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Summary. The cytotoxicity of 5-fluorouridine (FUrd) re-
sults from actions directed at the synthesis of both DNA
and RNA. The role of mRNA as a target for FUrd was in-
vestigated by selectively decreasing the incorporation of
FUrd into RNA polymerase II transcripts of K-562 eryth-
roleukemia cells, which was accomplished by the addi-
tion of a-amanitin to cultures of K-562 cells permeabilized
with lysolecithin. In these cells a-amanitin at concentra-
tions of 1-5 wg/ml inhibited the incorporation of PH]-uri-
dine into polyadenylated RNA by up to 45% and de-
creased the steady-state levels of two specific mRNAs but
had no effect on poly A~ RNA synthesis. a-Amanitin de-
creased the incorporation of FUrd into poly A* RNA by
up to 60%. The decrease in FUrd incorporation produced
by a-amanitin was accompanied by an antagonism of the
growth inhibitory effects of the fluorinated pyrimidine nu-
cleoside by the mycotoxin, as measured by both growth in
suspension culture and colony formation in 0.12% agar.
Antagonism between these agents increased as the con-
centration of a-amanitin was elevated; furthermore, it was
sequence-dependent, occurring only when o-amanitin
preceded FUrd. These findings provide evidence that the
actions of FUrd directed against mRNA are antagonized
when FUrd incorporation into mRNA transcripts is de-
creased and that the effects of FUrd on mRNA produce
cytotoxic consequences.

Introduction

The cytotoxicity of the fluoropyrimidines has been attri-
buted to biochemical actions at two levels: the first occurs
as a consequence of the inhibition of thymidylate syn-
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thase, and the second appears to be due to the incorpora-
tion of the analog into RNA. The incorporation of fluoro-
pyrimidines into mammalian ribosomal RNA results in in-
hibition of the processing of the ribosomal RNA precursor
(pre-mRNA) and thus the failure to produce mature ribo-
somal RNAs [6, 29, 30, 33]. This action has been postu-
lated to be the major cytotoxic event in many types of
cells, and significant correlations have been demonstrated
between fluoropyrimidine cytotoxicity and incorporation
into ribosomal RNA precursors [6, 25, 28].

Additional RNA target sites for fluoropyrimidine cyto-
toxicity have been investigated. The most likely candidate
for at least part of the cytotoxic action of the fluoropyrimi-
dines is messenger RNA. Its consideration as a potential
target is partly based on previous studies on the intracellu-
lar fate and distribution of the fluoropyrimidines. One
study [13] has found that the incorporation of FUra and
FUrd into mRNA was correlated with cytotoxicity in HT-29
human colon carcinoma cells. Other investigations have
demonstrated that patterns of RNA synthesis were altered
by exposure to fluoropyrimidines, with FUra inhibiting
the polyadenylation of nuclear RNA without altering tran-
scription in L1210 leukemia [14] and Ehrlich carcinoma
[11] cells. FUra has been shown to decrease specific
mRNA levels; the induction of globin gene expression in
murine erythroleukemia cells was decreased when FUra
was added shortly after the addition of an inducing agent
[17]. However, fluoropyrimidine incorporation did not im-
pair the translation of cytoplasmic mRNA [4, 12].

These findings suggest that if mRNA is a target, then
inhibition of the processing of pre-mRNA is a possible site
of fluoropyrimidine action. Recent work on the conse-
quences of FUra exposure has directly addressed this pos-
sibility. Both acute exposure of L5178Y leukemia cells [2]
and chronic exposure of KB cells [8, 31, 32] to FUra re-
sulted in the accumulation of precursors to dihydrofolate
reductase mRNA. Intron-containing and therefore unpro-
cessed sequences increased to a greater extent than exon-
containing sequences [31]. In vitro, the processing of
synthetically prepared transcripts containing FUra was ab-
normal, and unspliced intermediates accumulated con-
comitantly with the loss of normal lariat-containing splic-
ing intermediates [9]. Thus, it has been demonstrated that
FUra incorporation into pre-mRNA can effect splicing.
Whether a connection exists between the effects of the flu-
oropyrimidines on processing and cytotoxicity remains to
be demonstrated.



To gain evidence for such a relationship we have used
o-amanitin, a specific inhibitor of RNA polymerase I1 [5],
to decrease specifically the incorporation of FUrd into
pre-mRNA transcripts. The mycotoxin a-amanitin is a
bicyclic octapeptide that appears to act by binding to the
largest subunit of RNA polymerase II [15], thereby
preventing the translocation of the polymerase and the
nascent RNA on the DNA template [26].

Several criteria must be met by a prospective RNA
polymerase II inhibitor if it is to be of use in ascertaining
whether incorporation of FUrd into RNA is associated
with cytotoxicity. First, the drug must decrease RNA syn-
thesis. Second, the decrease must be restricted to polyade-
nylated RNA. Third, the drug must decrease FUrd incor-
poration into poly A* RNA. Fourth, to permit the evalua-
tion of the protective effects of the polymerase inhibitor,
the effects on poly A*™ RNA must occur at inhibitor con-
centrations that alone do not substantially decrease the
rate of cell growth. a-Amanitin met these criteria once
K-562 cells had been permeabilized by treatment with lyso-
lecithin. Thus, in lysolecithin-permeabilized, a-amanitin-
treated cells, the total incorporation of [*HJ-uridine and
PH]-FUrd were decreased, and the decreases were re-
stricted to poly A* RNA. These decreases were demon-
strable at concentrations of o-amanitin that caused mini-
mal cytotoxicity. When cultures of permeabilized K-562
human erythroleukemia cells were exposed to o-amanitin
prior to FUrd, the cytotoxicity of FUrd was partially antag-
onized both in suspension and in 0.12% agar-containing
cultures. These were small but significant reductions in
FUrd cytotoxicity, providing evidence that a component
of FUrd cytotoxicity is a consequence of the incorporation
of the fluoropyrimidine into pre-mRNA transcripts and
suggesting further that the inhibition of mRNA processing
by FUrd indeed contributes to the cell death caused by this
fluoropyrimidine.

Materials and methods

Cell culture and colony formation. K-562 cells were grown
from stocks maintained in RPMI 1640 medium supple-
mented with 10% fetal bovine serum. Cells were subcul-
tured into medium containing 50 pM hemin, which had
no effect on the rate of growth, cloning efficiency, or
response to fluoropyrimidines.

To determine the effects of drugs on growth, cells in
suspension culture were exposed as indicated, washed free
of drugs, and resuspended in fresh medium, and cell num-
bers were determined at intervals using a Coulter Model
ZB; particle counter (Coulter Electronics, Hialeah, Fla).
Rates of growth were determined by logarithmic transfor-
mation of cell densities and by linear regression. Cloning
efficiencies were also determined following drug exposure.
To accomplish this, cells were diluted from suspension cul-
tures such that 100, 500, or 1,000 cells were resuspended in
5 ml fresh medium containing 15% fetal bovine serum and
0.12% melted agar in 15-ml culture tubes. After 12—15 days
in a 37° C incubator, viable colonies were stained by the
overnight addition of a 0.1% solution of 2-(p-iodophe-
nyl)-3-(p-nitrophenyl)-5-phenyl tetrazolium chloride and
counted. The growth in suspension culture and the capaci-
ty for colony formation were used to determine the nature
of the interactions between oa-amanitin and FUrd [3, 27].
The quantification of the interaction in suspension culture
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made use of logarithmic transformation of cell-density
measurements. Thus, the interaction can be computed by
an addition of effects. The quantification in the clonogenic
assay is the product of the fractional survivals for individ-
ual drugs.

Permeabilization of K-562 cells. Lysolecithin was added
from a stock solution of 5 mg/ml in 150 m M HEPES (pH
7.0), 80 mM KCl, SmM K,HPO,, 5mM MgCl,, and
0.5 mM CaCl, to 107 cells/m! that had been washed twice
and resuspended in PBS. The lysolecithin concentrations
ranged from 7.8 to 250 ug/ml. After 2 min on ice, cells
were diluted to 10° cells/ml by the addition of fresh medi-
um at 37° C. When a-amanitin was used, it was included in
the fresh medium.

RNA labeling and isolation. To analyze the effects of
o-amanitin on total RNA synthesis, cellular RNA was ra-
diolabeled by the addition of [5-*H]-uridine (18-26 Ci/
mmol, Moravek, Brea, Calif) or [*H]-FUrd (18 Ci/mmol,
Moravek) to cell cultures for 2 h. Aliquots of cells were re-
moved at various times for up to 2 h, trichloroacetic acid-
precipitable material was collected on glass-fiber filters,
and radioactivity was determined by liquid scintillation
spectrometry. Cytoplasmic and nuclear RNAs were pre-
pared using a modification of the method of Favaloro et
al. [10]. Cells were lysed in an isotonic buffer [0.14 M
NaCl, 10 mM TRIS-HCI (pH 8.6), 1.5 mM MgCl,] con-
taining 1% of the nonionic detergent Triton X-100 and
5mM vanadyl-ribonucleoside complex (Bethesda Re-
search Labs, Gaithersburg, Md).

Nuclei were separated by underlaying the lysate with
lysis buffer containing 24% (w/v) sucrose and centrifuging
at 10,000 g for 20 min at 4° C. The cytoplasmic fraction
was removed from the top of the centrifuge tube, the
sucrose was discarded, and the nuclei were lysed in fresh
lysis buffer using a 19-gauge needle. Cytoplasmic and nucle-
ar RNAs were isolated by proteinase K digestion, extrac-
tion with phenol and chloroform, and precipitation in eth-
anol. In some cases, total cellular incorporation was mea-
sured by omitting the sucrose-gradient separation of nuclei
and cytoplasm prior to the proteinase K digestion. RNA
was isolated from the precipitates by selective digestion of
the DNA with deoxyribonuclease I (DPFF grade from
Worthington, Freehold, NJ) in the presence of 2mM
vanadyl-ribonucleoside complex [19]. RNA was quantified
spectrophotometrically, assuming that a concentration of
40 ng/ml represented 1 absorbance unit at a wavelength of
260 nm. All isolated RNA fractions were stored at —70° C
in 70% ethanol containing 0.1 M sodium acetate (pH 5.2).

Oligo-dT cellulose affinity chromatography. To determine
the activity of the putative RNA polymerase II inhibitor,
o-amanitin, its effects on the labeling of poly A* RNA
were measured. Labeled RNA was diluted in high-salt buf-
fer [HSB: 0.5 M NaCl, 10 mM TRIS-HCI (pH 8.0), 1 mM
Na,EDTA, 0.1% SDS] and 5 pg RNA was heated to 65° C
for 5 min and cooled before its application onto an oligo-
dT cellulose (Type 7; Pharmacia, Piscataway, NJ) column.
Poly A~ RNA was eluted with HSB, and 1-ml fractions
were collected and quantified by scintillation spectrofluoro-
metry after the addition of 5ml aqueous scintillation
cocktail (Ecoscint; National Diagnostics, Somerville, NJ)
to the fractions. RNA that remained bound to the column
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was eluted using buffer from which NaCl was omitted
[LSB: 10 mM TRIS-HCI (pH 8.0), ] mM Na,EDTA, 0.1%
SDS). LSB eluate fractions were pooled and NaCl was
added to give a concentration of 0.5 M; this was heated to
65° C for 5 min, cooled, and reapplied to a regenerated ol-
igo-dT cellulose column. The column was washed with
HSB, 1-ml fractions were collected, and the radioactivity
therein was determined. Poly A* RNA was eluted from
the column with LSB, 1-ml fractions were collected, and
radioactivity was ascertained and reported as a percentage
of the total counts in all eluate fractions.

Gel electrophoresis of RNA. To evaluate the effects of
a-amanitin on rRNA synthesis, RNA labeled with [*HJ-uri-
dine was fractionated using composite agarose-polyacryl-
amide gels [7, 22] of 0.5% agarose, 1.75% acrylamide (19:1
bis), and TRIS-borate buffer [0.089 M TRIS base, 0.089 M
boric acid, and 2 mM Na,EDTA (pH 7.5)]. Cytoplasmic
RNA was resuspended in a TRIS-EDTA buffer [TE:
10 mM TRIS-EDTA (pH 8.0) and 1 mM Na,EDTA), and
its concentration was determined spectrophotometrically
[19]. Lanes on 16 x 16 cm vertical slab gels sandwiched be-
tween frosted glass plates (Hoefer Scientific, San Fran-
cisco, Calif) were loaded with 20 ug cytoplasmic RNA la-
beled with [*Hj-uridine. Gels were run at a maximum of
100 V until the xylene cyanol FF tracking dye migrated ap-
proximately 8 cm. Gels were then fixed in 1 M acetic acid,
stained with 0.2% methylene blue, and destained. Each
lane was sliced into sections that were treated with 0.5 N
NaOH, and radiolabeled RNA was quantified after the
addition of 5.5 ml aqueous scintillation cocktail. Relative
mobilities of RNA species were determined based on the
mobilities of 4S tRNA and 18S and 28S rRNA species,
and a linear relationship was obtained when the logarithm
of the molecular weight was plotted as a function of mobil-

ity [7).

Dot-blot hybridization of cellular RNA. Cellular RNA was
resuspended in TE buffer and denatured in 7.5% formal-

Table 1. Effects of a-amanitin on poly A+ RNA synthesis

Control o-Amanitin

Experiment 1
Rate of [3H]-uridine incorporation
pmol/min per 10° cells 0.78 0.86
% poly A+ RNA 2.0+04 27+1.0

Experiment 2
Rate of [*H]-uridine incorporation
pmol/min per 106 cells
% poly A+ RNA

1.95 2.12
9.4+1.7 124£1.35

K-562 cells were exposed to 5 pg/ml a-amanitin for 4 h prior to
the initiation of RNA labeling by the addition of [5-*H]-uridine
(20 Ci/mmol). In experiment 1, the final uridine concentration
was 0.25 pM and in experiment 2, it was 0.5 M. Incorporation
into TCA-precipitable material was measured at intervals up to
2 h in duplicate cultures and the rate of incorporation during the
Ist h labeling was determined. In experiment 1, the labeling was
continued for 24 h before cytoplasmic RNA was extracted and
analyzed by oligo-dT cellulose affinity chromatography. In expe-
riment 2, cytoplasmic RNA was extracted after 2 h. Measurements
of poly A+ RNA represent averages of at least three separate
chromatographic determinations.

dehyde by heating to 65° C for 15 min. The RNA was then
serially diluted and adsorbed onto nylon membranes (Gene
Screen; New England Nuclear, Boston, Mass) using a
96-well manifold. Filters were baked for 1 h at 85°C and
prehybridized for 4—-6 h at 42°C in a buffer containing
50mM TRIS-HCI (pH 7.5), 1 M NaCl, 50% (v/v)
deionized formamide, 10% dextran sulfate, 1% SDS, 0.2%
bovine serum albumin, 0.2% Ficoll, 0.2% polyvinyl pyr-
rolidine, 0.1% Na,P,07, and 0.1 mg/ml denatured salmon-
sperm DNA. Filter-bound RNA that coded for the c-abl
and c-myc proto-oncogenes was analyzed using a 1.6-kb
v-abl insert from plasmid pK2 [24] or a 9-kb human c-myc
insert from plasmid pHSR-1 [1]. Individual cDNA probes,
labeled with [*?P]-dCTP by nick translation (Bethesda Re-
search Labs, Gaithersburg, Md) and denatured by boiling,
were added to the filters at 0.5-2x 10° dpm/ml prehy-
bridization buffer. The hybridization was carried out for
16-20h at 42° C. Filters were then washed three times
with 2X SSC and 0.5% SDS for 5 min each. Filters hybrid-
ized with a homologous human c-myc probe were further
washed at 65° C for 60 min in 0.1X SSC + 1% SDS, with
the retention of a high signal, whereas those using a viral
abl probe required washing at 65°C in 2X SSC + 0.1%
SDS or at 50° C in 0.5X SSC + 1% SDS to retain a signal.

Results

To evaluate the effects of a-amanitin on mRNA synthesis,
K-562 cells were exposed to 5 ug mycotoxin/ml; [*H]-uri-
dine was added 4 h later for a final concentration of 1 uM
and its incorporation into total cellular RNA was mea-
sured. The rates of incorporation were found to be statisti-
cally identical to those in untreated controls (Table 1).
Cytoplasmic RNA was extracted after 2 or 24 h of labeling
and analyzed by oligo-dT cellulose affinity chromatogra-
phy. No statistically significant differences were observed
between control and a-amanitin-treated cells (P > 0.05).
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Fig. 1. Effects of lysolecithin on the permeability and growth of
K-562 cells exposed to lysolecithin as described in Materials and
methods. After the resuspension of cells in RPMI 1640 medium
supplemented with 10% fetal bovine serum and 50 pM hemin, an
aliquot was removed and mixed with an equal volume of 0.5% try-
pan blue in PBS, and the exclusion of the dye was scored micro-
scopically (W). The remaining cells were grown in suspension cul-
ture, and their rates of growth were determined by logarithmic
transformation and plotted as a percentage of the control rate
(®). All values are averages of four determinations whose SDs
were < 5%
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Fig. 2. Growth in suspension culture of lysolecithin-permeabilized
K-562 cells exposed to a-amanitin. 4: Cells permeabilized with
15 pug/ml lysolecithin and continuously exposed to 0 or 1.0 ug/ml
o-amanitin. B: Cells permeabilized with 15 pg/ml lysolecithin and
exposed to 0, 1.0, 3.0, or 5.0 ug/ml o-amanitin for 6 h; cells were
then washed free of the o-amanitin and resuspended in fresh
RPMI 1640 medium supplemented with 10% fetal bovine serum
and 50 pM hemin. Rates of growth, determined by logarithmic
transformation, represent the averages of duplicate cultures

These findings indicated that a-amanitin could not be
used without first making cells more permeable to the
drug.

When K-562 cells were treated with lysolecithin, nor-
mal rates of growth were observed only at concentrations
of <20 pg/ml (Fig. 1), which were 20-fold lower than the
levels previously used to permeabilize Chinese hamster
ovary and Novikoff hepatoma cells [20, 23]. The particular
sensitivity of K-562 cells to lysolecithin may be due to the
fragility of its cell membrane, which has erythroid charac-
teristics. At lysolecithin concentrations of >30 pug/ml, the
exclusion of trypan blue and proliferation were prevented
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Fig. 3. Effects of a-amanitin on the incorporation of uridine and
FUrd into poly A* RNA. K-562 cells were permeabilized with
15 pug/ml lysolecithin except where indicated (No Lyl). After a 2-h
exposure to a-amanitin at the concentrations indicated within the
bars, cells were labeled for 2 h with [*H]-uridine (18 Ci/mmol) or
1 wM PH]-FUrd (diluted to 3 Ci/mmol). Cytoplasmic RNA was
extracted and poly A* RNA was quantified using oligo-dT cellu-
lose as described in Materials and methods. SDs are reported for
observations in triplicate; otherwise, the values plotted represent
the average of two experiments. Lyl, lysolecithin; Urd, uridine
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Fig. 4. Effects of a-amanitin on the levels of c-myc and c-abl
mRNA in the lysolecithin-permeabilized K-562 cells. Cytoplasmic
RNA was isolated from K-562 cells treated with 15 ug/ml lysole-
cithin and 3 ug/ml a-amanitin. RNA was resuspended in 10 mM
TRIS-HCI (pH 8.0) and 1 mM EDTA and denatured by incuba-
tion for 15 min at 65° C in a buffer containing 1.8 M NaCl, 0.18 M
sodium citrate, 7.5% formaldehyde, 10 mM TRIS-HCI (pH 8.0),
and 1 mM EDTA at an RNA concentration of 0.2 pg/pl. Serial
1:1 dilutions were prepared and 100-ul aliquots containing RNA
levels of 0.2-0.0125 pg/ml were adsorbed to nylon membranes
using a 96-well manifold. Binding of RNA to the membrane and
hybridization of [**P]-dCTP-labeled c-myc and v-abl cDNA
probes were carried out as described in Materials and methods.
RNA isolated from two separate cultures of cells exposed to both
lysolecithin and a-amanitin were evaluated

to equal degrees (Fig. 1). At 15 ug lysolecithin/ml, the pro-
liferative capacity of K-562 cells was the same as that in
untreated cells, although up to 30% of the cells accumulat-
ed trypan blue. Since cells did not appear to be excessively
damaged by lysolecithin at this concentration, studies on
the actions of a-amanitin were conducted using cells per-
meabilized with 15 pg/ml lysolecithin.
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Fig. 5. Effects of a-amanitin on the incorporation of uridine into
poly A~ RNA. K-562 cells were permeabilized using 15 ug/ml ly-
solecithin. After a 2 h exposure to a-amanitin at the indicated
concentrations, cells were labeled for 2 h with [*PH]-uridine. Cyto-
plasmic RNA was extracted and poly A~ RNA was isolated as
HSB eluates from oligo-dT cellulose columns, pooled, precipi-
tated in ethanol, and analyzed by composite gel electrophoresis.
A: Effects of a-amanitin on [*H}-uridine incorporation into total
poly A~ RNA were determined in quadruplicate and plotted as
the average + SD. B: Effects of a-amanitin on [*H}-uridine incor-
poration into 18S and 28S rRNA are plotted as the average of two
determinations
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Permeabilized K-562 cells were exposed to a-amanitin
at concentrations of 1-5ug/ml. o-Amanitin was com-
pletely toxic at the lowest level tested (1 ug/ml) when ex-
posure was continuous, but when cells were washed free of
this agent at the end of a 6 h period of exposure, cells re-
tained high proliferative capacity until the a-amanitin con-
centration reached 5 pg/ml (Fig. 2). In permeabilized cells,
lysolecithin itself had no effect on total poly A* RNA syn-
thesis (Fig. 3). The addition of a-amanitin for 2 h prior to a
2-h [*H]-uridine labeling period decreased the synthesis of
poly A* RNA in a concentration-dependent manner. In-
creasing the labeling period to 21 h did not further
decrease poly A* RNA synthesis, which remained at ap-
proximately 65% of the control level (data not shown).
o-Amanitin decreased the levels of both ¢c-myc and c-abl
mRNA in lysolecithin-permeabilized cells as revealed by
dot-blot hybridization (Fig. 4). These decreases occurred
with no change in the labeling of poly A~ RNA or of 18S
or 28S rRNA by a-amanitin (Fig. 5), which attested to the
specificity of this agent as an inhibitor of RNA poly-
merase 1I.

o-Amanitin decreased the incorporation of [PHJ-FUrd
into poly A*™ RNA by 35.5%—62% (Fig. 3); these decreases
were larger than those seen using [*H}-uridine and may re-
sult from FUrd-induced inhibition of rRNA synthesis.
This action would, in effect, decrease the amount of label
incorporated into poly A~ RNA and increase the poly A*
RNA fraction in all cells exposed to the 1 pM [*H}]-FUrd.
Nevertheless, in lysolecithin-permeabilized cells, o-amani-
tin decreased the incorporation of PH]-FUrd into poly A™*
RNA over the same concentration range at which the syn-
thesis of poly A* RNA was decreased and at which
o-amanitin cytotoxicity was manifested.

Cells permeabilized with lysolecithin and pretreated
with a-amanitin for 4 h were used to investigate whether
FUrd cytotoxicity was antagonized. FUrd was added for
2 h and cells were then washed with fresh medium and cul-
tured in fresh drug-free medium. Growth in both suspen-
sion culture and 0.12% agar was investigated; the growth
rates in suspension culture are shown in Table 2. Pretreat-
ment with o-amanitin resulted in subadditive cytotoxicity
for all combinations (P <0.05), even when negative

Table 2. Effects of a-amanitin and FUrd on Rates of growth in
suspension cultures of lysolecithin-permeabilized K-562 cells

FUrd o-Amanitin (pg/ml)
(»M)
1.0 3.0 5.0

0 0.01223 0.01227 0.01082 0.00358
0.6 0.00827 0.00980 0.00769 0.00095
1.0 0.00627 0.00706 0.00561 0.00061
2.0 0.00456 0.00565 0.00373 —0.00304
4.0 0.00235 0.00391 0.00154 —0.00439

Duplicate cultures of K-562 cells were established for each con-
dition. Cells were permeabilized with 15 pg/ml lysolecithin and
exposed to a-amanitin for 2 h before the addition of FUrd for 2 h.
Cells were washed free of drugs and resuspended in fresh medium
at a density of approximately 25x 10° cells/ml. Densities were
determined after 47 and 91 h, the densities were transformed
logarithmically, and the data were analyzed by linear regression.
The slopes of the generated lines correspond to the rates of growth
such that log,,? slope = doubling time
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Fig. 6. Effects of the combination of a-amanitin and FUrd on the
growth of K-562 cells, which were permeabilized with 15 ug/ml
lysolecithin and exposed for 4 h to o-amanitin at 1 (0), 3 (&), or
5 (8) pg/ml prior to the addition of FUrd for 2 h. The subsequent
rates of growth for cultures exposed to only one drug (data in
Table 2) were used to determine the rates expected for an additive
interaction. This expected rate was subtracted from the observed
rate; differences >0 indicate antagonistic interactions

growth rates were seen upon combination of both agents
at high concentrations (Fig. 6). Thus, a-amanitin both de-
creased FUrd incorporation into mRNA and antagonized
FUrd-induced cytotoxicity in suspension culture. Colony
formation in agar was determined for permeabilized cells
treated with 1 ug/ml a-amanitin, which by itself decreased
survival by about 30%, and with FUrd at 0.5, 1.0, and
2.0 uM. o-Amanitin also antagonized the FUrd-induced
inhibition of colony formation at each concentration of
FUrd (Fig. 7). The antagonisms observed were statistically
significant in pair-wise comparisons of observed vs expect-
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Fig. 7. Effects of combinations of a-amanitin and FUrd on
the soft-agar cloning of K-562 cells. Lysolecithin-permeabilized
K-562 cells were exposed to 1 ug/ml o-amanitin for 2 h prior to
their exposure to FUrd for 2 h. Survival of cells exposed to drug(s)
was computed as a percentage of the number of colonies found
for permeabilized cells that were not exposed to FUrd or
o-amanitin. The left-hand bar of the three pairs at 0.5, 1.0, and
2.0 uM FUrd represents the survival of cells exposed to FUrd
alone (N). The right-hand bar represents the survival observed fol-
lowing exposure to combinations of drugs (B) superimposed on
the survival expected for an additive effect (). The data repre-
sent the averages of three cloning experiments



ed survival in three separate experiments (P <0.05). In
fact, the survival of cells exposed to both drugs was, on av-
erage, greater than that of cells exposed only to FUrd. In
contrast, when cells were treated with FUrd prior to per-
meabilization with lysolecithin and exposure to o-amani-
tin, cytotoxicity in suspension cultures was additive (data
not shown). Thus, antagonism was sequence-specific and
consistent with the reduction in FUrd incorporation into
mRNA that was produced by a-amanitin.

Discussion

To explore the impact of FUrd on both mRNA synthesis
and cytotoxicity, the effects of pretreatment with a-amani-
tin, an inhibitor of pre-mRNA transcription, were investi-
gated in K-562 cells. a-Amanitin proved to be effective as
a specific RNA polymerase II inhibitor only if cells were
made permeable to this agent. Thus, ai-amanitin at concen-
trations as great as 5 ug/ml failed to decrease poly A*
RNA synthesis in intact K-562 cells, probably because the
accumulation of this mycotoxin was insufficient. The bicy-
clic amatoxin octapeptides bind to the same membrane
polypeptides that bind bile salts and are then transported
across the plasma membrane in the presence of a Na* gra-
dient [18]. Competition studies suggest that this saturable
pathway is required for the intracellular accumulation of
these agents [21]. The findings in this report suggest the ab-
sence of this transport mechanism in K-562 cells, thus ren-
dering these cells naturally impermeable to a-amanitin.
However, in lysolecithin-permeabilized cells o-amanitin
appeared to act specifically on RNA polymerase II tran-
scription. No changes were observed in the labeling of
poly A~ RNA over the same range of concentrations that
decreased the synthesis of polyadenylated RNA by about
50%. The specific reductions in the incorporation of
[PH]-FUrd into RNA were greater than those of [*HJ-uri-
dine.

a-Amanitin pretreatment also antagonized the cytotox-
icity of FUrd, measured both in growth assays in suspen-
sion culture and in colony-forming assays in 0.12% agar.
In suspension culture, an increase in the concentration of
a-amanitin increased the degree to which FUrd cytotoxic-
ity was antagonized. Thus, when cells were pretreated with
1, 3, or 5ug/ml a-amanitin, FUrd-induced cytotoxicity
was antagonized; such antagonism was dependent on the
sequence of drug administration, with a-amanitin having
to precede FUrd. When cells were pretreated with
o-amanitin at 1 or 3 ug/ml, the antagonism of FUrd cytotox-
icity was small. Reversal of cytotoxicity averaged only 10%
in cloning experiments when the concentration of a-amani-
tin was 1 ug/ml and 8.5% and 12.6% in suspension cul-
tures when the concentration of o-amanitin was 1 and
3 ug/ml, respectively. These reversals were observed at
levels of a-amanitin that decreased the incorporation of
uridine into poly A* RNA by only 20% and decreased
FUrd incorporation by as much as 50%. At 5pg/ml
o-amanitin, the reversal of FUrd toxicity to K-562 cells was
increased to 24.1% and FUrd incorporation into poly A™
RNA was reduced by more than 60%; however, it was dif-
ficult to interpret these findings because of the negative
growth rates of cells exposed to both 5 pg/ml a-amanitin
and higher concentrations of FUrd. Nevertheless, the re-
sults demonstrate that a-amanitin can antagonize the cyto-
toxicity of FUrd. These small but consistent and statistical-
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ly significant reversals support the hypothesis that a minor
part of the toxicity of FUrd to K-562 cells is exerted
through the incorporation of FUrd into mRNA tran-
scripts. Previous studies have demonstrated strong correla-
tions between cytotoxicity and the inhibition of rRNA
synthesis [6, 16, 25]. The results reported herein in no way
contradict this, but rather imply that the RNA-directed ac-
tions of FUrd are multifarious. The findings provide evi-
dence that the observations of Dolnick and co-workers
[7,8,21,32] and Armstrong et al. [2] are consequential to our
understanding of the cytotoxic actions of the fluoropyri-
midines. The major RNA-directed effect may well be the
inhibition of ribosomal RNA maturation, but the observa-
tions in this report add support to the premise that FUrd
has an mRNA-directed action.
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