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SUMMARY

The effect of adniamycin on DNA, RNA, and protein syn
thesis was investigated in cell-free systems and intact cells.
In studies with purified mammalian cell enzymes, adniamy
cm produced a greater inhibition of DNA-dependent DNA
polymerase than of RNA polymerase. The extent of inhibi
tion of both these enzymes was decreased by increasing the
concentration of the DNA template in the reaction mixture.
In studies with isolated nuclei, adniamycin was also a more
potent inhibitor of DNA synthesis than of RNA synthesis.
However, with intact cells, adniamycin inhibited both DNA
and RNA synthesis to about the same extent. The inhibition
produced by adniamycin on RNA synthesis in intact cells
was greater than that observed in the cell-free systems.
Adniamycin inhibited protein synthesis in a cell-free system
consisting of polynibosomes, transfer RNA, and enzymes
but did not inhibit protein synthesis in intact cells. These
differencesinthe patternof inhibitionmay be due to bio
transformation of the drug and/or preferential binding to
chromosomal DNA in the intact cell.

INTRODUCTION

Adniamycin, an anthracycline antibiotic, is an agent very
potently cytotoxic to mammalian cells in vitro and in vivo (2,
12, 16). This antibiotic has been shown to be a very effective
chemotherapeutic agent against tumors in experimental an
imals (17) and in humans (6). Cells in the S phase of the cell
cycle appear to be most sensitive to the cytotoxic action of
adniamycin (2, 12). Adniamycin inhibits both cellular DNA
and RNA synthesis (12-14, 17, 18), presumably due to bind
ing of this antibiotic to nucleic acids, as has been shown for
the related antibiotic, daunorubicin (7). In studies with pun
fied enzymes, adniamycin has been shown to inhibit the
viral, bacterial, and mammalian cell DNA-dependent DNA
polymerases (10, 18, 19) and bacterial RNA polymenase (19).
From the published data on adniamycin it is not clear
whether this antibiotic has a preferential specificity for the
inhibition of DNA or RNA synthesis.

In this paper, in order further to understand the biochemi
cal specificity of adniamycin, we have compared the effect
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of this antibiotic on DNA, RNA, and protein synthesis in
various cell-free systems and in intact cells.

MATERIALS AND METHODS

Materials. Adniamycin was obtained from the Drug Re
search and Development Branch of the National Cancer
Institute, Bethesda, Md. Radioactive compounds and Aqua
sobscintillation fluid were obtained from New England Nu
clear, Boston, Mass. Nucleotides were supplied by P-L Lab
oratories, Milwaukee, Wis. L-Amino acids were obtained
from ICN Pharmaceuticals, Cleveland , Ohio . Phosphoenol
pyruvate and pyruvate kinase were obtained from Calbi
ochem, La Jolla, Calif. The A(T)Cl-3 hamster fibrosarcoma
cells were kindly donated by Dr. W. F. Benedict (4). The
cells were grown in suspension culture in Minimum Essen
tial Medium F4 containing 1 x nonessential amino acids
(Grand Island Biological Co., Grand Island, N. Y.) and sup
plemented with 10% fetal calf serum (Flow Laboratories,
Rockville, Md.). Minimal essential medium without leucine
was obtained from Grand Island Biological Co. DNA-de
pendent DNA polymerase was prepared from calf thymus as
described previously (14) except the DEAE-cellubose step
was omitted; Fraction IX (Sepharose A) was used as the
enzyme source. DNA-dependent RNA polymenase B was
purified from calf thymus as described by Kedinger et a!.
(11); the DEAE-ceblulose fraction was used as a source
of enzyme. Denatured DNA was prepared by heating a solu
tion of native calf thymus DNA (1.0 mg/mI in 10 mM NaCI
containing 1.0 mM EDTA, pH 8.0) at 100Â°for 15 mm and
cooling immediately at 0Â°.The polynibosomes, tRNA, and
enzymes involved in protein synthesis were prepared from
reticubocytes of phenybhydnazine-treated rabbits by a modi
fication (15) of the method of Gilbert and Anderson (8).

Enzyme Assays. The composition of the reaction mix
tunes for the DNA-dependent DNA polymenase and RNA
polymerase assays is given in the tables. The enzymatic
reaction was terminated by the addition of 5.0 ml of cold 5%
tnichboroacetic acid. The acid-insoluble material was cob
bected on a Whatman GF/C glass fiber disc (2.4 cm diame
ten), washed twice with cold 5% tnichboroacetic acid and
ethanol, dried, placed in a tobuene-based scintillation mix
tune, and assayed for radioactivity.

Preparation of Isolated Nuclei. A 200-mbsuspension of
A(T1)Cl-3 hamster fibrosarcoma cells (3 to 4 x i0@cells/mI)
was centrifuged at 900 x g for 4 mm. The supennatant was
discarded, and the cell pellet was suspended in 10 ml of
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The reaction mixture (0.i ml) contained 10 mM Tris-HCI, pH7.5;40
mMKCI;10mMNaCI;6 mMMgCl2;5 mMpotassiumphosphate,pH
7.5; 2.5 mM ATP, 25 MM each dATP, dCTP, and dGTP;222pmoles

[3HJTTP(3.9 x i0@cpm); 10 @gdenatured DNA; 5mMglucose;
0.5 mM2-mercaptoethanol;15%glycerol; 0.025%TritonX-iOO;

0.05unit DNApolymerase;and the indicatedconcentrationsof
adriamycin. The mixture was incubated at 37Â°for 10 mmandassayed

as described under â€˜MaterialsandMethods.'Concentration
ofadriamycin

(@g/ [3H]TTPincorporatedml)
(pmoles) Inhibition(%)0

10.2 Â±0.5Â°1.0
10.2Â±0.602.5

7.8 Â±0.5245.0
5.7 Â±0.7447.0
3.7 Â±0.56410.0
2.8 Â±0.57320.0
0.2 Â±0.598a

Mean Â± S.D.

Concentrationof
adriamycin (@g/

ml)[3H]UTP
incorporated

(pmoles)Inhibition(%)032.8

Â±0.6Â°234.8Â±0.60529.2Â±0.7111024.2

Â±0.6262515.3
Â±0.9533010.7
Â±0.767508.2
Â±0.5751002.1
Â±0.694a

Mean Â± S.D.

A. L.Mompar!ereta!.

tissue culture medium and centrifuged at 700 x g for 4 mm.
The cell pellet was suspended in 10 ml of 10 mM potassium
phosphate, pH 7.5, containing 2 mM MgCI2 (Buffer A) and
was centrifuged at 700 x g for 4 mm. The appropriate
amount of Buffer A was added to the cell pellet to give a
final cell concentration of 5 x 10@cells/mI. The cell suspen
sion was left at 0-4Â°for 7 mm, and then the cells were
disrupted by 10 strokes in a Dounce homogenizer (5). The
hypotonicity of the cell suspension was adjusted to isoto
nicity by addition of an equal volume of Buffer B (40 mM
Tnis-HCI, pH 7.5; 10 mM potassium phosphate buffer, pH
7.5; 160 mM KCI; 40 mM NaCI; 20 mM glucose; 2 mM 2-
mencaptoethanob; and 0.1% Triton X-100). The suspension
was centrifuged at 200 x g for 1 mm, the supernatant was
removed, and the nuclei were suspended in Buffer C (equal
volumes each of Buffer A and Buffer B) at a concentration of
5 x 10@nuclei/mb. The nuclei were centrifuged at 200 x g
for 1 mm, suspended in Buffer C containing 30% glycerol
(Buffer D), and stored at â€”20Â°.Under these storage condi
tions they maintained their biochemical activity for 1 week
or more.

Assay of DNA and RNA Synthesis in Isolated Nuclei.
The composition of the reaction mixture is given in the
tables. The reaction was initiated by the addition of 50 pi of
the reaction mixture to 100 @lof Buffer D containing 5 x 106
nuclei . The mixture was incubated for 30 mm at 37Â°,and the
reaction was stopped by the addition of cold 5% tnichlonoa
cetic acid. The acid-insoluble precipitate was washed 3
times with cold 5% tnichboroacetic acid, hydrolyzed in 0.2 ml
of 5% tnichbonoacetic acid at 100Â°for 45 mm, and centni
fuged, and the supernatant was assayed for radioactivity in
5 ml of Aquasob scintillation fluid.

Assay of Protein Synthesis in Cell-free System. The
composition of the reaction mixture is given in the tables.
The reaction was initiated by the addition of the enzyme
fraction . After incubation at 37Â°for 20 mm , the reaction was
terminated by the addition of 2 ml of 10% tnichboroacetic
acid. The reaction tubes were heated at 90Â°for 10 mm to
hydrolyze any radioactive acylated tRNA, and the mixture
was filtered on Whatman GF/C glass fiber disc (2.4 cm
diameter). The discs were treated as described under â€œEn
zyme Assays.â€•

Assay of Macromolecular Synthesis in Intact Cells.
A(T1)CI-3 hamster fibrosarcoma cells were grown routinely
as a suspension in a Chemap Model E-1 Vibromixen. The
cells (2 to 4 x 10@cells/mI) were centrifuged at 200 x g for 5
mm and suspended in culture medium containing 5% di
alyzed fetal calf serum at a cell density of 1.5 x i0@cells/mI.
Two ml of the cell suspension were placed in plastic tubes
containing 1 pCi of [3H]thymidine, [3H]unidmne, or
[3H]beucine and adniamycin as indicated. For experiments
with [3H]leucine, culture medium without leucine was used.
The tubes were flushed with ain-5% CO2, covered tightly,
and incubated at 37Â°in a water bath shaken for 60 mm. The
cell suspension was poured onto Whatman GF/C glass fiber
filters (2.4 cm diameter) that were previously washed with
0.9% NaCI solution and. heftwet. The.cells.on the filter were
washed once with 5 ml cold 0.9% NaCI solution, twice with
cold 5% tnichbonoacetic acid, and twice with absolute
ethanol. The filters were then air-dried and assayed for
radioactivity in scintilbationfluid. The quenching Qf tnitiated

thymidine on the Whatman glass fiber discs in the presence
of high concentrations of adniamycin (200 j@g/ml)was negli
gible (less than 3%).

RESULTS

The inhibitory effect of adniamycin on the DNA-dependent
DNA polymerase reaction is shown in Table 1. When the
concentration of denatured DNA in the reaction mixture was
100 jig/mI, the concentration of adniamycin that produced
50% inhibition was between 5.0 and 7.0 j.@g/ml.The reaction
mixture for the DNA polymenase assay contained glucose in
order to have a similar composition for the reaction mixture
used for DNA synthesis in isolated nuclei (Table 4). Accord
ing to the report of Bernard (5) there was greater DNA
synthesis activity in isolated nuclei when glucose was in
cluded inthe reactionmixture.The actualroleofglucose in
this system is not known.

The effect of adniamycin on the DNA-dependent RNA p0-
lymerase reaction is shown in Table 2. Adniamycin (about 25

Table 1

Inhibition of DNA-dependent DNA polymerase reaction by
adriamycin

Table 2

Inhibition of DNA-dependent RNA polymerase reaction by
adriamycin

The reaction mixture (0.1 ml) contained 50 mM Tris-HCI, pH 8.0;
2.5 mM MnCl2;0.5 mM each of ATP, CTP, and GTP; 518 pmoles
[3H]UTP(1.9 x 1O@cpm); 20 jxg denatured DNA; 0.1 unit RNA
polymerase; and the indicated concentrations of adriamycin. The
mixture was incubated at 37Â°for 30 mm and assayedas described
under â€œMaterials and Methods.â€•

2892 CANCERRESEARCHVOL. 36

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2397932/cr0360082891.pdf by guest on 19 M

ay 2023



The reaction mixture contained 5 x 10Â°nuclei (0.1 ml BufferD);6.7
mM MgCl2;333 @Meach of ATP, CTP, and GTP; 500pmobes[3H]UTP

(5.3 x i0@cpm); and the indicated concentrationsofadriamycin
in a total volumeof 0.15ml. The mixture wasincubatedat

37Â°for 30 mm and assayed as described under â€˜â€˜MaterialsandMethods.â€•Concentration

of ad- [3H]UTPincorpo
riamycin (@xg/mb) rated (pmobes) Inhibition(%)0

2.046.7
1.87733.3
1.373166.6
1.0747133.3
0.74 63

Concentration of
adriamycin (@xg/

ml)L-[3H]leucine
incorporated

(pmoles)Inhibition(%)016.3

Â±0.3Â°114.2
Â±0.6131012.0
Â±0.4261002.7
Â±0.383a

Mean Â±S.D.

Effect of amount of DNA on inhibition produced by adriamycinofDNA
and RNA polymerasereactionsThe

experimental conditions were the same as describedinTables
1 and 2 except the reaction mixture contained theindicatedconcentrations

of adniamycinand denatured DNA.Inhibition
ofRNAInhibition

of DNA synthesis by adria
Concentration of synthesis by adnia- mycin (25hg/mI)DNA

(@tg/mb) mycin (5 pg/mI) (%)(%)25
908350
8077100
5858200
22 37

Concentrationof ad
riamycin (@xg/ml)[3H]TTP

mncorpo
rated (pmoles)Inhibition(%)00.360.50.32121.00.28292.00.24354.00.1751

Effect of Adriamycin on Macromo!ecu!ar Synthesis

j.tg/mI) produced 50% inhibition of the RNA polymenase
reaction in the presence of denatured DNA (200 pg/mI).

The inhibition produced by a constant amount of adnia
mycin on the DNA and RNA polymenase reactions in the
presence of different concentrations of denatured DNA is
shown in Table 3. As the DNA concentration in the reaction
mixture was increased, the inhibition of both the DNA and
RNA pobymerase reactions produced by a constant amount
of adniamycin was reduced. For the DNA polymenase reac
tion, adniamycin (5 j.tg/mI) produced 80% inhibition in the
presence of DNA (50 .tg/mI) as comnpaned to only 22%
inhibition in the presence of DNA (200 @g/ml).At a concen
tration of 25 p.g/mI, adniamycin produced 77% inhibition of
the RNA polymerase reaction in the presence of DNA (50
pg/mI) as compared to 37% inhibition in the presence of
DNA (200 @g/ml).

The inhibition of DNA synthesis by adniamycin in isolated
nuclei from A(T1)Cl-3 hamster fibrosarcoma cells is shown
in Table 4. DNA-dependent DNA polymerase was added to
the reaction mixture in order to obtain measurable amounts
of DNA synthesis (5). Under these conditions, adniamycin
(4.0 @.tg/mb)produced 50% inhibition of DNA synthesis in the
isolated nuclei.

The effect of adniamycin on RNA synthesis in isolated
nuclei from the fibrosancoma cells is shown in Table 5. The
isolated nuclei produced measurable amounts of endoge
nous RNA synthesis and did not require the addition of RNA
polymenase to the reaction mixture. Adniamycin at a con
centration of 66.6 j@g/ml produced about 50% inhibition of
ANA synthesis in the isolated nuclei.

The effect of adniamycin on protein synthesis in the rabbit
neticubocyte cell-free system is shown in Table 6. The cell

Table 5
Inhibition of RNA synthesis in isolated nuclei from hamster

fibrosarcoma cells by adriamycin

Table6
Inhibition of protein synthesis in reticulocyte cell-free system by

adriamycin

The reaction mixture (0.05 ml) contained 20 mM Tris-HCI, pH 7.5;
88 mMKCI;4 mMMgCl2;1.0mMATP;0.2 mMGTP,3 mMpotassium
phosphoenolpyruvate;0.08 mM each of L-amino acids (except L
leucine); 200 pmobes[3H]leucine(4.8 x 10@cpm); 0.58 A2, unit
polyribosomes; 0.08 A26,,unit tRNA; 0.2 unit pyruvic kinase; 109 j@g
enzyme;and the indicatedamountsof adriamycin.Themixturewas
incubated at 37Â°for 20 mm and assayed as described under â€œMate
rials and Methods.

Table3
free system contained purified pobynibosomes, tRNA, en
zymes, and the cofactors required for protein synthesis.
Adniamycin at concentrations of 10 and 100 j.tg/mb inhibited
cell-free protein synthesis by 26 and 83%, respectively.

The effect of adniamycin on the incorporation of
[3H]thymidmne, [3H]unidmne,on [3H]Ieucine into the acid-in
soluble fraction of fibrosarcoma cells is shown in Table 7.
Adniamycmn(5 jig/mI) inhibited both the incorporation of
[3H]thymidine into DNA and [3H}unidmneinto RNA by about
40%. The effect of adniamycin on [3H]unidine incorporation
represents primarily the action of this antibiotic on RNA
synthesis since, in the presence of cytosine anabinoside (10

@g/ml),which inhibits DNA synthesis by more than 90%, the
same amount of inhibition of [3H]unidine incorporation into
RNA was produced by adniamycin (R. L. Mompanlen and F.
Avila, unpublished observation). Adniamycin at concentra
tions from 5 to 50 j@g/mldid not inhibit the incorporation of
[3H]leucine into protein but actually appeared to stimulate
the uptake of this radioactive amino acid into protein.

DISCUSSION

Adniamycin, an effective antitumor agent (6, 9, 17), in
hibits both DNA and RNA synthesis in mammalian cells (12-
14, 17, 18), presumably by binding to nucleic acids (7). It is
not clean whether this anthnacychine antibiotic has a prefer
ential biochemical specificity for the inhibition of DNA syn

Table4
Inhibition of DNA synthesis in isolated nuclei from hamster

fibrosarcoma cells by adriamycin

The reaction mixture contained 5 x 106 nuclei (0.1 ml Buffer D); 6
mM MgCI2; 25 @Meach of dATP, dCTP, and dGTP; 56 pmoles
[3H]TTP (1 .0 x 106 cpm); 0.05 unit DNA polymerase; and the mdi
cated concentrations of adriamycin in a total volume of 0.15 ml.
The mixture was incubated at 37Â°for 30 mm and assayedas de
scribed under â€œMaterialsand Methods.â€•

AUGUST 1976 2893

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2397932/cr0360082891.pdf by guest on 19 M

ay 2023



Effect of adriamycin on DNA, RNA, and protein synthesis in hamster fibrosarcomacellsThe

incubation mixture (2.0 ml) contained 3 x i0@cells in culture medium containing 5%dialyzedserum; 1 @Ciof[3H]thymidine
(20 Ci/mmobe), [3H]uridine (29.6 Ci/mmole), or [3H]leucine (30.7 Ci/mmobe)as indicated; andtheindicated

concentrations of adriamycin. The mixture was incubated at 37Â°for 60 mm in a water bath shakerandassayed
as described under â€˜â€˜MaterialsandMethods.â€•ConÃ en-

DNAsynthesis RNAsynthesis Protein synthesis
trationof

adriamycin [3HjThymidineincor- Inhibition [3H]Unidineincorpo- Inhibition [3H]Leucineincor-Inhibition(@g/ml)
porated (cpm) (%) rated (cpm) (%) porated (cpm)(%)0
79,399Â±i,702a 11,891Â±833 14,763Â±4641
69,794Â±1,134 12 10,489Â±1,145 12 14,971Â±10905
47,077 Â±i,ioi 41 6,990 Â±221 41 16,304Â±513010
40,142 Â±1,518 49 4,951 Â±80 58 18,108Â±85020
22,573Â±1,491 7i 3,688 Â±117 69 18,629Â±100050
12,375 Â±1,800 84 1 586 Â±50 86 15,642 Â±2240a

Mean Â± S.D.

R. L. Mompar!er et a!.

Table 7

thesis to a greater extent than that of RNA synthesis be
cause different results have been reported by various inves
tigators. For example, the in vitro studies of Wang et a!. (18)
using Li2iO cells and of Kim and Kim (12) using HeLa cells
indicate that adniamycin is a more potent inhibitor of DNA
synthesis than of RNA synthesis. In contrast to these obser
vations, Meniwether and Bachur (13) found in their in vitro
studies with L12i0 cells that adriamycin inhibited DNA and
RNA synthesis to the same extent. In addition, Zunino et a!.
(19) in studies with purified bacterial enzymes demon
strated that adriamycin inhibited RNA polymenase to a
greater extent than did DNA polymerase. In order to clarify
the biochemical specificity of adniamycin, we have corn
pared the effect of this antibiotic on DNA, RNA, and protein
synthesis in various mammalian cell-free systems and in
intact cells.

In studies with purified mammalian cell enzymes, we
found that adniamycin was a more potent inhibitor of DNA
dependent DNA polymenase than of RNA polymerase (Ta
bles 1 and 2). Adriamycin (about 6 @tg/ml)produced 50%
inhibition of DNA pobymerase as compared to the 25 @.@g/ml
required to inhibit RNA polymenase by 50%. The reason for
the different results published for the bacterial enzymes and
the results reported here for the mammalian enzymes is not
known. Presumably, for these mammalian enzymes, adnia
mycin has a greater affinity for the DNA polymerase binding
site on the DNA template than for the binding site for RNA
polymerase. Since the DNA template used in the polymer
ase assays was purified denatured DNA, the question arises
whether adniamycin has the same binding specificity for
chromosomal DNA of the cell. In our studies with isolated
nuclei in which the chromosomal DNA is intact and no cyto
plasmic enzymes are present to biotransform adniamycin,
we again found that this antibiotic was a more potent inhibi
ton of DNA synthesis than of RNA synthesis (Tables 4 and 5).
In the isolated nuclei the concentrations of adniamycin re
quired to inhibit both DNA and RNA synthesis by 50% were
about 4 and 67 j.@g/mI,respectively.

If adriamycin acts by binding to specific sites on the DNA
template to inhibit both DNA and RNA synthesis, one would
expect that the inhibition produced by this antibiotic when
all the sites were occupied to approach 100%. Under these
conditions the addition of more DNA template to the reac
tion mixture should provide free binding sites for the polym

erases and thus reduce the amount of inhibition produced
by adniamycin. This appears to be the case since we found
that by increasing the concentration of DNA template in the
reaction mixture, it was possible to reduce the inhibition
produced by adriamycin on both the DNA and RNA polymer
ase reactions (Table 3). Similar results have been reported
by Goodman et a!. (10) and Zunino et a!. (20) for the related
antibiotic, daunorubicin.

In general, adniamycin does not appear to inhibit cellular
protein synthesis, except at high concentrations and long
exposure times (12, 18). In studies with the rabbit reticulo
cyte cell-free system containing polynibosomes,tRNA, co
factors, and enzymes, we found that adniamycin produced a
significant inhibition of protein synthesis (Table 6). How
ever, in our studies with intact cells this antibiotic did not
inhibit protein synthesis (Table 7). Apparently, in the cell
free system adniamycin is capable of binding to some of the
RNA molecules involved in protein synthesis. The preferen
tial binding of adriamycin to chromosomal DNA in intact
cells may leave only a few molecules of this antibiotic free to
bind the RNA involved in protein synthesis.

Contrary to our results obtained in cell-free systems
where adniamycin inhibited DNA synthesis to a greaten ex
tent than was RNA synthesis (Tables 1 to 5), we found that
with intact cells this antibiotic inhibited both DNA and RNA
synthesis to about the same extent (Table 7). It is possible
that the purified enzymes used in our studies may not be the
important enzymes with respect to the in vivo activity of
adniamycin because there are several enzymes involved in
both DNA and RNA replication in the cell. It is also possible
that in intact cells adniamycin may be biotnansfonmed to a
metabohite that is a more potent inhibitor of RNA synthesis
than the parent compound. For example, adniamycin is
metabolized by the cytoplasmic enzyme, aldo-keto neduc
tase, to adniamycinob, an active inhibitor of nucleic acid
synthesis in cells (1). Studies on the comparative molecular
pharmacology of antitumor antibiotics in cell-free systems
and intact cells may provide a good method for determining
whether biotransformation of these agents takes place at
the cellular level and for determining whether various me
tabolites or new analogs of the parent compound have
biological activity.

When correlating the in vitro data in this report with the in
vivo effects of adriamycin, one should take into account
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that much higher concentrations of this antibiotic were
used in vitro than are observed in the body fluids after
clinical administration of this drug. The antitumon activity of
adniamycin is most likely due to inhibition of both RNA and
DNA synthesis as a result of the binding of this antibiotic to
cellular DNA. The inhibition of RNA synthesis by adniamycin
may be the mechanism by which this antibiotic kills nonpno
liferating tumor cells (3). On the other hand, the increased
sensitivity of tumor cells in the S phase of the cell cycle to
the cytotoxic action of adniamycin (2, 12) may be due to the
inhibition of both RNA and DNA synthesis.
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