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SUMMARY

The effects of six nucleoside and base analogs, 5-fluorouracil, 5-azacytidine, sangivamy-
cm, toyocamycin, 8-azaguanine, and tubercidin, on ribosomal RNA processing and cell
viability were examined in the colon carcinoma cell line HT-29. Exposure of HT-29 cells
to various concentrations of each of these compounds for 24 hr produced two distinct
types of results. Toyocamycin, 5-fluorouracil, and tubercidin caused an exponential type
of cell lethality resulting in 3-4 log reduction of cell viability, while sangivamycin, 8-
azaguanine, and 5-azacytidine produced a gradual and self-limiting type of cell lethality
resulting in no greater than a 1 log reduction of cell viability. Likewise, the effects of
these drugs on rRNA processing resulted in their classification into two groups: toyoca-
mycin, 5-fluorouracil, and tubercidin caused an abnormal accumulation of the 45 5
precursor to nRNA, while sangivamycin, 8-azaguanine, and 5-azacytidine did not cause
an accumulation of 45 5 RNA. Sangivamycin, 8-azaguanine, and 5-azacytidine all
produced an inhibitory effect on protein synthesis, while tubercidin inhibited protein
synthesis at a concentration similar to that which caused the accumulation of 45 S RNA,
and toyocamycin and 5-fluorouracil had no effect on protein synthesis at concentrations
at which 45 S RNA accumulated. These results show that cells are much less capable of
resuming normal proliferative activity after exposure to nucleoside or base analogs which
cause the accumulation of 45 5 nRNA precursor, than to those which act by other
mechanisms.

INTRODUCTION

The initial transcription of mammalian nibosomal
RNA is a 45 5 precursor that contains in order from the
5’ end, an external transcribed spacer, 18 5 rRNA, an
internal transcribed spacer, 5.8 5 rRNA, a second inter-
nal transcribed spacer, and 28 5 rRNA. A series of
endonucleolytic cleavages at specific sites produces char-
actenistic intermediates and finally mature rRNAs (1).
The most abundant intermediates are a 41 S fragment
which does not contain the external transcribed spacer
and a 32 5 fragment containing 5.8 S RNA, the second
internal spacer, and 28 5 rRNA (2).

Several pynimidine and punine base and nucleoside
analogs including 5-fluorouracil, 5-fluorocytidine, 5-fluo-
roorotic acid, 5-azacytidine, sangivamycin, 8-azaguanine,
6-thioguanosine, toyocamycin, tubercidin, cordycepin,
and xylosyladenine have been shown to inhibit the for-
mation of mature 28 5 and 18 5 nibosomal RNA (3-17).
Cordycepin and xylosyladenine are examples of com-
pounds that appear to inhibit RNA synthesis by either
competing with ATP for RNA polymerase on causing
premature RNA chain termination (9-12). However, 5ev-
enal of the remaining compounds are examples of agents
that allow the synthesis of the complete 45 S precursor
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nRNA but that then inhibit the 45 S precursor rRNA
from being properly transformed into mature rRNA (3-
8, 14).

The significance of the contribution of the inhibition
of nRNA processing towards the mechanism by which
these compounds kill cells has never been determined.
In this report, we compare the cytotoxicity resulting from
several compounds that incorporate into RNA to their
ability to inhibit rRNA processing.

MATERIALS AND METHODS

Materials. [5-3H]Urd (26.2 Ci/mmol) and [U-4C]Urd (506 mCi/

mmoi) were purchased from New England Nuclear Corporation (Boa-

ton, MA). 5-Fluorouracil, 5-azacytidine, sangivamycin, toyocamycin,

8-azaguanine, and tubercidin were provided by the Drug Synthesis and

Chemistry Branch, National Cancer Institute (Bethesda, MD).

Cell Culture. The growth properties of human colon carcinoma cell
line HT-29 have been described previously (18). Cells were grown in
monolayers at 37#{176}and 5% CO2 in RPMI 1640 medium supplemented
with 10% heat-inactivated fetal calf serum, gentamycin, 50 mg/mi, and

40 mM Hepes,’ pH 7.4. Cell inocula consisted of iO� ceils/lO ml in a T-

25 flask or 106 celis/100 ml in a T-150 flask and were allowed 3 days

I The abbreviations used are: Hepes; 4-(2-hydroxyethyi)-1-piperaz-

ineethanesulfonic acid; SDS, sodium lauryl sulfate.
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to enter logarithmic growth before drugs were added. Cells for RNA
extraction were prelabeled for 48 hr with 0.025 ��Ci/ml of [4CJUrd (506

mCi/mmoi) after which the medium was replaced and the cells were

then labeled for 24 hr with 0.2 MCi/mi of [3H]Urd (500 mCi/mmol)

concurrent with drug treatment.

Cell viability determination. The soft agar clonogenic assay was

performed as previously described (19) except that the cloning medium
contained 20% fetal calf serum and 40 mM Hepes, pH 7.4. Cell viability

is expressed as the number of surviving colonies from drug-treated

cells/the number ofcoionies from control cells x 100. Cloning efficiency

ranged from 30 to 40%.

Protein synthesis. The rate of protein synthesis was determined by
the incorporation of [3Hjleucine. Cells were labeled with 1.0 MCi/ml of

[3Hjieucine (initial specific activity, 146 Ci/mmol; specific activity after

dilution by leucine in the medium, 2.6 mCi/mmol) during the last hour

ofa 6-hr drug treatment, trypsinized, washed with medium, precipitated
with cold 10% trichloroacetic acid/2% pyrophosphate, and collected on

glass filter discs (GF/B, Whatman Laboratory Products, Clifton, NJ).

Radioactivity was determined by liquid scintillation counting.

Extraction of whole cell RNA. Cell monolayers were washed once,

scraped into ice-cold phosphate-buffered saline (6.3 mr’.i Na2HPO4, 0.8

mM NaH2PO4, 0.154 M NaCl, pH 7.4), and collected by centrifugation.

The cells were resuspended in 1.8 ml of extraction buffer (20 mM

sodium acetate, pH 5.0, 0.14 M NaCl, polyvinyl sulfate, 10 ag/mi) and

made 0.2% in SDS (200 �tl of 2% SDS) while vortexing at room

temperature. After 1 mm, 2 ml of phenol (water-saturated containing
0.1% 8-hydroxyquinoline) was added, vortexed for 2 mm, and centri-

fuged at 10,000 x g for 5 mm to separate the phases. The aqueous

phase and protein interface were reextracted with fresh phenol; finally,

the aqueous phase was reextracted with fresh phenol for a third time.

Three volumes of 95% ethanol/2% potassium acetate were added and

the RNA precipitated at -20#{176}overnight. The RNA was collected by

centrifugation at 10,000 x g for 10 mm and washed once with 5 ml of

95% ethanol. Samples were dissolved in 100 �i of gel electrophoresis
loading buffer and 0.2 A� unit was loaded per gel.

Gel electrophoresis. RNA was separated on 11-cm cylindrical gels
containing 1.9 to 2.1% polyacrylamide/bisacrylamide (19:1) and 0.6%

agarose in buffer (40 mM Tris, 20 mM sodium acetate, 3 mM EDTA,

10% glycerol, pH 7.6) (20). Running buffer consisted ofthe above buffer

plus 0.3% SDS. Loading buffer consisted of running buffer containing
20% glycerol. Gels were run for 6 mA/gel for 3 hr. Gel slices were

FIG. 1. Viability ofHT-29 cells after exposure to base and nucleoside

analogs for 24 hr

Cells were exposed for 24 hr to toyocamycin (#{149}),tubercidin (s), 5-

azacytidine (0), sangivamycin (0), 5-fluorouracil (A), or 8-azaguanine

(La), and viability was determined by soft agar colony formation as

described in Materials and Methods. Each value is the mean ± standard

deviation of four determinations.

dissolved in 400 �tl of concentrated perchioric acid, neutralized with

200 ,�l of 8 N NaOH, and measured for radioactivity by liquid scintil-

lation counting. (Note: gels containing greater than 2.1% polyacryl-

amide will not dissolve in perchloric acid.)

RESULTS

Cell viability. The viability of HT-29 cells exposed for
24 hr to various concentrations of each of the six com-
pounds studied, toyocamycin, tubercidin, sangivamycin,
5-azacytidine, 5-fluonouracil, and 8-azaguanine, was de-
termined by a soft agan clonogenic assay (Fig. 1). The
six agents belong to two distinct groups. Toyocamycin,
tubercidin, and 5-fluonouracil caused a sharp decrease of
viability over a narrow concentration range. Both toyo-
camycin and tubencidin caused a 4 log reduction of via-
bility, the detection limit of this assay. 5-Fluorouracil
caused a reduction of viability of greater than 3 logs at
the maximum concentration tested. In contrast, the loss
of viability resulting from exposure to sangivamycin, 5-
azacytidine, on 8-azaguanine did not surpass 1 log.

Effects on ribosomal RNA processing. Total RNA from
cells labeled with [3H]Urd and incubated with increasing
concentrations of each of the six compounds was ana-
lyzed by polyacrylamide-aganose gel electnophonesis in
order to observe their effects on rRNA processing. After
2 hr of labeling with 1 xCi/ml of [3HJUnd, untreated cells

10 20 30 40
FRACTION NUMBER

FIG. 2. Labeling patterns of rRNA in untreated cells

A, cells were labeled for 2 hr with 1 �Ci/ml of [3H]Urd (26.2 Ci/
mmol). B, celia were labeled for 24 hr with 0.2 �tCi/ml of [3H]Urd (500

mCi/mmoi). Total RNA was extracted and analyzed as described in

Materials and Methods.
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FIG. 4. Effect of 5-fluorouracil on rRNA processing

Cells were labeled for 24 hr with 0.2 ,�Ci/ml of [3H]Urd (500 mCi/

mmoi) concurrent with incubation with 5-fluorouracil (5-FUra). Total
RNA was extracted and analyzed as described in Materials and Meth-
ods.
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FIG. 3. Effect of toyocamycin on rRNA processing

Cells were labeled for 24 hr with 0.2 zCi/ml of [3HJUrd (500 mCi/mmoi) concurrent with incubation with toyocamycin. Total RNA was
extracted and analyzed as described in Materials and Methods.

contained significant amounts of radioactive rRNA pre-
cursors (45 5 and 32 5) and mature rRNA (28 5 and 18
5) (Fig. 2A). There was also some labeling of high mo-
lecular weight material (60 5-90 5) which is probably
heterogeneous RNA. However, in cells labeled for 24 hr
with 0.2 �.tCi/ml of [3H]Urd (500 mCi/mmol), the amount
of labeled mature RNA continuously accumulated while
the amount of labeled precursor RNA and heterogeneous
RNA reached a low steady state level and remained there
(Fig. 2B). Therefore, significant radioactivity was only
observed in mature RNA (28 5 and 18 5). The later
protocol allowed easy detection ofperturbations in rRNA
processing and was therefore used in subsequent experi-
ments.

The effect of increasing concentrations of toyocamycin
on nRNA is shown in Fig. 3. Toyocamycin at a concen-
tration of 10 nM resulted in a labeling distribution like
that observed in untreated cells. Cells incubated with 50
nM toyocamycin accumulated some rRNA precursors,

while still forming significant amounts of mature rRNA.
Cells treated with 100 nM toyocamycin accumulated
greaten amounts of 45 5 and 32 5 precursor and formed
no mature nRNA. Finally, at 1 �.tM toyocamycin, only the
45 5 initial transcript was observed. The concentration
range within which this inhibition of rRNA processing
occurs is identical to the range within which loss of cell
viability is observed (Fig. 1).

The effect of increasing concentrations of 5-fluoro-
uracil on rRNA processing is shown in Fig. 4. 5-Fluoro-
uracil at a concentration of 10 zM had no effect on the
distribution of rRNA. Cells incubated with 100 �iM 5-
fluorouracil accumulated both 45 S and 32 5 rRNA
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FIG. 7. Effect of 8-azaguanine on rRNA processing

Cells were labeled for 24 hr with 0.2 zCi/mi of [3H]Urd (500 mCi/

mmoi) concurrent with incubation with 8-azaguanine. Total RNA was
extracted and analyzed as described in Materials and Methods.

10

precursors, while almost no mature nRNA was observed.
Cells incubated with 1 mM 5-fluonouracil accumulated
only 45 5 rRNA. As with toyocamycin, the concentration
range over which the inhibition of rRNA processing
occurs is identical to that over which loss of cell viability
is observed (Fig. 1).

Tubercidin produced an effect similar to that of toyo-
camycin (Fig. 5). Tubencidin at 100 nM, a concentration
which had no effect on cell viability, resulted in a rRNA
profile like that of untreated cells. However, 1 jxM tuber-
cidin, a cytocidal concentration, caused inhibition of the
processing of rRNA and accumulation of 45 5 rRNA.

The effect of increasing concentrations of sangivamy-
cm on nRNA processing is shown in Fig. 6. Incubation
of cells with either 1 or 10 �tM sangivamycin caused only
a minimal accumulation of rRNA precursor, while the
amount of mature nRNA is similar to that of control
cells. Sangivamycin at 100 �M caused a drastic decrease
of the incorporation of [3H]Urd into rRNA. The specific
radioactivity of UTP was measured and found to be 75%
of that in untreated cells (results not shown). Therefore,
the reduced labeling of RNA indicates a lack of transcnip-
tion rather than an inability to form [3H]UTP from [3H]
Und. No inhibition of processing was observed.

8-Azaguanine produced a similar effect, wherein a
concentration of 500 �M did not have any effect on nRNA
processing (Fig. 7).

1020304050 1020304050

FRACTION NUMBER

FIG. 5. Effect of tubercidin on rRNA processing

Cells were labeled for 24 hr with 0.2 ��Ci/ml of [3H]Urd (500 mCi/

mmol) concurrent with incubation with tubercidin. Total RNA was
extracted and analyzed as described in Materials and Methods.
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FIG. 6. Effect of sangivamycin on rRNA processing

Cells were labeled for 24 hr with 0.2 ��Ci/ml of [3H]Urd (500 mCi/

mmol) concurrent with incubation with sangivamycin. Total RNA was

extracted and analyzed as described in Materials and Methods.
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TABLE 1

Effect of a 6-hr exposure to drug on protein synthesis
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FIG. 8. Effect of 5-azacytidine on rRNA processing
Cells were labeled for 24 hr with 0.2 MCi/ml of [3H]Urd (500 mCi/

mmol) concurrent with incubation with 5-azacytidine. Total RNA was

extracted and analyzed as described in Materials and Methods.
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The effect of increasing concentrations of 5-azacyti-
dine on rRNA processing is shown in Fig. 8. 5-Azacyti-
dine at a concentration of 10 �tM had no effect on the
distribution of rRNA. Cells incubated with 50 zM 5-

azacytidine accumulated the 32 S nRNA precursor, but
not the 45 S initial transcript. Mature 18 5 rRNA was
present, but mature 28 5 rRNA, which is derived from
32 5 rRNA, was not. Cells incubated with 100 �tM 5-
azacytidine had the same distribution of nRNA, but with
low incorporation of precursor. The low level of [3H]Urd
incorporated into RNA resulted from a low specific ra-
dioactivity of [3H]UTP as a result of the competition
between 5-azacytidine and [3HJUrd for phosphorylation
(results not shown). Therefore, cells were labeled with
[3H]Ado in the presence of 100 �sM 5-azacytidine and 1

�tM deoxycoformycin, an adenosine deaminase inhibitor.
These cells also accumulated [3H]Ado in 32 5 nRNA but
not 45 5 nRNA (results not shown).

Protein synthesis. The effect of each of the six com-
pounds on protein synthesis in HT-29 cells was deter-
mined by the incorporation of [3H]leucine (Table 1).
Toyocamycin and 5-fluorouracil had minimal effects on
protein synthesis (<20% reduction) even at concentra-
tions which caused massive cell kill and inhibition of the
processing of the 45 5 nRNA precursor. Tubercidin in-
hibited protein synthesis by 60% at the same concentra-
tion range which led to a reduction in cell viability and
nRNA processing. Sangivamycin, 8-azaguanine, and 5-
azacytidine each inhibited protein synthesis to a signifi-
cant extent at concentrations which did not cause an
accumulation of 45 5 on precursor rRNA (Table 1).

HT-29 cells were incubated in the presence or absence of drugs for

6 hr, and 1 �Ci/ml [3H]leucine was added during the final hour of

treatment. Incorporation of [3H]leucine was determined as described

under Materials and Methods and is expressed for drug-treated cuitures

as a percentage of the incorporation obtained in untreated cultures

(21,000 dpm). Each value is the mean of duplicate determinations

which did not vary by more than 10%.

Drug Concentration Incorporation of [3H]leucine

�tM % control

5-Azacytidine 10 12

50 3

8-Azaguanine 50 36

500 34

Sangivamycin 0.1 80

1 41

10 40
Tubercidin 0.1 85

1 42

Toyocamycin 0.1 83

1 79

5-Fluorouracil 100 89

1000 79

DISCUSSION

The nucleoside and base analogs which incorporate
into RNA appear to form two classes. The first group,
characterized by toyocamycin, 5-fluorounacil, and tuber-
cidin, produce their primary effect via incorporation into

RNA and the inhibition of rRNA processing. The inhi-
bition of rRNA processing by base and nucleoside ana-
logs also has been demonstrated in HeLa, Novikoff hep-
atoma, L5178Y cells, and regenerating liven (6, 8, 14, 20).
Theories on the mechanism by which these compounds
inhibit processing of nRNA include: 1) an inability of the

45 S initial transcript to associate properly with required
proteins and 2) changes in rRNA conformation induced
by analog incorporation such that rRNA-processing en-
zymes do not function properly (8). Studies involving
base and nucleoside analogs have not yet found any
difference between the protein content of nibonucleopro-
tein particles formed in treated versus untreated cells
(13, 21). Nondenatuned 45 5 rRNA from cells treated
with either 5-fluorocytidine on 5-azacytidine had a dif-
ferent electrophoretic mobility than that from
untreated cells, but that difference disappeared under
denaturing conditions (13, 16). This result implies, but
does not necessarily prove, that drug substitution ne-
sulted in a change in conformation related to the hydro-
gen bonding involved in base pairing. There are extensive
double-stranded regions in precursor nRNA (22, 23), and
denaturation of these regions resulting from incorpona-
tion of analogs could disrupt rRNA processing. However,
such a change in electnophonetic mobility has not been
observed with 5-fluorouracil (13).

The second group of nucleoside and base analogs which
incorporate into RNA, characterized by sangivamycin,
8-azaguanine, and 5-azacytidine, do not accumulate 45 5
rRNA precursor, although 5-azacytidine does inhibit the
processing of the 32 S rRNA precursor. Their most
prominent effect is a drastic inhibition of protein syn-
thesis caused by a decrease in the formation of complexes
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involved in the initiation of protein synthesis (24-26).
Theories on the mechanism by which these compounds
inhibit the formation of the initiation complex include:
1) a reduced ability of mRNA which has incorporated
drug to bind to the initiation complex or 2) inhibition of
the processing of nuclear heterogeneous RNA to mature
cytoplasmic mRNA resulting in less mRNA being avail-
able to bind with the complexes. Both of these mecha-
nisms may contribute to the inhibition of protein syn-
thesis caused by this class of RNA “incorporatons.”

The results presented here demonstrate that the ex-
ponential type of cell lethality produced by some nucleo-
side analogs correlates with their ability to cause an
accumulation of the 45 5 rRNA initial transcript in the
nucleolus. Three compounds tested, toyocamycin, 5-fluo-
rounacil, and tubercidin, produced an accumulation of
the 45 5 precursor to rRNA and caused multiple logs of
cell kill within the same concentration range. Concurrent
inhibition of protein synthesis by tubercidin did not alter
the exponential lethal effects. In contrast, sangivamycin,
8-azaguanine, and 5-azacytidine, which did not cause an
accumulation of the 45 5 rRNA precursor, produced a
gradual and self-limiting type of cell lethality. 5-Aza-
cytidine inhibits protein synthesis at a lower concentra-
tion than that which causes the accumulation of 32 5
rRNA. Therefore, the two effects do not appear to be
related. It is interesting that 5-azacytidine, which in-
hibits the processing of 32 5 nRNA but does not accu-
mulate 45 5 rRNA, does not produce an exponential type
of cell kill. Therefore, inhibition of nRNA processing
without accumulation of 45 S rRNA precursor is not
sufficient to cause exponential cell kill. Further charac-
terization on the molecular level of the changes in RNA
caused by these two classes of compounds may provide
information on how RNA structure relates to function.

REFERENCES

1. Perry, R. P. Processing of RNA. Anna Rev. Biochem. 45:605-629 (1976).
2. Bowman, L. H., B. Rabin, and D. Schlessinger. Multiple ribosomal RNA

cleavage pathways in mammalian cells. Nucleic Acids Res. 9:4951-4966
(1981).

3. Wilkinson, D. S., and H. C. Pitot. Inhibition of ribosomal ribonucleic acid
maturation in Novikoff hepatoma cells by 5-fluorouracil and 5-fluorouridine.
J. BLOI. Chem. 248:63-68 (1973).

4. Weiss, J.W., and H.C. Pitot. Inhibition of ribosomal ribonucleic acid matu-
ration by 5-azacytidine and 8-azaguanine in Novikoff hepatoma cells. Arch.
Biochem. Biophys. 160:119-129 (1974).

5. Wilkinson, D. S., A. Cihak, and H. C. Pitot. Inhibition of ribosomal ribonu-
cleic acid maturation in rat liver by 5-fluoroorotic acid resulting in the
selective labeling of cytoplasmic messenger ribonucleic acid. J. BiOL Chem.
246:6418-6427 (1971).

6. Weiss, J. W., and H. C. Pitot. Inhibition of ribosomal RNA maturation in
Novikoff hepatoma cells by toyocamycin, tubercidin, and 6-thioguanosine.
Cancer Res. 34:581-587 (1974).

7. Reichman, M., D. Karlan, and S. Penman. Destructive processing of the 45
S ribosomal precursor in the presence of 5-azacytidine. Biochim. Biophys.
Acta 299:173-175 (1973).

8. Tavitian, A., S. C. Uretsky, and G. Acs. Selective inhibition of ribosomal
RNA synthesis in mammalian cells. Biochim. Biophys. Acta 157:33-42
(1968).

9. Shigeura, H. T., and G. E. Boxer. Incorporation of 3’ -deoxyadenosine 5’-
triphosphate into RNA by RNA polymerase from Micrococcus lysodiekticus.
Biochem. Biophys. Res. Commun. 17:758-763 (1964).

10. Klenow, H., and S. Frederiksen. Effect of 3’ -deoxy ATP (cordycepin triphos-
phate) and 2’-deoxyATP on the DNA-dependent RNA nucleotidyltransferase
from Ehrlich ascites tumor cells. Biochim. Biophys. Acta 87:495-498 (1964).

11. Harris, B. A., and W. Plunkett. Termination of RNA by nucleotides of 9-�9-
D-xylofuranosyladenine. Biochem. Biophys. Res. Commun. 106:500-505
(1982).

12. Dennis, D., S. Jurgensen, and J. Sylvester. RNA polymerase: potent linear
competitive inhibition by D-arabinose-5-triphosphate compared to non-in-
hibition by S’ara-ATP. Biochem. Biophys. Res. Commun. 94:205-210 (1980).

13. Grosso, L. E., and H. C. Pitot. Alterations in the maturation and structure
of ribosomal precursor RNA in Novikoff hepatoma cells induced by 5-
fluorocytidine. Biochemistry 23:2651-2656 (1984).

14. Carrico, C. K., and R. I. Glazer. Augmentation by thymidine of the incorpo-
ration and distribution of5-fluorouracilin ribosomal RNA. Biochem. Biophys.
Res. Commun. 87:664-670 (1979).

15. Glazer, R. I. Potentiation by 2’ -deoxycoformycin of the inhibitory effects of
cordycepin and xylosyladenine on nuclear RNA synthesis in L1210 cells, in
Effects ofDrugs on the Cell Nucleus (H. Busche, S. T. Crooke, and Y. Dascal,
eds.). Academic Press, New York, 301-313 (1979).

16. Glazer, R. I., K. D. Hartman, and 0. J. Cohen. Effect of sangivamycin and
xylosyladenine on the synthesis and methylation of polysomal ribonucleic
acid in Ehrlich ascites cells in vitro. Biochem. PharmocoL 30:2697-2701
(1981).

17. Lin, H. L., and R. I. Glazer. The comparative effects of 5-azacytidine and
dihydro-5-azacytidine on polysomal RNA in Ehrlich ascites cells in vitro.
Mol Pharmo.col. 20:644-648 (1981).

18. Fogh, J., and G. Trempe. New human tumor cell lines, in Human Tumor Cell

Line in Vitro (J. Fogh, ed). Plenum Press, New York, 115-119 (1975).
19. Glazer, R. I., and K. D. Hartman. Cytokinetic and biochemical effects of

sangivamycin in human colon carcinoma cells in culture. Mol. PharmacoL
20:657-661 (1981).

20. Auger-Buendia, M., R. Hamelin, and A. Tavitian. Influence of toyocamycin
on the assembly and processing of preribosomal ribonucleoproteins in the
nucleolus of mammalian cells. Biochim. Biophys. Acta 521:241-250 (1978).

21. Weiss, J. W., and H. C. Pitot. Effect of 5-azacytidine on nucleolar RNA and
the preribosomal particles in Novikoff hepatoma cells. Biochemistry 14:316-
326 (1974).

22. Michot, B., J. Bachellerie, and F. Raynal. Structure of mouse rRNA precur-
sors: complete sequence and potential folding of the spacer regions between
18 S and 28 S rRNA. Nucleic Acid Res. 1 1:3375-3391 (1983).

23. Hadjiolova, K. V., 0. I. Georgiev, V. V. Nosikov, and A. A. Hadjiolova.
Localization and structure of endonuclease cleavage sites involved in the
processing ofthe rat 32 S precursor to ribosomal RNA. Biochem. J 220:105-
116 (1984).

24. Reichman, M., and S. Penman. The mechanism of inhibition of protein
synthesis by 5-azacytidine in HeLa cells. Biochim. Biophys. Acta 324:282-
289 (1973).

25. Rivest, R. S., D. Irvin, and H. G. Mandel. Inhibition of the initiation of
translation in L1210 cells by 8-azaguanine. Biochem. PharrnacoL 3 1:2505-
2511 (1982).

26. Cohen, M. B., and R. I. Glazer. Comparison of the cellular and RNA-
dependent effects of sangivamycin and toyocamycin in human colon carci-
noma cells. Mol. PharmacoL , in press.

Send reprint requests to: Robert I. Glazer, Applied Pharmacology
Section, National Cancer Institute, Bldg. 37, Room 6D28, Bethesda,
MD 20205.

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 5, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/



