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SUMMARY

Actinomycin D (2 mg/kg) was given to rats after administration of a labeled RNA

precursor (orotie-6-14C acid!) ; thereafter, labeled RNA was extracted from nuclear and
cytoplasmic fractions of liver and sedimented in sucrose gradients. Followimig treatment

with actinomycin, newly symithesized RNA (i.e., labeled 40 mm or less before the drug

was given) was lost anti labeled RNA failed to appear in the cytoplasm. This loss also

occurred in adrenalectoinized mats. There was no apparent loss of older RNA tie., labeled

3 hr before drug) or massive destruction of unlabeled ribosomes amid polysonies. The
results suggest that time transfer of labeled! RNA from the nucleus to tile cytoplasm was

blocked because of destruction of precursors of ribosomal RNA. Since these and other

forms of RNA are synthesized in the nucleus, it is likely that time loss occurred here,
possibly at nucleolam sites which are thought to P�irticiPate in ribosomnal synthesis.

IN TRODUCT ION

Actinomiiycin D inhibits DNA-directed
synthesis of RNA with remarkable speci-
ficity. The rapid onset of miiaximal inhibition
with this antibiotic has made it feasible to

study turnover of RNA in bacteria (1-5)

and in mammalian cells in culture (6-11).

However, few such studies have been re-
ported in animals. Previous workers (12,
13) have described net losses of nuclear

RNA in liver of rats after treatment with
actinomycin; the evidence presented here

indlicates that it is rapidly lai)eled nuclear

RNA which is lost, presumably in the forni

of ribosomal precursors. Further, the drug

blocks the appearance of newly labeled

RNA in the cytoplasmii. These results have

added to our understanding of time synthesis

and stability of RNA in rat liver; even

more significantly, these studies provide a

model which niay explain the selective

cytotoxicity of actinomycin D in sensitive

tumors.

MATERIALS AND METHODS

Young, miiature, male Sprague-Dawley
rats (180-225 g) of time Charles River CD

I

line were used intact or 4-5 days after

adrenalectomv (maintained with free access

to 1% NaC1 solution). Actinoniycin P was
generously provided by Merck, Sharp &
Dohme Research Laboratories. Stock solu-

tions containcdi actinoniycin 1) (200 1tg/ml)
in 0.9% NaCl and animals were given 1

ml/100 g body weight intravenously (2 mg/
kg) under light ether anesthesia. Control
rats were given saline. ()rotic-6-’’C acid

(8 �C/piiioie), purchased from New Eng-
land Nuclear Corporation, was dissolved in

a slight excess of 0.1 M NaOH and diluted
with isotonic saline and h)ilOsPhate buffer

(0.01 r�i, pH 7.0) to a final concentration of
40 �C/miil. One milliliter per kiiogramn of
body weight was given intravenously to
prelabel RNA.

RNA was isolated from both nuclei and
cytoplasmu of rat liver by methods described

by DiGirolamo et al. (14) and modified
slightly in this laboratory (15). Nuclear

fractions were sedimented and washed twice

(600 X g for 10 mm) in 0.25 �r sucrose,

0.003 M CaCi2, and 0.03 Tris buffer at pH

7.6. Cytoplasmic fractions were obtained

from time uppm� two-thirds of the super-
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miatant of the first sedimentation of nuclei.

Aqueous suspensions of nuclei and cyto-
plasm were extracted 3 times with 90%
phenol containing 1% sodium lauryl sulfate

and 0.5% naphthalene disulfonate. During
each extraction, samples were shaken vigor-

ously in bottles that were placed within
plastic bags packed with crushed ice. After
centrifugation of time extracts, aqueous and
interpimase components were collected as

described by DiGirolamo et al. (14). Re-
moval of I)NA and oligonucleotides from
nuclear RNA, and precipitation and wash-
ing of both cytoplasmic and nuclear RNA
were also as described. In addition, how-

ever, final preparations were washed 3 times
with cold ethanol to ensure removal of

traces of naphthalene disulfonate. Isolated

nuclear and cytoplasmic RNA was dissolved
in 0.1 M NaCl and 0.01 M sodium acetate,

pH 5.0. Approximiiately 12 optical density

units (260 m1�) in a volunie of 1 ml was
layered over a 27 ml 5-20% linear sucrose
gradient (prepared in 0.1 M NaCl-0.01 �r

Na acetate). Tubes were centrifuged (Beck-
man, Spinco, Model L2) for 17 hours at

18,000 rpm (5#{176}C) in the SW 25.1 rotor.
Twenty-drop fractions (approximately 0.75
ml) were collected automatically from a
syringe-type needle inserted into the bot.-

torn of each tube. Fractions were diluted

with 0.5 ml H2O and assayed for absorption
at 260 m� and for radioactivity in a liquid

scintillation counter after precipitation of

RNA on Milipore filters with 100 1.�g bovine
serum albumin and 5% trichioroacetic acid.
To minimiiize variability, livers from two

rats were combined for each determination.

Sedimentation coefficients are those used by
DiGirolanio et al. (14).

In experiments with adrenalectomized
rats, liver DNA and RNA were assayed

by methods described by Schneider (16).
Whole homogenates were precipitated and

washed 4 times with cold 10% trichloro-
acetic acid, defatted, and extracted twice

with hot 10% triclmloroacetic acid (15 mm
at 90#{176}).Extracts were washed 3 times with

ether in l)reparation for liquid scintillation
counting and for colorimetric determina-

tion of RNA (orcinol reaction) and DNA
(diphenylaniine). Specific activities were

calculated as disintegrations per mmnute

(dpm) /optical density of orcinol-reactive
material. Ratios of RNA:DNA were cal-
culated only as optical densities of orcinol-

reactive to diphenylamine-reactive mate-
rials in the hot trichloroacetic acid extracts.

RESULTS

Isolated RNA. Orotic-6-’�C acid was
given intravenously to rats which were
killed 5, 10, 20, or 40 mm later. These

animals received no further treatment and

are designated as controls. A second series

of animals was also given orotic acid, and
at 5, 10, 20, or 40 mm they were injected

with either saline solution or actinomycin
D. The rats in this series were killed after

an additional 175, 170, 160, or 140 mm, so

that the total time of exposure to the radio-
active label was 180 mm. In a third series,
animals were given orotic acid; at 180 mm
some were killed (controls) and others were

injected with saline or drug and sacrificed
140 mum later. RNA from nuclei and cyto-
plasm of pooled liver homogenates was

isolated as described in Materials and
Methods, and centrifuged on sucrose gra-
dients.

Figure 1 shows profiles of nuclear and

cytoplasmic RNA isolated from controls at
40 mm after injection of labeled orotic acid.

The radioactivity of the nuclear RNA was

disperse tlmough there was evidence of early

peaking in the regions of 35-45 S (tubes
10-15), 28 S (tubes 17-24), 18 S (tubes 25-
29), 5-10 S (tubes 30-32) and 4 5 and
smaller (tubes 33 and higher). In the 28 S

and 18 S regions, the peaks of early radio-

activity did not correspond exactly with

the optical peaks, indicating that as newly
formed 28 S and 18 S RNA organized they

sedimented slightly faster than older 28S
and 18 5. By contrast with the nuclear
fraction, the cytoplasmic RNA (Fig. 1D

and Table 1) had relatively little radio-
activity at 40 mm and it contained a promi-
nent 4 5 optical density peak.

Radioactivity was host from the nuclear

fraction in animuuals receiving actinomycin

at 40 mm after orotic acid (compare Fig.
lB with Figs. 1A and 1C). Despite the loss
of more than half the activity, optical peaks
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FiG. 1. Sedimentation profiles of phenol-extracted RNA in 5-20% sucrose gradients

Liver RNA was prepared from nuclear (A, B, C) and cytoplasinic fractions (D, E, F). Control rats

were lal)eled with orotic-6-’4C acid for 40 mimi and killed (A, D). Experimental animals were similarly
labeled, then given either actinomycin D (B, E) or saline (C, F) and killed 140 mm later. Filled Cir(ie.S

show optical density at 260 nip; open circles show radioactivity of each 20-drop fraction.

TABLE 1

(utoplasinic JL\A from li,er o.f control and .‘�alin� (j�(/ actino,n,jcin D-tr(’(Ited ,(,1..

Tube number
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E

300 �

200

Subjects

Time (m in) of Fractions

Incorporation Chase 285 1SS 45

Control a 1.18 0.42 0,27

Act. D 5 175 1 .25 0.55 0.32

Sal 5 175 169 223 314

Control 10 0. 95 0.40 0. 19

Act. D 10 170 1.12 0.57 0.31’

Sal 10 170 200 232 382

Control 20 1.2:3 0.64 97

Act.. 1) 20 160 1 .35 0.63’ 97

Sal 20 16() 159 215 234

Act. 1) 20 160 1.02 0.43 0.33’

Sal 20 160 194 254 385

Control 40 - 1.11 0.47’ 124

Act. D 40 140 1.15 0.49’ 93

Sal 40 140 86 154 183

Control 180 - 131 198 306

Act. 1) 180 140 217 173 354
Sal 180 140 356 330 573

Act. 1) 180 140 206 236 928

Sal 1�0 140 392 454 699

Sal 180 140 340 255 496

a Boldface designates cpm/OD26o m,� others indicate OD,60 � where the cpm were less than 15 cpm above

background (background was 26-32 cpm for all experiments).

Cpm ranged from 16 to 37 above background.
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at 28 S and 18 S showed little change. In acid while 28 S and 18 5 RNA (Fig. 3) had

liver cytoplasm optical peaks were also steady increases in specific activity up to
unaltered in rats treated with the drug but 320 mm. When actinomycimu was given at

these remained unlabeled (compare Fig. 1E 5 mm after orotic acid, it prevented the
with Figs. 1D and iF). Thus there was a expected increases in specific activity seen

loss of newly formed nuclear RNA and an in controls and saline-treated rats. When
inhibition of the transfer of this RNA to it was givemu at 10, 20, or 40 mm, it caused

the cytoplasm. a loss of label to the level found in 5-mm
controls. Wimemu the injection of the anti-
biotic was delayed until 180 mm, there was
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I1G. 2. Specific activity of nuclear 458 RNA ���28S control�

from livers of control rats (x), and of experi- 100 -. �.-. A0 #{149}

mental rats given actinomycin (�) or saline (0) x�. #{149} � -

Data were calculated from sedimentation pro- I I I I �

files such as those shown in Fig. 1. Abscissa indi-

cates the duration of labeling time before control M:nutes

rats were killed or before experimental rats were FmG. 3. Specific activities of nuclear 188 and

given actinomnycin or saline. Total labeling time 285 RNA

for experimental animals was 180 mm for those See Fig. 2 for description.

prelabelcd 40 miii or less and 320 mimi for those

prelabeled 180 nun. Horizontal bars indicate
little or no signmficant loss of labeled nuclear

average specific act mvitv for all actmnomnvcin and
18 5 and 28 S RNA. At flmms time both

sa iine-tiea I e,i in ma is I)iiia I )C1PU �iu mm 01 mess.
nuclear and cytoplasmic components are

Simuiilar results were obtained witemu acti- omgamuized imuto units which sceiii more IC-

nomycin was given at 5, 10, and 20 mm sistant to degradation than do time newer

after orotic acid. These are shown in Figs. forms of labeled RNA.

2 and 3 where tile changes in nuclear RNA Table 1 lists analyses of cytoplasmic

are illustrated separately at 45 S, 28 5, and RNA from animals described above. The
18 S. In the controls 45 S RNA (Fig. 21 was data show that little or no specific labeling

maximally labeled! by 10-20 nun after orotic appeared in cytoplasmiuic 28 S and 18 S RNA

510 20 40 80
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of control animals during time fist 40 mm
of incorporation. By 180 mm after orotic
acid this RNA was well labeled and gra-

dient density profiles showed that optical

and! radioactivity peaks were imu close regis-

ter. When actinomycin was given to rats at
any time up to 40 mm after orotic acid, it

prevented tile expected labeling of ribo-
soma! RNA in the cytoplasm. Since the
radioactivity of RNA in the 4 S region was

not increased over that of controls or that

of saline-treated rats, it is unlikely that the
antibiotic had caused degradation of cyto-
plasmic RNA.

This was also shown by the fact that

actinomycin did not induce loss of radio-
activity fronu cytoplasmic ribosomal RNA.

Thus, at 180 nuin after orotic acid when

28 S and 18 S RNA were already labeled in

the cytoplasm, thue administration of acti-
nomycin did not reduce tlue radioactivity of

these ribosomal moieties. It did, of course,
prevent the further accumulation of label
which occurred in tiue animals which had
been treated with saline at 180 mimu (see

Table 1 and Fig. 4).

In other experiments (not shown lucre)
liver polysomes were collected from rats

killed 180 mm after receiving actinoiuuycin

D (2 mg/kg) and tested in tiue gradients

described by Staehelin (17) and Revel (18)
and their co-workers. The results comufirmed

those of the earlier workers: there was only
a small shift from the polynueric (8 or

more) units to dimers and monomers during

the 3-hr period. Ribosomal monomers and

dimers were also isolated from nuclear

fractions of livers of rats according to tile

methods described by Howell et al. (19).

Such preparations are presumably con-

taaiinated with emudoplasmic reticulum. At
180 mm after actinonuycin (2 mg/kg) there

was no evidence of altered sedimentation

patterns of ribosomuial material in these

crude preparations. Similar results were ob-
tained witiu ribosomes fromu� nuclear frac-
tions given 3 extra centrifugations in the

same medium described by Howell et al.
(19) but to which 1% carboxymethyl-

cellulose was added. Finally, we obtained

no evidence in preliminary experiments that

treatment with actinomycin increased! ribo-

nuclease activity in either liver nuclei or

cytoplasm. This is consistent with the re-

ported finding that nuclear ribonuclease is

active in liver even in tiue absence of the

drug (13) and suggests that there is a

nornual degradation of nuclear RNA which

0
0 20 30

Tube number

FIG 4. Composite sedimentation profiles of

cytoplasmic RNA prelabeled iSO mm
Filled circles show optical density of RNA

isolated from control rats. Open circles and crosses

indicate radioactivity of RXA from liver of saline

and act inomycin-tmcatc(l mats, respectively, chased

for 140 mm after prelahehing for 180 mm. The

composite was fitted only at the 28 S maxima of

each optical density curve (shown here as tube

19). Radioactivity of the 180-mm control, which

is not shown, �sas almost identical with that from

rats given actinomycin.

is uncovered whuen agents such as actino-
mycin D, etluionine (13) or aflatoxin (20)
inhibit RNA syntluesis. However, the evi-

dence presented lucre indicated that there
could not huave been extensive degradation

of older RNA in nucleus or cytoplasm after
the drug was given.

In recent studies we noted evidence of
stimulated adrenal corticoid secretions in

animals treated wit.iu actinomycin (21). It

seemed possible that an increased rate of

turnover of nuclear RNA might occur
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TABLE 2

Effects of aclinomycin D on 40 miii prelabeled RNA in liver of adrenalectomized rats

There were six rats in each group; AD (2 mg/kg); saline and orotic acid were given intravenously.

Conditions Time of sacrifice
Specific activity

± S.D. RNA: DNA ± S.D.

Control, 6-m4C-orotic acid 40 mm 1980 ± 340” 20.6 ± 1 .23”

Prelabel 40 mm:

Act. D for 140 mimi 3 lii 1100 ± 140” 18.5 ± 1 .21”

Saline for 140 mm 3 hr 3390 ± 480” 19.8 ± 3.30h

o Differences between groups are significamit at P < 0.001.
Differences between groups are not significant: P > 0.1.

secondary to suciu stimulation, and for tins

reason we tested adrenalectomized rats.
However, Table 2 indicates that there was

extensive loss of newly synthesized RNA

even though the bulk of the RNA was con-
served after treatment withu the antibiotic.

Other adrenalectomized rats were killed 40
mm after labeled orotic acid was given, and
nuclear and cytoplasmic RNA from tlueir

livers were extracted with phenol and

analyzed in sucrose gradients. The results
were similar to those obtained with intact

rats (Fig. 1A and D) and indicated that, in
the adrenalectomized animals reported in

Table 2, newly synthesized RNA was local-
ized in nuclear fractions when actinomycin
was given 40 mm after orot.ic acid.

DISCUSSION

After actinomuuycin D is administered to

mats, there is a loss of newly formed nuclear
RNA in tiue liver. The loss may be the
consequence of changes in nucleolar func-

tion that occurs in the presence of this
agent (22, 23). Nucleolar morphology is

altered by actinomycin within 1 hr in intact

liver (24, 25) and within 3 hr in regenerat-
ing liver (26, 27). Since nucleoli seem to be

instrumental in the fornuation of ribosomal

RNA from 18 S, 28 S, and 45 S precursors

(11), it is reasonable to speculate tluat
damage to the organelle could result in loss

of labeled ribosomal precursors due to the
activity of nucleolar ribonuclease (28).

However, it is not yet known whether

nucleolar damage results from a proximal

action by actinomycin D on this organelle
or whether the change in its morphology is

a secondary consequence of inhibition of

RNA synthesis.
Tluere were two forms of RNA which

were not degraded after treatment with

actinomycin: RNA already present in ribo-
somes and nuclear RNA labeled for only
5 nuin prior to administration of the drug.

Ribosomal RNA appears to be stable be-
cause it is relatively resistant to ribo-

nuclease, but stability of 5-mm labeled

RNA is not so readily explained. It is
known that RNA synthesis is not corn-
pletely inhibited in rat liver even after high

doses of actinomycin. For example, in our

previous studies of this agent (21), lethal

doses (2 X LD50 or 1 mg/kg) were only
partially and reversibly effective in inhibit-

ing the incorporation of labeled orotic acid:
84-95% inhibition at 30 an(! 60 nmin after

treatment, 75% or less inhibition at 2 and
4 hr, and recovery by 16 hr. In the current

experiments, even with the higher dose used
(2 mg/kg), small amounts of incorporation

may have occurred. If so, time apparent
stability of the 5-mm labeled RNA could

have been due to continuing turnover of

RNA on limited portions of the DNA tem-
plate or to a more general synthesis of RNA

that had been slowed by the presence of
bound actinomycin. However, it is also

possible that the actinomycin-resistant
radioactivity was present in incomplete

chains of DNA-associated RNA, the growth
of which was blocked by tluc presence of
the inhibitor. Although DNA-RNA hybrids
from liver are not notably resistant to

ribonuclease when tested in vitro (29), they
might l)e stable in chromatin in cells if
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nuclear ribonuclease is confined to the
nucleolus (11, 12).

RNA that was labeled 40 nun or less did
not appear in cytoplasnu after actinomycin

was administered. This observation differs
from those of Darnell (6, 7) and Perry (11)

and thueir co-workers withu UcLa and L
cells, respectively. They observed transfer

of ribosomes or ribosomal precursors (8)
into the cytoplasm in the presence of high
concentrations of the inhibitor. However,

Harris (9, 10) found degradation of nuclear

RNA in HeLa cells treated with actino-
mycin and suggested that the transfer ob-
served by otiuers (6, 7) may have been due

to incomplete inhibition of RNA synthesis
in the presence of large pools of labeled

RNA precursors. Even though inhuihition of
synthesis is presumably incomplete in liver

of treated rats, we found little or no evi-

dence of migration of labeled 18 S and 28 5

RNA to time cytoplasmuu in liver. Newly
synthesized RNA seenus to be degraded
within the nucleus and, therefore, muever

reaches the cytoplasm.

It is also possible, however, that newly

synthesized RNA is destroyed in the cyto-
plasm, upon emerging from the nucleus but

before acquiring a more stable ribosomal
configuration. In UcLa cells, for example,

the initial event in ribosoma! synthesis is
the formation of 45 S RNA in nuclei. This

RNA then forms two components, 16S and

35 S (7, 30). The 16 S component appears

rapidly in the cytoplasm while the 35 S
unit remains in the nucleus. Subsequently

35 S is transformed into 28 S and is then

found in the cytoplasm. In these cells, acti-
nomycin leads to a loss of 45 5, but with

the accompanying formation of cytoplasmic

16 S and nuclear 35 S RNA. In liver (see

Fig. 1B) approximately the same amounts
of activity are found in the regions of 45 5,
28S, and 18 5 RNA after treatment with

the agent. It is likely, of course, that the
timetable for the emergence of RNA from
nuclei is different for HeLa cells than it is

for liver, but we have been so far unable
to find conditions whiclu would indicate
separate entry of 18 5 and 28 S into liver
cytoplasm from the nucleus. If such 18 S

and 28 S particles do enter the cytoplasm

separately but in constant ratios, it is pos-

sible that cytoplasmic degradation might

occur before time component RNA units are
stabilized as ribosonues. This question is

currently under investigatiomu. 1-lowever, the

point renuains that we are not able to

demonstrate migration of labeled RNA into
liver cytoplasm, even when RNA synthmesis

is prol)ably only partially inhibited by acti-
nomycin. Without compelling evidence to

the contrary, it seems preferable at time
present time to assumuue that ribosomes are

formed in tile muucleus (presumably inuder
control of the nucleolus) and tiuat destmuc-

tion of ribosoma! precursors occurs here

rather than in the cytoplasm.
The response to actinomycin in liver in-

cludes not only production of cytotoxicity
after iniuibition of nucleic acid synthesis
(21, 31), but also degradation of newly
synthesized RNA amud concurrent interfer-

ence with the formatiomu of ribosomes. In-
deed, degradative loss of RNA seems
more closely related to actinomycin’s tu-

iuuoricidal action than does inhibition of
RNA synthesis. Tiuis relationship has been

demonstrated in current studies with Ridg-
way osteogenic sarcoma in mice treated with

a single, sublethal, curative dose of actino-
mu�ycin (32). Withuimu 24 hr, this tumor loses

alnuost half of its total RNA but with only

partial inhibition of RNA synthesis and
little or no net loss of DNA or protein (33).

Thus the effects described in liver may i)e
a model that will contribute to our under-
standing of tiue selective cytotoxicity of
this agent in sensitive tumors.
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