-mentioned  specificity  of  the
effect for eyelic AMP and its effectivencss at
low concentrations, another significant ob-
servation in this regard is the fact that low
levels of glucagon produce a stimulation of
RNA synthesis similar to that seen with
cyelic AMP and that optimal doscs of
glucagon and cyelic AMP in combination
produce an effeet no greater than either
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alone, Such data are consistent with the
faet that cyelic ANMP is known to be a
mediator of glucagon action in wire and
suggest the possibility that the mechanism
of action of glucagon involves at least in
part a cyelic AMP-mediated stimulation of
RNA synthesis. Glueagon has sceveral ac-
tions in mammalian liver (3), but the one
which scems most likely to involve RNA
svinthesis 15 the induction of a series of
enzymes. The faet that cyclic ANMDP itself,
when directly applied, ean also induce the
formation of these same enzyvmes (16, 17)
further supports the possibility that a
evelic  AMP-induced  activation of gene
transeription is involved m glueagon action.
In support of this general idea, in at least
one case (15) evelic ANP has been shown to
stimulate synthesis of RNA rich in polyv(A),
which is thought to be a characteristic of
messenger RNA.

This brings us to the question of possible
mechanisms which might explain how cyelie
AMD can activate gene transcription in this
syvstem, Langan (18, 19) has suggested that
evelie ANP-activated phosphorylation  of
f; histones causes a change in chromatin
template activity, leading in turn to an ac-
tivation of transeription of the genes coding
for the glueagon-inducible enzymes. Such o
model would predict only small increases
in overall RNA synthesis following cvelic
AMP administration, and yet the present
data show that under optimal conditions a
doubling of the rate of nuelear RNA svn-
thesis can be produced by eyelic AMDP.
Such inereases are obviously beyond what
would be nceded to account for the syn-
thesis of those messenger RNAx coding
for a small number of inducible enzymes.

Several possibilitics can be  considered
which might account for such unexpeetedly
large increases in nuclear RNA synthesis.
Onc obvious possibility is that the synthoesis
of species of RNA other than the specific
messages  for the glueagon-inducible en-
zymes are involved. Jost and Sahib (19)
have shown that the synthesis of both
preribosomal and  heterodisperse  nuclear
RNAs are stimulated when isolated nuclei
arc incubated with dibutyryl evelie ANMP.
The present experiments show that both
magnesium- and mangancsc-activated RNA
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polymerase  activities  are  Increased by
incubation of liver slices with eyelic AMP,
a finding which is also consistent with the
stimulation of synthesis of ribosomal as
well as nonribosomal RNA speeies. Another
complication which is relovant when con-
sidering the magnitude of the observed
stimulation of RNA synthesis is the well-
established finding that only a small portion
of the total amount of RNA svnthesized
on chromatin ever leaves the nucleus to
beecome involved in the process of evto-
plasmic protein synthesis (29). Thus it is
difficult. to make any dircet comparisons
between the overall rate of nuclear RNA
syunthesis and the amount of RNA which
eventually  funetions as evtoplasmic mes-
sages for the synthesis of indueible en-
ZVINCS.

Recent evidence suggests several other
possible mechanisms for the eyelic AMP-
induced stimulation of RNA synthesis, in
addition to the previously mentioned model
based on exvelic ANP-mediated stimulation
of histone phosphorylation. For example,
cyelic AMP has reeently been shown to
stimulate the phosphorvlation of nonhistone
chromatin proteins in rat liver (30), and
the existenee of multiple nuelear protein
kinases with differing substrate speeificitios
and dependencies on eyelic AMP has been
demonstrated (31, 32). Thus, the possi-
bility arises that cyvelic AMDP may have
multiple effeets in both stimulating and
inhibiting (31, 32) the phosphorylation of
speeific nonhistone proteins, and in view
of the reeent evidenee suggesting a role of
nonhistone chromatin proteins in the regu-
lation of gene transeription, such phos-
phorylation reactions may be involved in
regulating RNA synthesis (33-37). Another
possible effeet of evelic AMP is dircetly on
RNA polymerase itself, since there has been
some suggestion in the literature that a
eyelic AMP-stimulated phosphoryvlation of
a bacterial RNA polymerase factor may
activate the cnzyme for transeription (3%).
In this regard, however, our data with
exogenous RNA polvmerase suggest that
the primary coffeet is not at the Jevel of
RNA polymerase activity. Finally, there is
some evidence from cukarvotie cells for an
effeet of a evelie ANMDP -protein complex
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directly at the level of the DNA template
(12), analogous to the situation found in
bacteria (2). Thus, a variety of possible
mechanisms exist which might explain the
effects of cyclic AMP on RNA synthesis.
Indeed, it is quite possible that more than
one type of mechanism might be at work.

The present experiments thus demon-
strate that cyclic AMP can dramatically
stimulate the ability of rat liver nuclei to
synthesize RNA and suggest that such a
mechanism is involved in the action of
glucagon on this tissue. These results do
not imply that all the actions of these
agents are mediated at a transcriptional
level, and indeed therc is good evidence
that cyeclic AMP also acts at the post-
transeriptional level (16, 39, 40). The
present experiments make it clear, however,
that any complete model of how this cyclic
nucleotide acts in higher organisms must
take into account the observed effects at
the level of gene transeription.
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