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SUMMARY

Degradation of polyribosomes in the liver of rats treated
with 5-azacytidine (25 mg/kg body weight) was a reversible
process. Accumulation of the fraction containing mono- and
disomes ceased 18 to 20 hr after the drug was administered.
The level of charged leucyl transfer RNA attached to liver
polyribosomes following 5-azacytidine treatment decreased for
about 20 hr after administration of the analog, regardless of
polynbosome size. In accordance with the enhanced level of
higher polyribosomal aggregates observed 24 hr after drug
administration, the binding of leucyl transfer RNA both to
heavier polyribosomes (n > 3) and to the fraction of
monosomes and disomes was also enhanced. The labeling of
nonribosomal RNA attached to individual oligosomes in liver
cytoplasm was not inhibited during the course of their
degradation induced by 5-azacytidine. In cultured Novikoff
hepatoma cells, 5-azacytidine completely blocked the matura
tion of ribosomal RNA. This effect is due to the inhibition of
the processing of 45 5 precursor RNA, the formation of 28 5
and 18 S RNA being the most sensitive to the presence of the
analog. The degradation of polyribosomes occurring in the
liver of 5-azacytidine-treated rats is discussed in relation to the
impaired maturation of ribosomal RNA.

INTRODUCTION

5-Azacytidine, an analog of cytidine, has demonstrated
powerful inhibitory effects in various biological systems,
including malignant neoplasms (14, 24, 49). In view of its
therapeutic action against experimental leukemia (13, 21 , 43),
the drug was recently used successfully in the therapy of acute
myelogenous leukemia in children (14, 16). However, the
compound does have undesirable side effects on the gastroin
testinal tract (45, 49), and its therapeutic use is contraindi
cated in patients with hepatic metastatic disease (1). The
gastrointestinal toxicity of 5-azacytidine can be partially
explained by an impaired gastric secretion and the depressed
proteolytic activity of pepsin (17).
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The mechanism of hepatotoxicity by 5-azacytidine is not
yet known. The drug is incorporated into different types of
nucleic acids and leads to the inhibition of RNA and DNA
synthesis in various systems (33, 38). In regenerating liver, the
effect of 5-azacytidine on the synthesis of RNA and DNA is
especially pronounced (6, 8, 9). Inhibition of de novo
pyrimidine synthesis (3) and degradation of polyribosomes in
the liver following 5-azacytidine administration have also been
observed (5, 7, 20, 30).

In an effort to understand the action of 5-azacytidine in the
liver, we followed changes in the level and function of
polyribosomes isolated from the livers of 5-azacytidine-treated
rats. Simultaneously, evidence was obtained indicating the
inhibition of rRNA maturation in hepatoma cells cultivated in
the presence of this drug. The detailed study of the effect of
5-azacytidine on RNA maturation is the subject of another
communication (50).

MATERIALS AND METHODS

Materials. 5-Azacytidine was synthesized in the Institute of
Organic Chemistry and Biochemistry, Prague, Czechoslovakia;
actinomycin D was purchased from Merck, Sharp and Dohme,
Inc., West Point, Pa. RNase-free density-grade sucrose was
obtained from Mann Research Laboratories, New York, N. Y.;
sodium deoxycholate and phenol, redistilled before use, were
products of Matheson, Coleman and Bell, Norwood, Ohio; and
sodium dextran sulfate was from Pharmacia Laboratories, Inc.,
Piscataway, N. J. Electrophoresis-grade acrylamide and meth
ylene-bisacrylamide were purchased from Bio-Rad Labora
tories, Richmond, Calif. 5-Fluoroorotic-2-' 4C acid (3.9 pCi/
jimole) was obtained from Tracerlab, Irvine, Calif.; L-leucine
4,S-3H was from Schwarz/Mann, Orangeburg, N. Y.; and
guanosine-U-3H4 was from New England Nuclear, Boston,
Mass.

Animals and Cultivation of Hepatoma Cells. Groups of
Holtzman male rats (175 to 190 g) kept under standard
conditions on a laboratory chow diet (20% crude proteins)
were used throughout the experiments, which were always
started between 7 and 9 a.m. Compounds dissolved immedi
ately before administration were injected i.p. in a maximal
volume of 0.4 ml. The animals were sacrificed by cervical
dislocation, and the liver was quickly removed and cooled.
Novikoff hepatoma cells were grown (52) in suspension

4The abbreviations used are: U, uniformly labeled; TKM, 50 mM
Tris-HC1, 70 mM KC1,and 2mM MgC12.
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culture (in the laboratory of Dr. Van R. Potter) in basal 5-77
media (Grand Island Biological Co., Grand Island, N. Y.)
supplemented with 10% (v/v) calf serum and 0.1% (w/v)
Pluronic F-68 (Wyandotte Chemical Co.) with 4 mM L-gluta
mine. Incubation was carried out in flasks at 37Â° in a
gyrorotary shaker operating at 180 strokes/mm under 5%

carbon dioxide and air. Cells growing to near midlog phase (4
to 6 X l0@ cells/ml) were used for the experiments.
Guanosine-U-3H and 5-azacytidine were added to the media in
0.9% NaCl solution at the appropriate times (see chart
legends). Cells were chilled in ice, harvested at the desired time
points (1 500 rpm , 2Â°, 5 min), and washed twice in ice-cold
0.9% NaC1 solution.

Isolation and Separation of Polyribosomes from Rat Livers.
Livers were weighed and homogenized in 2 volumes of ice-cold
0.44 M sucrose in TKM buffer, pH 7.6. Homogenization (15
strokes) was performed at 4Â° in a Potter-Elvehjem glass
homogenizer with a loose-fitting Teflon pestle. Homogenates
were centrifuged (13,000 rpm , 4Â°, 10 mm), and postmitochon
drial supernatants were carefully decanted and adjusted to
1.25% with respect to sodium deoxycholate (5). Thirty mm
later, 4-ml portions of detergent-treated supernatants were
layered over discontinuous 2-step gradients (3 ml of 2 M
sucrose and 4 ml of 1.3 M sucrose in TKM buffer).
Centrifugation was carried out in a Spinco ultracentrifuge (50
Tmrotor, 50,000 rpm, 4Â°,135 min). Supernatants were
decanted, the polyribosomal pellets were rinsed with 3 ml of
ice-cold buffer, and the tubes were wiped free of any
remaining solution. Polyribosomes (0.5 mg) dissolved in TKM
buffer were layered over a precooled, 12-mI 10 to 40% (w/v)
sucrose density gradient (4). Centrifugation was performed in
an SW 41 rotor (4@,000 rpm, 4Â°, 80 min) with a Beckman
Model L 2 65-B ultracentrifuge. Polyribosome profiles were
obtained by gravity flow through 1 ml flow cell using a Gilford
Model 2400 spectrophotometer equipped with an automatic
recorder. Individual polyribosome peaks were collected and
kept at 0Â°.

In Vivo Labeling of t-RNA Attached to Hepatic Polyribo
somes. Since a rhythm in total protein synthesis does appear
to exist in rat liver (18), the experiments were always begun
between 7 and 9 a.m. Groups of 2 male rats at different stages
of 5-azacytidine treatment were pulse labeled 7 min before
they were killed with L-leucine-4,5-3H (200 j.zCi/50 nmoles/
animal). Hepatic polyribosomes were isolated and separated as
described above, and the radioactivity of the fraction
containing mono- and disomes, as well as that of higher
polyribosomes (n > 3), was measured. To prove that the
radioactivity measured is associated with the RNA bound to
polyribosomes, isolated polyribosomes and disomes were
dissociated into subunits (1 1) and separated on a 15 to 30%
exponential sucrose gradient (5) in 0.1 M triethanolamine-HC1
(pH 7.6) with 50 mM KC1, 1 mM MgCl2, and 10 mM EDTA.

Labeling of Non-rRNA Attached to Liver Polyribosomes.
The relatively selective labeling of the fraction of non-rRNA
with 5-fluoroorotic-2-' 4C acid (5 1) was utilized for this
purpose. 5-Fluoroorotic-2) 4C acid (8 pCi/2 pmoles/animal)
was administered i.p. to groups of 2 or 3 male rats (175 to 185
g) at various times after 5-azacytidine treatment, and hepatic
polyribosomes were isolated and separated 2 to 3 hr later, as
described above. The radioactivity of individual polyribosome

fractions can be released by EDTA treatment (10 mM
triethanolamine-HCI buffer, pH 7.6, 50 mM KC1, I mM MgC12
and 10 mM EDTA) and is localized in RNA-protein complexes
distinctly different from ribosomal subunit particles (5 1). The
radioactivity of polyribosome fractions collected at 0Â°was
measured in a Packard Tricarb liquid scintillation spectrometer
in Scintisol counting medium (Isolab, Akron, Ohio) and is
expressed as the dpm per fraction or per mg of RNA present in
the polyribosome fraction.

Isolation of RNA from Novikoff Hepatoma Cells. Washed
hepatoma cells were suspended in 10 mM sodium acetate (jH
5.1) with 0.14 M NaC1and 0.01% sodium dextran sulfate, and
sodium dodecyl sulfate was added to 0.3%. An equal volume
of phenol phase (phenol:water:m-cresol, 7:2: 1) was added,
and the mixture was shaken at 60Â° for 3 min (52). After
cooling, the phases were separated by centrifugation, the
phenol phase was discarded, and the aqueous phase and
interphase were extracted again at 60Â°for 2 min with another
equal volume of the phenol phase. RNA was precipitated from
the final aqueous phase with 2 volumes of 95% ethanol with
2% potassium acetate (â€”20Â°)and collected by centrifugation.

Polyacrylamide:Agarose Gel Electrophoresis. Electrophore
sis of isolated RNA was performed by the method of
Wilkinson et aL (52) using 2.1% acrylamide: 0.6% agarose gels.
Equivalent RNA samples (0.5 unit at 26 o) were added to the
gels in 0.5 M NaC1 solution, the final volume being always less
than 50 p1. After electrophoresis (3 hr, 6 ma/gel tube) the gels
were scanned at 260 nm in a Gilford Model 2400 spectro
photometer equipped with a linear transport module. Gels
were then frozen, cut into 2-mm sections, and incubated at
75Â°overnight in 0.5 ml of 30% H202 . Their radioactivity was
measured after the addition of 10 ml of Scintisol counting
medium.

RESULTS

Reversible Changes in Rat Liver Polyribosomes after the
Administration of 5-Azacytidine. The degradation of polyribo
somes following the administration of 5-azacytidine has been
observed by several authors (5, 7, 8, 20, 30) in various
biological systems using different techniques of isolation. The
increased proportion of the fraction of mono- and disomes in
polyribosomes was observed shortly after drug administration
(5, 8). However, at later time intervals in the liver of 5-
azacytidine-treated rats, mono- and disomes disappeared, and
the polyribosomes pattern was similar to that of the control
liver (Chart 1). Polyribosomes isolated and separated 24 hr
after treatment with 5-azacytidine showed a somewhat
increased level of heavier polyribosomes and a lower level of
mono- and disomes. Using a double-isotope labeling method
(22), reductionin the numberof ribosomalmonomersand
dimers in liver and an increase in the proportion of large
polyribosomes can be simultaneously measured. Applying this
double-isotope labeling (unpublished results), we have been
able to confirm the increase of heavier polyribosomes
following long-term treatment with 5-azacytidine.

The time course of altered polyribosome distribution
following 5-azacytidine simultaneously with the level of bound
charged tRNA is shown in Chart 2. During the 7-min pulse
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with L-leucine-3 H, the radioactivity was not incorporated into
ribosomal proteins and could be released during EDTA-dissoci
ation of polyribosomes (1 1) and separated on an exponential
sucrose gradient. Although the in vivo technique used in our
experiments cannot differentiate between tRNA binding and
peptidization it is apparent that, parallel with the degradation
of polyribosomes, the level of charged tRNA attached both to
the fraction of polyribosomes (n > 3) and to mono- and
disomes is decreased. However, 24 hr after administration of
5-azacytidine, the specific radioactivity of both fractions
increased above the value observed before treatment with the
drug (Chart 2). According to our results, 30 hr after
5-azacytidine treatment, the polyribosome profile corre
sponded to the measurement made in untreated controls.

Labeling of Non-rRNA's Attached to Polyribosomes in the
Liver of Rats Treated with 5-Azacytidine. In an earlier study,
we found that labeled 5-fluoroorotic acid is selectively
incorporated into an RNA fraction that exists in the cell as a
low-density RNA-protein complex having several properties in
common with RNA (5 1). The analog-labeled RNA-protein
complexes released from hepatic polyribosomes were dis
tinctly different from ribosomai subunit particles. Chart 3
shows the labeling pattern of individual hepatic polyribosome
fractions by@ C acid in control and 5-azacy
tidine-treated rat livers. Maximal labeling of polyribosomes
takes place in the tetra- and pentasome region (4), regardless
of whether control or analog-treated livers are analyzed. In the
case of 5-azacytidine-evoked degradation of polyribosomes,
the specific radioactivity of individual fractions (calculated per

Chart 3. Labeling of non-rRNA attached to polyribosomes in the
liver of control (A) and 5-azacytidine-treated (B) rats. Groups of 2 male
rats (175 to 185 g) that had been starved for 16 hr were given 0.9%
NaC1 solution or 5-azacytidine (10 jsmoles/lOO g) ip. 1 hr after

4-Cacidadministration(8 @.iCi/2@smoles/animal)to
label non-rRNA (5 1). The animals were killed 3 hr later, and hepatic
polyribosomes were separated by means of 10 to 40% sucrose density
gradient centrifugation. Profiles of polyribosomes 26@ ) were oh
tamed by gravity flow through a 1 ml flow cell in a Gilford
spectrophotometer with an automatic recorder. The radioactivity of
individual oligosome peaks was measured with a Packard Tri-Carb liquid
scintillation spectrometer and is expressed as dpm/mg of RNA present
in the polyribosome fraction.
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Chart 1. Polyribosome profiles in the liver of rats treated with
5-azacytidine. The drug (10 ismoles/100 g) or 0.9% NaC1 solution was
administered to groups of 2 male rats (1 75 g) 24 or 2 hr before they
were killed. The livers were removed and polyribosomes were isolated
as described. Their distribution (A2@ @,)was measured by 10 to 40%
sucrose density-gradient centrifugation (41,000 rpm, 2Â°,80 mm). The
pattern from 0.9% NaC1 solution-treated rats is denoted by the thin,
solid line. The scale for the profile of polyribosomes from animals
treated for 2 hr is on the right side of the chart.

Chart 2. Time course of polyribosome degradation and pulse labeling
of oligosomesin the liverof 5-azacytidine-treatedrats. 5-Azacytidine
(10 pmoles/100 g) was injected i.p. into groups of 5 male rats (175 to
185 g), and the animals were killed at different time intervals thereafter
(hi). Polyribosomes isolated from the liver were separated on sucrose
density gradients, and the ratio of the cumulative fraction of mono- and
disomes to the fraction of total polyribosomes (n > 3) was determined.
Another group of 3 control animals and 3 5-azacytidine- (10
Mmoles/100 g) treated animals (6 or 24 hr of treatment) were
pulse-labeled for 7 min with L-leucine-3 H (200 @Q/50nmoles/animal).
Polyribosomes isolated from the livers were separated on 10 to 40%
sucrose density gradients, and the radioactivity of leucyl-tRNA-3 H
bound to polyribosomes (n > 3) and to the fraction of mono- and
disomes was measured 360).
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mg of RNA) increased. The most obvious.explanation for this
phenomenon is that, while polyribosomes were being de
graded, the non-rRNA's remained intact and did not undergo
massive degradation (5).

Degradation of polyribosomes without simultaneous decay
of mRNA was also described in a study of deoxycholate
induced breakdown of polyribosomes (26). The results
indicated that the detergent causes a release of monosomes
from the intact mRNA. Another study was made using L-cell
polyribosomes (3 1). When the cells were exposed to a
temperature shock, about 80% conversion of polyribosomes to
monosomes and 98 S particles occurred, while the previously
translated mRNA was not degraded but was retained in the
cytoplasm as stable ribonucleoprotein and messenger ribonu
cleoprotein-monosome complexes (3 1). These structures were
capable of recombining with ribosomes and forming polyribo
somes when the temperature was returned to normal. Similar
results were obtained with L-cells deprived of essential amino
acids (2). A marked inhibition of protein synthesis was
manifested by a disaggregation of polyribosomes with appar
ent conservation of mRNA's which accumulate as ribonucleo
protein particles. The mRNA from these particles was readily
mobilized into functional polyribosomes when cells were
restored to normal growth medium (2).

Also, in the case of 5-azacytidine-induced polyribosome
degradation, the polyribosomes reconstructed after the use of
low cycloheximide concentrations were shown to be func
tional (30). Chart 4 shows the labeling of non-rRNA's attached

300
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Potyribosomefractions,n

Chart 4. Labeling distribution of attached non-rRNA and charged
tRNA in hepatic polyribosomes following 5-azacytidine treatment. The
groups of 2 male rats (175 to 190 g) that had been starved for 16 hr
were given i.p. injections of 5-fluoroorotic-2-1@ C acid (8 MCi/2
@imoles/animal),and 1 hr later of 0.9% NaCJ solution or 5-azacytidine
(10 @imoles/l00g). The animals were killed 3 hr thereafter, and hepatic
polyribosomes were isolated and separated into the various fractions.
The radioactivity of individual fractions was measured. Two other
groups of male rats were each pulse-labeledfor 7 mm with L-leucine-3H
(200 MCi/SOnmoles/animal). One group was treated with 5-azacytidine
(10 pmoles/lOO g) 3 hr before the label. Again, hepatic polyribosomal
fractions were isolated. The radioactivity of individual fractions of
separated liver polyribosomes was measured twice, using the same liver
samples as a starting material, and each value is expressed as percentage
of the control without 5-azacytidine ( 100%.).

to individual polyribosomes in relation to the labeling of these
fractions with leucine-3 H-charged tRNA following 5-azacyti
dine-induced degradation of liver polyribosomes. A maximal
effect (enhanced labeling of non-rRNA and depressed binding
of leucyl-tRNA) was observed in tetra- and pentasomes.

rRNA Maturation in Novikoff Hepatoma Cells Cultivated in
the Presence of 5-Azacytidine. The conversion of the
high-molecular-weight precursor of rRNA in eukaryotic cells
to its final products, 28 S and 18 5 RNA, is now well
documented (28, 32, 36, 42). The 45 S RNA precursor is
cleaved and packed into ribosomal subunits in the nucleolus,
and the nucleolar products are exported to the cytoplasm. A
number of compounds have been found to interfere with the
synthesis and processing of the 45 S precursor RNA (32, 39,
41 , 52, 54). Recently, it was reported that 5-azacytidine also
causes an aberrant processing of rRNA (29, 50). From Chart 5,
one can see that formation of the mature 28 S and 18 S RNA
in cultured Novikoff hepatoma cells is markedly inhibited by
5-azacytidine; the labeling of the 32 5 ribosomal precursor
RNA was depressed to a lesser degree. Processing of the 45 S
precursor RNA to the 38 S RNA does not appear to be
affected.

The direct effect of 5-azacytidine on the 45 S precursor
RNA processing was proved by the experiment shown in Chart
6. Control and 5-azacytidine-treated cells were incubated 2 hr
with guanosine-U-3 H to label rRNA precursors. To stop
further labeling, the cells were centrifuged and resuspended in
fresh media containing actinomycin D. The concentration of
actinomycin D (0.04 j.tg/ml) used, selectively inhibited the
synthesis of 45 S rRNA (28) without affecting the conversion
of this precursor to the 28 S and 18 5 species. In untreated
cells, the radioactivity of the 45 S RNA progressed during 2 hr
of incubation almost completely out to the mature 28 S and
18 5 RNA. The cells cultivated in the presence of 5-azacyti
dine showed no labeling of 28 5 and 18 S RNA. Reichnian et
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Chart 5. Inhibition of processing of rRNA maturation by 5-azacyti
dine in cultured Novikoff hepatoma cells. Cells were treated with 5 X
10-i M cytidine (A) or 5-azacytidine (B) in the presence of
guanosine-U-3 H (0.2 i@Ci/0.03pmole/ml). RNA was isolated after 2 hr
of labeling and was analyzed by acrylamide:agarosegel electrophoresis.
Absorbance (at 260 nm) and radioactivity (dpm) are plotted versus
distance of migration (cm).
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Chart 6. Effect of 5-azacytidine on the processing of 45 5 ribosomal RNA to 28 S and 18 5

RNA in Novikoff hepatoma cells. Cells were treated with 5 X 10@ M cytidine (control) or
5-azacytidine 1 hr before being labeled for 2 hr with guanosine-U-3 H (0.1 pCi/0.01 5 @smole/ml).
The absorbance profile and labeling of RNA of the treated cells at this stage of experiment are
shown in A . The cells were then spun down and resuspended in fresh media containing
actinomycin D (0.04 @g/ml). RNA was phenol extracted 2 hr later and analyzed by
acrylamide :agarose gel electrophoresis. B, RNA profile from control cells handled as described
above; C, RNA pattern of cells treated with the analog. Absorbance 260) and radioactivity
(dpm) are plotted versus distance of migration (cm).

a!. (29) described a similar effect in HeLa cells, e.g. , that
5-azacytidine rendered the 45 S ribosomal precursor unstable
and prevented its processing to mature rRNA.

DISCUSSION

During the last decade, a number of compounds have been
shown to cause the degradation of liver polyribosomes. The
active compounds belong to various classes of metabolic
inhibitors: actinomycin D (37), puromycin (44), ethionine
(44), 8-azaguanine (47), dimethylnitrosamine (25), carbon
tetrachloride (34), 5-azacytidine (7, 20), and others. It is not
clear whether the impairment of synthesis of mRNA or rRNA
is the only requisite for the polyribosome decay. Since there
are a number of halogenated pyrimidines which affect rRNA
maturation, leaving the labeling of mRNA unchanged (5 1, 52),
it seems that a continuous synthesis of rRNA is important for
the stability of polyribosomes.

Compounds affecting maturation of rRNA also do not
belong to any single group of inhibitors. Inhibition has been
found with: 5-fluoroorotic acid (12, 5 1), 5-fluorouracil, and
5-fluorouridine (10, 52); proflavin, ethidium, and ellipticine
compounds known to bind to nucleic acid helices by
intercalation (35); toyocamycin, which acts by becoming
incorporated into RNA in place of adenosine, leading to the
synthesis of abnormal 45 S nucleolar RNA (39); and
cordycepin (3'-deoxyadenosine) (32, 41), which also affects
the labeling of mRNA in HeLa cells (27). Inhibition of RNA
maturation has also been found with 3'-amino-3'-deoxyadeno
sine (41), camptothecin (54), puromycin (36), methionine
starvation (42), and both 8-azaguanine and 5-azacytidine (50).
It is unlikely that all the mentioned compounds also caused

me breakdown of polyribosome aggregates. In fact, the
breakdown of liver polyribosomes following administration of
actinomycin D and ethionine was inhibited by the injection of
cycloheximide (40). A similar effect was found recently when
cycloheximide was used in combination with 5-azacytidine
(30). The effects of the drugs mentioned above on rRNA
maturation cannot be explained by a single inhibitory
mechanism. Hence the question of the depressed rRNA
maturation as a factor responsible for the degradation of
polyribosomes cannot be answered at this stage.

Fasting caused a gradual disaggregation of liver polyribo
somes that was complete in 48 hr (48, 53). However,
5-azacytidine-simulated starvation of the treated animals (9,
17) cannot explain the prompt decay of hepatic polyribo
somes. The effect of 5-azacytidine was connected with its
incorporation into RNA and was probably exerted through
several different pathways. The dramatic inhibition of protein
synthesis observed in various systems exposed to the action of
5-azacytidine (20, 30, 55) seems to be unrelated to mRNA
synthesis. One possibility is that 5-azacytidine interferes with
RNA metabolism involved in controlling the initiation of
mRNA translation (23, 30).

The suppression of 5-azacytidine-induced inhibition of
protein synthesis by actinomycin D (30) makes it unlikely that
the effect of 5-azacytidine was the result of the analog
incorporation in the C-C-A end of the transfer RNA (15, 19)
since the C-C-A addition was not affected by actinomycin D.
The observation recently made in regard to HeLa cells (30)
that the effect of 5-azacytidine on polyribosome profiles can
be reversed by the simultaneous addition of cycloheximide led
to the presumption that a decreased loading of mRNA with
ribosomes is due to a decreased rate of the initiation of
translation. Since there is an indication that RNA metabolism
is involved in controlling the initiation of translation in
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growing mammalian cells (23), it is possible that 5-azacytidine
interferes with this RNA system. Our earlier observations (8)
are consistent with the primary importance of the effect of
5-azacytidine on RNA synthesis.

Also, the incorporation of 5-azacytidine into RNA is the
likely explanation for its ability to inhibit the maturation of
rRNA (Charts 5 and 6). The sensitivity of the maturation
process to the presence of 5-azacytidine increased along with
progression to the smaller-sized molecules. However, future
work with radioactive analog is required in order to determine
exactly how 5-azacytidine exerts its effect in inhibiting rRNA
maturation. The aberrant processing of rRNA precursors is in
accordance with the recent morphological study of the
nucleolus in liver and HeLa cells in culture after treatment
with this drug (46). An attempt to reveal differences in a
secondary structure of ribosomal precursors following 5-azacy
tidine by electron microscopy is in progress.

ACKNOWLEDGMENTS

The authors are indebted to Professor Van R. Potter and his
associates, especially Joyce Becker, for their kind assistance in
supplying the Novikoff hepatoma cell cultures.

REFERENCES

1. Bellet, R. E., Mastrangelo, M. J., Engstrom, P. F., and Custer, R. P.
Hepatotoxicity of 5-Azacytidine (NSC-102816). A Clinical and
Pathological Study. Neoplasma, 20: 303â€”309,1973.

2. Christman, J. K., Reiss, B., Kyner, D., Levin, D. H., Klett, H., and
Acs, G. Characterization of a Viral MessengerRibonucleoprotein
Particle Accumulated during Inhibition of Polypeptide Chain
Initiation in Reovirus-infected L Cells. Biochim. Biophys. Acta,
294:153â€”164,1973.

3. Ã£h@k,A., and Broucek, J. Dual Effect of 5-Azacytidine on the
Synthesis of Liver Ribonucleic Acids. Lack of the Relationship
between Metabolic Transformation of Orotic Acid in Vitro and Its
Incorporation in Vivo. Biochem. Pharmacol., 21: 2497â€”2507,
1972.

4. @ihÃ¡k,A., Garret, C., and Pitot, H. C. Labeling of Cytoplasmic
Liver RNA by â€˜@ C-Orotic and@ C-orotic Acids. Effect

@fSeveral Inhibitors. European J. Biochem., 34: 68â€”76,1973.
5. Cihal@,A., Narurkar, L. M., and Pitot, H. C. Degradation of Rat

Liver Polyribosomes following the Administration of 5-Azacyti
dine. Stability of Attached Non-ribosomal Ribonucleic Acids.
collection Czech. Chem. Commun., 38: 948â€”955,1973.

6. Cih@k, A., SeifertovÃ¡, M., Vesel@y,J., and Sorm, F. Enhanced
Synthesis of DNA in the Liver of 5-Azacytidine-treated Rats
Subjected to Partial Hepatectomy. Intern. J. Cancer, 10: 20â€”27,
1972.

7. Ã hÃ¡k, A., Vesel@, H., and @orm,F. Thymidine Kinase and
Polyribosome Distribution in Regenerating Rat Liver following
5-Azacytidine. Biochim. Biophys. Acta, 166: 277â€”279,1968.

8. Ã£h@k,A., and Vesel@',J. Prolongation of the Lag Period Preceding
the Enhancement of Thymidine and Thymidylate Kinase Activity
in Regenerating Rat Liver by 5-Azacytidine. Biochem. Pharmacol.,
21:3257â€”3265,1972.

9. Ã£htik,A., Vesel@,J., and @orm,F. Metabolic Alterations of Liver
Regeneration. XI. Modulation of the Uptake of Orotic Acid into
Ribonucleic Acids in Regenerating Rat Liver. Collection Czech.
Chem.Commun., 38: 3944â€”3951, 1973.

10. Easton, T. G., and Reich, E. Muscle Differentiation in Cell Culture.

Effects of Nucleoside Inhibitors and Rous Sarcoma Virus. J. Biol.
Chem., 247: 6420â€”6431, 1972.

11. Guard, M., Latham, H., Penman, S., and Darnell, J. E. Entrance of
Newly Formed Messenger RNA and Ribosomes into HeLa Cell
Cytoplasm. J. MoL Blot., 11: 187â€”201,1965.

12. Hadjiolova, K. V., Golovinski, E. V., and Hadjiolov, A. A. The Site
of Action of 5-Fluoroorotic Acid on the Maturation of Mouse
Liver Ribonucleic Acids. Biochim. Biophys. Acta, 319: 373â€”382,
1973.

13. Heby, 0., and Russell, D. H. Changes in Polyamine Metabolism in
Tumor Cells and Host Tissues during Tumor Growth and after
Treatment with Various Anticancer Agents. In: Polyamines in
Normal and Neoplastic Growth, pp. 221 â€”237.New York: Raven
Press, 1973.

14. Hrodek, 0., and Vesel@,J. 5-Azacytidine in Childhood Leukemia.
Neoplasma, 18: 493â€”503, 1971.

15. Kalousek, F., Ralka, K., Jurov@Ik, M., and Sorm, F. Effect of
5-Azacytidine on the Acceptor Activity of s-RNA. Collection
Czech. Chem. Commun., 31: 1421 â€”1424,1966.

16. Karon, M., Singer,L., Leimbrock, S., Finklestein, J. Z., Nesbit, M.
E., and Swaney, J. J. S-Azacytidine: A New Active Agent for the
Treatment of Acute Leukemia. Blcod, 42: 359â€”365,1973.

17. KorbovÃ¡,L., Kohout, J., and @ihÃ¡k,A. Impaired Gastric Secretion
in Rats Treated with 5-Azacytidine. Arch. Intern. Pharmacodyn.,
209: 332â€”341,1974.

18. Lebouton, A. V.. and Handler, S. D. Diurnal Incorporation of
3 H-Leucine into Liver Protein. Federation European Biochem. Soc.

Letters, 10: 78â€”80,1970.
19. Lee, T. Modification of tRNA by 5-Azacytidine in HeLa Cells.

Proc. Am. Assoc. Cancer Res., 14: 94, 1973.
20. Levitan, I. B., and Webb, T. E. Effects of 5-Azacytidine on

Polyribosomes and on the Control of Tyrosine Transaminase
Activity in Rat Liver. Biochim. Biophys. Acta, 182: 491â€”500,
1969.

21. Li, L. H., Olin, E. J., Buskirk, H. H., and Reineke, L. M.
Cytotoxicity and Mode of Action of 5-Azacytidine on L1210
Leukemia.Cancer Res., 30: 2760â€”2769,1970.

22. Loeb, J. M. A Double-Isotope Method for Comparing Polyribo
some Populations: Effects of Glucocorticoid Hormone Administra
tion. Endocrinology, 92: 857, 1973.

23. McCormick, W., and Penman, S. Regulation of Protein Synthesis in
HeLa Cells: Translation at Elevated Temperatures. J. Mol. Biol.,
39:315â€”333,1969.

24. McCredie, K. B., Bodey, G. P., Burgess, M. A., Rodriguez, V.,
Sullivan, M. P., and @reireich,E. J. The Treatment of Acute
Leukemia with 5-Azacytidine. Blood, 40: 975, 1972.

25. Mizrahi, I. J., and de Vries, G. C. Instability of Polyribosomes
Derived from Rat Pretreated with the HepatocarcinogenDimethyl
nitrosamine. Biochem. Biophys. Res. Commun., 21: 555â€”561,
1965.

26. Olsnes, S., Heiberg, R., and PihI, A. Deoxycholate-induced Release
of Monosomes from Rat Liver Polyribosomes. Biochim. Biophys.
Acta, 272: 75â€”80,1972.

27. Penman, S., Rosbash, M., and Penman, M. Messenger and
Heterogeneous Nuclear RNA in HeLaCells: Differential Inhibition
by Cordycepin. Proc. NatI. Acad. Sci. U. S., 67: 1878â€”1885,1970.

28. Perry, R. P. On Ribosome Biogenesis. Nati. Cancer Inst.
Monograph, 23: 527â€”545,1966.

29. Reichman, M., Karlan, D, and Penman, S. Destructive Processing
of the 45 5 Ribosomal Precursor in the Presence of 5-Azacytidine.
Biochim. Biophys. Acta, 299: 173â€”175,1973.

30. Reichman, M., and Penman, S. The Mechanism of Inhibition of
Protein Synthesis by 5-Azacytidine in HeLa Cells. Biochim.
Biophys. Acta, 324: 282â€”289,1973.

31. Schochetman, G., and Perry, R. P. Characterization of the
Messenger RNA Released from L Cell Polyribosomes as a Result of

3008 CANCER RESEARCH VOL. 34

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2391902/cr0340113003.pdf by guest on 19 M

ay 2023



Effects of5-Azacytidine on Liver Ribosornes

Temperature Shock. J. Mol. Biol., 63: 577â€”590,19?2.
32. Siev, M., Weinberg,R., and Penman, S. The SelectiveInterruption

of Nucleolar RNA Synthesis in HeLa Cells by Cordycepin. J. Cell

Biol.,41: 510â€”520,1969.
33. @koda,J. Azapyrimidine Nucleosides. Handbook Exptl. Pharma

col.,inpress.
34. Smuckler, E. A., and Koplitz, M. The Effects of Carbon

Tetrachloride and Ethionine on RNA Synthesis in Vivo and in
Isolated Rat Liver Nuclei. Arch. Biochem. Biophys., 132: 62â€”79,
1969.

35. Snyder, A. L., Kann, H. E., and Kohn, K. W. Inhibition of the
Processing of Ribosomal Precursor RNA by Intercalating Agents. J.
Mol.BioL,58: 555â€”565,1971.

36. Soeiro, R., Vaughan, M. H., and Darnell, J. E. The Effect of
Puromycin on Intranuclear Steps in Ribosome Biosynthesis. J. Cell
Biol., 36: 91â€”101,1968.

37. Staehelin, 1., Wettstein, F. 0., and Noll, H. Breakdown of Rat
Liver Ergosomes in Vivo after Actinomycin Inhibition of Messen
ger RNA Synthesis. Science,140: 180â€”183,1963.

38. Suhadolnik, R. J. Azapyrimidine Nucleosides. Nucleoside Anti
biotics, p. 271â€”298.New York: John Wileyand Sons, Inc., 1970.

39. Tavitian, A., Uretsky, S. C., and Acs, G. Selective Inhibition of
Ribosomal RNA Synthesis in Mammalian Cells. Biochim. Biophys.
Acta,157:33â€”42,1968.

40. Trakatellis, A. C., Montjar, M., and Axelrod, A. E. Effect of
Cycloheximide on Polysomes and Protein Synthesis in the Mouse
Liver. Biochemistry, 4: 2065â€”2071, 1965.

41. Truman, J. 1., and Frederiksen, S. Effect of 3'-Deoxyadenosine
and 3'Amino-3'-deoxyadenosine on the Labelingof RNA Sub-spe
des in Ehrlich AscitesTumor Cells.Biochim.Biophys.Acta, 182:
36â€”45,1969.

42. Vaughan, M. H., Soeiro, R., Warner, J. R., and Darnell, J. E. The
Effects of Methionine Deprivation on Ribosome Synthesis in HeLa

cells. Proc. Nail. Acad. Sd. U. S., 58: 1527â€”1534, 1967.
43. Vesel@',J., @iJIak,A., and @orm,F. Characteristics of Mouse

Leukemic Cells Resistant to 5-Azacytidineand 5-Aza-2'-deoxycyti
dine. Cancer Res., 28: 1995â€”2000, 1968.

44. Villa-Trevino,S., Farber, E., Staehelin, T., Wettstein, F. 0., and
Noll, H. Breakdown and Reassembly of Rat Liver Ergosomes after

Administration of Ethionine or Puromycin. J. Biol. Chem., 239:
3826â€”3833,1964.

45. Vogler, W. R., and Arkun, S. N. Phase I Study of 5-Azacytidine.
Proc. Am. Assoc. Cancer Res., 14: 235, 1973.

46. Voigt, W.-H.,LÃ¶bbecke,E.-A., and Grundmann, E. Morphologisch
physiologische Untersuchung am Nukleolus each Wirkung von
5-Azacytidin. Acta Histochem. Suppi., 13: 165â€”176,1973.

47. Webb, T. E. Polyribosome Breakdown in Rat Liver following
Administration of 8-Azaguanine. Biochim. Biophys. Acta, 138:
307â€”315,1967.

48. Webb, T. E., Blobel, G., and Potter, V. R. Polyribosomes in Rat
Tissues. III. The Response of the Polyribosome Pattern of Rat
Liver to Physiologic Stress. Cancer Res., 26: 253â€”257,1966.

49. Weiss, A. J., Stambaugh, J. E., Mastrangelo,M. J., Laucius, J. F.,
and Bellet, R. E. Phase I Study of 5-Azacytidine. Cancer
Chemotherapy Rept., 56: 413â€”419, 1972.

50. Weiss, J. W., and Pitot, H. C. Inhibition of Ribosomal Ribonucleic
Acid Maturation by 5-Azacytidine and 8-Azaguanine in Novikoff
Hepatoma Cells.Arch. Biochim.Biophys., 160: 119â€”129,1974.

51. Wilkinson, D. S., Ã h@k, A., and Pitot, H. C. Inhibition of
Ribosomal Ribonucleic Acid Maturation in Rat Liver by 5-Fluoro
orotic Acid Resulting in the Selective Labeling of Cytoplasmic
Messenger Ribonucleic Acid. J. BioL Chem., 246: 64 18â€”6427,
1971.

52. Wilkinson, D. S., and Pitot, H. C. Inhibition of Ribosomal
Ribonucleic Acid Maturation in Novikoff Hepatoma Cells by
5-Fluorouracil and 5-Fluorouridine. J. Biol. Chem., 248:63â€”68,
1973.

53. Wittman, J. S., Lee, K. L., and Miller, 0. N. Dietary and Hormonal
Influence on Rat Liver Polysome Profiles; Fat, Glucose and Insulin.
Biochim. Biophys. Acta, 174: 536â€”543,1969.

54. Wu, R. S., Kumar, A., and Warner, J. R. Ribosome Formation Is
Blocked by Camptothecin, a Reversible Inhibitor of RNA
Synthesis. Proc. Nail. Acad. Sci. U. S., 68: 3009â€”3014,1971.

55. Zain, B. S., Adams, R. L. P., and Imrie, R. C. Effect of
5-Azacytidine on Phytohemagglutinin-stimulated Horse Lympho
cytes and Cultured Mouse L929 Cells. Cancer Res., 33: 40â€”46,
1973.

NOVEMBER 1974 3009

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2391902/cr0340113003.pdf by guest on 19 M

ay 2023




