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SUMMARY
The distribution and level of 5-fluorouracil (FUra) incorporation
into RNA were studied in S-i 80 murine tumor cells for two
different fluoropyrimidine nucleosides: 5-fluoroundine (FUrd) and
5’-deoxy-5-fluorouridine (5’-dFUrd) under both cytotoxic (thy-
midine nonreversible) and nontoxic conditions. Exposure of cells
to 200 jsM 5’-dFUrd for 6 hr resulted in minor thymidine-nonre-
versible toxicity (1 1 % cell kill) and produced an FUra incorpora-
tion level of 1 2.5 pmol of FUra/�g of RNA. Exposure of cells to
1 �sM FUrd for 6 hr resulted in considerably more toxicity (74%
cell kill) but was found to produce less FUra incorporation (7.8
pmol of FUra/�g of RNA) than the nontoxic concentration of 5’-
dFUrd. Subcellular fractionation (i.e., nucleolar, nucleoplasmic,
cytoplasmic) was completed, and the density of FUra incorpo-
ration from 5’-dFUrd was found to be approximately equally
distributed between nucleoplasmic RNA and nucleolar RNA,
independent of toxicity or concentration levels (average nucleo-

lar/nucleoplasmic FUra ratio = 0.75). FUrd, however, was pref-
erentially incorporated into nucleolar RNA (average nucleolar/
nucleoplasmic FUra ratio = 22). The nontoxic accumulation of
FUra in RNA of cells treated with 200 ,�M 5’-dFUrd was also
associated with the mature cytoplasmic 28 S and 1 8 S rRNA,
the levels of which increased considerably with exposure time.
In contrast, in cells exposed to 1 1uM FUrd, there was very little
FUra measured in the mature 28 5 and 1 8 S rANA, consistent
with an inhibition of rRNA processing. It is concluded that 5’-
dFUrd can produce large nontoxic levels of FUra accumulation
in cellular RNA compared with FUrd because total FUra incor-
poration in nuclear RNA was almost equally dispersed between
nucleoplasmic and nucleolar RNA, whereas nuclear FUra incor-
poration from FUrd was preferential for nucleolar RNA. Also, for
nontoxic doses of 5’-dFUrd, unaltered rRNA processing over
time can result in the large accumulation of FUra-containing rRNA
in the cytoplasm.

The fluoropyrimidines are commonly used in the treatment

of human cancer, although their precise mechanism of cytotox-

icity is still not completely understood. Most studies on the

mechanism of action of the fluoropynimidines have focused on

the generation of fluorodeoxyuridine monophosphate which

can inhibit the enzyme thymidylate synthetase and thereby

suppress DNA synthesis (1). Clearly, in cells unable to over-

come this block, the FdUMP-mediated suppression of thymi-

dylate production is a potent cytotoxic mechanism. However,
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other evidence suggests that the antitumor activity of the

fluoropynimidines may also be related to the formation of

fluororibonucleotides (e.g., FUTP) and the subsequent incor-

poration of FUra into RNA. Under certain conditions, the

toxicity of FUra correlates with its incorporation into RNA

and not with the inhibition of DNA synthesis (2-4). Also,

rescue studies showed that the addition of dThd can prevent

the block in DNA synthesis caused by FUra, but it cannot

always prevent cell death, particularly at high FUra concentra-

tions (5). This lethality which is not reversed by dThd has been

referred to as the RNA-mediated cytotoxicity of the fluoropy-

rimidines. Each of the fluoropyrimidines has a different ability

to produce this toxicity. The nucleoside, FUrd, is a very active

agent in producing dThd-nonreversible cytotoxicity, whereas

the nucleoside, 5’-dFUrd, is relatively nonpotent (3, 6). In

addition, FUra activity can be increased by combining the drug

with biochemical modulators such as methotrexate, where it

was shown that this increased toxicity correlated with the

incorporation of FUra into RNA and not with an increased
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drug effect on DNA synthesis (7). Finally, fluoropyrimidine-

induced alterations in RNA metabolism have been shown to

occur, but a precise mechanism that can explain dThd-nonre-

versible cytotoxicity has not been clearly identified. Currently,

the best characterized action of the fluomopyrimidines on RNA

is the inhibition of rRNA processing, the relevance of which

was first studied in mammalian cells by Wilkinson and Pitot

(8), and more recently by Herrick and Kufe (9). In total, these

observations have led to a renewed interest in the incorporation

of FUra into RNA and its possible relationship to fluoropy-

rimidine cytotoxicity.

Other investigators have had difficulty correlating tumor
response with fluoropyrimidine incorporation into RNA.

Houghton and Houghton (10) examined the effect of equally

toxic doses of three fluoropyrimidines, FUra, FUrd, and fluo-

rodeoxyunidine on human colonic tumor xenografts in nude

mice. The activity of these different drugs failed to correspond

with the level of FUra incorporation into total cell RNA,

although dThd-nonrevemsible toxicity was not selectively ex-

amined. We have also observed that the absolute accumulation

of FUra into total cell RNA does not always correlate with

dThd-nonrevemsible cytotoxicity (11). Two of the fluoropynim-

idines, FUrd and 5’-dFUrd were both effective substrates for

FUra incorporation into RNA. However, the resulting dThd-

nonreversible cytotoxicity was very different, with FUrd show-

ing much more potency than 5’-dFUrd at doses that produced

equal levels of FUra-containing RNA. Thus, although both

drugs produced high levels of incorporation into RNA, they

differed in their overall impact on RNA metabolism. This
suggests that these two precursors of FUTP may result in

incorporation into different types or classes of RNA which may

lead to different levels of cytotoxicity. The present study was
initiated to compare the RNA resulting from these two treat-

ments to better characterize any difference that these two

fluoropyrimidines have on RNA metabolism and, therefore,
dThd-nonrevemsible cytotoxicity.

Materials and Methods

Chemicals. 5’-dFUrd was obtained from Hoffmann LaRoche, Inc.

(Nutley, NJ). FUrd was purchased from Calbiochem-Behring Corp.

(La Jolla, CA). [6-3H]-5’-dFUrd (16 Ci/mmol), [6-3H]-FUrd (18 Ci!

mmol), and [5-3H]cytidine (22 Ci/mmol) were purchased from Moravek

Biochemicals (Brea, CA). dThd and all other biochemicals, unless
otherwise designated, were purchased from Sigma Chemical Co. (St.

Louis, MO). [3H]-5’-dFUrd was purified by HPLC prior to its use in

these studies. [3H]FUrd was checked for purity by HPLC analysis, and

98% of the radiolabel was found to be associated with FUrd, about
0.5% with FUra and 1.5% as H2O. Both HPLC procedures were

completed as described below.
Cell culture. Murine Sarcoma-180 (5-180) cells were maintained

at 37’ in a 5% CO2 atmosphere as suspension cultures in Roswell Park

Memorial Institute Medium 1640 supplemented with 10% heat-macti-
vated horse serum plus streptomycin (100 �zg/ml) and penicillin (100

units/mi). Tissue culture supplies were all purchased from GIBCO

(Grand Island, NY).
Clonogenic survivaL Exponentially growing cells were exposed to

various concentrations of fluoropyrimidines for 6 hr. After drug treat-

ment, cells were washed once with sterile phosphate-buffered saline
(PBS: 100 mg of CaCl2, 200 mg of KH2PO4, 59 mg of MgSO4, 800 mg

of NaC1, and 1150 mg of NaHPO4 in a 1-liter sterile aqueous solution)
and counted in a model ZB1 Coulter counter (Hialeah, FL). dThd at
10 �M was added to the cloning media following removal of the drug to
circumvent any inhibition ofthymidylate synthetase. Drug toxicity was

assessed using a soft agar cloning procedure described previously (9).

Viability was defined as the ability of a cell to produce progeny which

are visible as distinct individual colonies or clones. Percentage of clonal

growth was determined by the ratio of clonal growth of treated cells

compared to control cells x 100. Cloning efficiency of untreated cells

averaged 87%, with 300 cells plated per condition.

Isolation of total cell RNA. Cells were washed once with ice-cold

PBS and suspended in iced lysis buffer consisting of 1.7% SDS, 0.8%

Triton X-100, 25 mM Tris-HC1 (pH 7.0), 8.5 mM EDTA, 8.3 mM NaC1,

0.8% ethanol, and 50 MM vanadyl-nibonucleotide complex (VRC, Be-

thesda Research Laboratories, Rockville, MD). The mixture was vor-

texed vigorously and stored on ice for 10 mm. The nuclei were disrupted

and the DNA was sheared by repeated squirting of the viscous solution

through a sterile 19 gauge needle. The sample was extracted twice with

an equal volume of phenol/chloroform (1:1) and twice with an equal

volume ofchloroform/isoamyl alcohol (24:1). Three volumes of absolute

ethanol and 1/20 volume of 5 M NaCl were added and the nucleic acids

were precipitated overnight at -20’. The precipitated RNA and DNA

were spun down at 5000 x g for 15 mm and resuspended in 50 mM

Tris-HC1 (pH 7.5), 1 mM EDTA, 10 mM MgCl2, and 50 �M VRC.
RNase-free DNase I, purchased from Worthington (Malvern, PA) was

added to a final concentration of 50 �g/ml and the solution was

incubated at 3T for 30 mm. The solution was made with 10 mss EDTA

and 0.2% SDS, and the purified RNA was extracted three times with

penol/chloroform as before and precipitated in ethanol.

Identification of 3H in RNA. Confirmation that the ‘H incorpo-

ration into RNA resulting from exposure of cells to [3HJ-5’-dFUrd or

[3H]FUrd was only associated with [3H]FUra base residues was corn-

pleted as follows. Following isolation as described above, 2 zg of RNA

were solubilized in a buffer of 20 mM sodium succinate and 5 mM CaC12

(pH 6.0). Micrococcal nuclease 92 �g/�g of RNA), spleen phosphodi-

esterase (2 ;zg/;.Lg of RNA), an acid phosphatase (1 unit/�tg of RNA)

were added and the solution was incubated at 37’ for 1.5 hr. The

reaction was stopped and enzymes were precipitated by adjusting the

assay mixture to 10% trichloroacetic acid. The acid-soluble fraction

was neutralized and analyzed for nucleosides by HPLC. The HPLC

procedure was completed using a 5-z RP-18 Ultrasphere-ODS column

(4.6 x 25 cm) with a 0.1 mM NaPO4 (pH 6.0) running buffer at a flow

rate of 1 mi/mm. FUrd eluted at 19.5 mm using this procedure.

Isolation of cytoplasmic nucleolar, and nucleoplasmic RNA.

The subcellular fractionation of total cell RNA was adopted from a

method developed by Penman et a!. (13). Cells were washed once with

ice-cold PBS and suspended in lysis buffer A which consisted of 10 mM

Tris-HC1 (pH 7.0), 10 mM NaC1, 1% Triton X-100, 1% ethanol, and 50

MM VRC. This mixture was vortexed and stored on ice for 10 mm.
Nuclei were collected by spinning at 700 x g for 10 mm, and the pellet

was washed once with lysis buffer A. The supemnatants were combined

to form the cytoplasmic RNA fraction. The nuclear pellet was sus-

pended in 2 ml ofa DNase buffer containing 0.5 M NaCl, 0.05 M MgCl2,

0.01 M Tris-HC1 (pH 7.4), and 200 zg of DNase I; then, this solution

was incubated at 37’ for 3-5 mm until the pellet dissolved. Nucleoli

were then pelleted by spinning at 10,000 X g for 5 mm. The supernatant

was collected as the nucleoplasmic RNA fraction. The pellet containing

nucleolar RNA was resuspended in 10 mM EDTA and 0.2% SDS, and

all three fractions (cytoplasmic, nucleolar, and nucleoplasmic RNA)
were extracted with phenol/chloroform and precipitated in ethanol.

FUra-RNA determination. Tnitium-labeled fluoropyrimidines
were incubated with 5-180 cells for 6 hr. Different species of RNA were

isolated as described above. The purified RNA was dissolved in distilled

water and quantitated by measuring the absorbance at 260 nm (1 A�

unit = 40 �Lg of RNA). Radioactivity in the sample was assayed by

liquid scintillation counting. Specific activities for [3H]-5’-dFUrd

ranged from 1 to 50 Ci/mol and [3HJFUrd ranged from 50 to 100 Ci/
mol.

Electrophoresis of RNA. RNA in the 4 5 to 50 5 range was

fractionated on vertical 1.5% agarose slab gels containing 6 M urea and

0.015 M iodoacetate with a Tris-phosphate running buffer (0.04 M Tris,
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0.036 M NaH2PO4, 0.001 M EDTA, pH 7.4). RNA bands were visualized

under UV light after staining with ethidium bromide. Incorporation of

radiolabeled fluoropynimidines into the different size classes of RNA

was determined by slicing the RNA bands out of the gel and incubating

the slices in 0.1 N NaOH overnight to hydrolyze the RNA. The gel

slices were neutralized with HCI and the radioactivity was assayed by

liquid scintillation counting.

Results

Fluoropyrimidine cytotoxicity in S- 180 cells. The ef-

fect of a 6-hr treatment of 5-180 cells with 5’-dFUrd and FUrd

was determined by cloning the drug-treated cells in soft agar

in the presence and absence of 10 sM dThd (Fig. 1). The

addition of dThd was able to reduce but not eliminate cytotox-

icity for both drugs and it did not affect clonal growth by itself.

The approximate LD50 values for a 6-hr exposure in the absence

ofdThd were 13 �zM for 5’-dFUrd and 0.04 �zM for FUrd. When

cells were cloned in the presence of 10 �zM dThd, the LD�

values increased to 540 �tM for 5’-dFUrd and 0.62 �tM for FUrd.

These results demonstrate that FUrd was approximately 1000-

fold more potent than 5’-dFUrd in producing dThd-nonrevers-

ible cytotoxicity.

The cytotoxicity expressed in the presence of 10 �M dThd

appears unrelated to any acute suppression of DNA synthesis.

Following the completion of the fluoropyrimidine exposure,

cells were pulsed for 0.5 hr with [3H]deoxyguanosine, and the

level of incorporation into DNA was used as a measure of DNA

synthesis. As shown in Table 1, dThd did reverse the suppres-

sion of DNA synthesis caused by either FUrd or 5’-dFUrd.

However, as was observed in Fig. 1, cytotoxicity was not always

A. 5’-dFUrd

120�

100�
.�

�80�

�6O�

C.) 40

20

0�

5’-dFUrd Concentration (pM) 1

dThd - +

B. FUrd
100

.c:8#{176}

e60

�20rf0 #{149}� � I.-.--- i

FUrdConcentration(uM) 0.1 1 10 100

dThd - + - + - + - +

Fig. 1. Clonal growth of fluoropynmidine-treated S-i 80 cells. Cells were
treated for 6 hr with different concentrations of 5’-dFUrd (A) or FUrd (B)
and then cloned in the presence or absence of 10 MM dThd as described
under Materials and Methods. Bars are means ± standard error (n = 3).

TABLE 1
Effect of dThd on DNA synthesis
s-i 80 cells were exposed to FUnd or 5’-dFUrd for 4 hr. and 1 0 �M dThd was added
for the next 2 hr. These cells, and cells in which dThd was not added, were then
washed and resuspended in drug-free medium. At 0 hr and 18 hr following the
drug washout, cells were pulsed for 0.5 hr with [3H]deoxyguanosine and its
incorporation into DNA was quantitated.

% DNASynthesis

Samp� Ohr l8hr

-dThd +dThd -dThd +dmd

Control 100 ± 7 100 ± 9 100 ± 8 1 00 ± 5
0.1MMFUrd 45±6 91±6 18±6 54±7
1.0�MFUrd 26±6 86±8 9±3 51±3
5.0�MFUrd 27±7 80±3 7±5 8±4
101�MFUrd 22±4 71±14 8±6 20±4

50uM5’-dFUrd 39±6 93±4 17±2 98±4
100uM5’-dFUrd 33±3 91±6 8±5 93±2
200MM5’-dFUrd 24±8 84±5 8±3 86±5
1000t�M5’-dFUrd 19±4 76±2 6±2 68±6

a � 3� Values are means ± SD.

TABLE 2
FUra incorporation into S-180 RNA
5-180 cells were incubated for 6 hr with different concentrations of [3H.-.5’-dFUrd
or [3H]Flkd. RNA fractions were isolated and the FUra incorporation was deter-
mined as described under Matetials and Methods.

Treatment
Ft.ka incorporationinto RNA

Iota Cal CytOplasmiC Nudeolar Nucleoplasmic Ratio

pmoIofFUra/�g of RNA

5’-dFUrd
50 �zM�’

200�Mc
1000��Mt’

5.3
11.9 ± 2.2
64.7

4.3 7.4
7.9 ± 1.1 18.1 ± 1.4

45.8 76.5

8.4
20.1 ± 1.4

174

0.88
0.91
0.44

FUrd
0.1 MM�’

1 �tMC

10 �LM�’

0.5
7.8 ± 2.1

87.8

0.4 0.9
7.3 ± 0.7 24.3 ± 8.3

88.0 128

0.4
1.2 ± 0.8
3.7

2.25
20.2
34.7

a Ratio of nucleolar Ftfra incorporation to nucleoplasmic FUra incorporation.
b Values represent the average of two separate experiments.
C Values represent the mean of four separate experiments ± SD.

reversed proportionately. These results suggest that the dThd-

nonreversible cytotoxicity is unrelated to an acute suppression

of DNA synthesis.

FUra incorporation into RNA. Following a 6-hr exposure
to nontoxic and toxic concentrations of fluoropyrimidines, the

total cell RNA was isolated and the FUra incorporation was

determined (Table 2). Both fluoropyrimidines were effective

precursors for FUra incorporation into RNA; however, much

higher concentrations of 5 ‘ -dFUrd were needed to produce the
same level of FUra in RNA as FUrd. Subcellular fractionation

of 5- 180 cells allowed for the isolation of cytoplasmic, nucleolar,

and nucleoplasmic RNA (13). The distribution pattern of FUra
in each of these subcellular fractions was very different for the

two fluoropyrimidines (Table 2). In cells exposed to FUrd, the

highest density of FUra incorporation (measured as pmol of

FUra/�sg of RNA) was found in the nucleolar fraction, whereas
the lowest density was found in the nucleoplasmic RNA frac-

tion. This was true regardless of the concentration or toxicity

level of FUrd, as the average nucleolar/nucleoplasmic ratio was

22. In marked contrast, 5’-dFUrd produced a large density of

FUra incorporation in the nucleoplasmic RNA, relative to what

was observed for FUrd. For 5’-dFUrd, the nucleolar/nucleo-

plasmic ratio was always less than 1, with an average of 0.75.

This result was obtained independently of the level of cytotox-
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icity produced. Thus, the relative pattern of FUra distribution

in the nucleoplasmic RNA varied dramatically with the precur-

sor used, and this pattern was consistent regardless of the

concentration of drug employed. Additional experiments con-

firmed that the total amount of RNA isolated per cell was

unchanged for either drug in all of these experimental condi-

tions. To confirm that the radiolabel measured in the RNA was

associated with FUra-base residues, RNA was enzymatically

hydrolyzed and dephosphorylated to nucleosides, which were

then characterized by HPLC (see Materials and Methods).

Greater than 97% of all radioactivity associated with nucleo-

sides was found to be [3H]FUrd from both cells treated with

[�H]5’-dFUrd and [3H]FUrd.
Comparison of FUra-labeled RNA with dThd-nonre-

versible cytotoxicity. With time, the treatment of S-180 cells

with 200 �zM 5’-dFUrd and 1 �zM FUrd produced roughly similar

levels of total cell FUra in RNA (Table 3). At 1 hr, the level of

FUra in RNA was lower in 5’-dFUrd-treated cells; however, by

6 hr, this level was slightly higher than that seen in cells treated

with 1 �tM FUrd. Despite this similar degree of incorporation,

the dThd-nonreversible cytotoxicities of these two exposures

differed greatly (Table 3). The 6-hr treatment with 5’-dFUrd

was relatively nontoxic, resulting in a clonal growth of 89% of

the control when supplemented with dThd. The 6-hr treatment

with FUrd was more toxic, showing 26% clonal growth in the

presence of dThd. Thus, despite the fact that 5’ -dFUrd gener-

ated greater levels of FUra in total cell RNA (12.5 and 7.8

pmol/�zg, respectively, for 200 �iM 5’-dFUrd and 1 �tM FUrd), it

was markedly less cytotoxic. The comparatively low level of

FUra incorporation from 5’-dFUrd at 1 hr would suggest that

the molar rate of incorporation per unit time was lower for 5’-

dFUrd, as has been reported previously (14).

FUra incorporation in RNA fractionated by electro-
phoresis. Gel electrophoresis was used to examine the RNA

from cells exposed to concentrations of 5’-dFUrd and FUrd

which generated similar levels of FUra in total cell RNA. S-

180 cells were exposed to 200 �tM [tHl-5’-dFUrd or 1 �zM [3HJ

FUrd for 6 hr and the total cell RNA was isolated. Electropho-

resis (Fig. 2) ofthe RNA on 1.5% agarose/6 M urea gels allowed

for the separation of the precursor rRNAs (45 S, 36 S, and 32

S), the mature rRNAs (28 S, and 18 S), and the small molecular

weight RNAs (4 S to 8 S). Substantial FUra incorporation

occurred in each of these species of RNA following treatment

with either drug. The respective incorporation of FUra in RNA

in cells treated for 1, 3, and 6 hr with 200 �tM 5’-dFUrd was

compared with the FUra pattern in the RNA from cells treated

for 6 hr with FUrd (Fig. 3). The predominant differences

TABLE 3

Clonal growth of 5-180 cells and FUra incorporation into total cell
RNA

5-1 80 cells were incubated for 6 hr with [3H)5’-dFUrd or [3H]FUrd. A fraction of the
cells was then cloned in soft agar in the presence of 1 0 �M dThd and the remaining
cells were used to determine incorporation into total cell RNA as described under
Materials and Methods.

Treatment
Ft.ka incorporationin total cell RNA c�

gr0�lhr 3hr 6hr

pmolof FUra/�g ofRNA % of control

200 MM 5’-dFUrd 2.0 ± 0.7 7.3 ± 0.9 12.5 ± 2.3 89 ± 9
1�MFUrd 3.2±0.5 5.5±1.2 7.8±2.5 26±7

marker

marker

� 4toIOs

Fig. 2. Agarose/urea gel electrophoresis of S-i 80 total cell RNA. S-i 80
cells were incubated with [3HJ5’-dFUrd or [3H]FUrd for 1 .3 or 6 hr. The
RNA was isolated and one A� unit was electrophoresed as described
under Materials and Methods. This allows for the resolution of the
precursor rRNAs (45 5, 36 S, and 32 S), the mature rRNAs (28 S and
1 8 S), and the transfer and small molecular weight RNAs (8 S to 4 S).
From left to right: lane 1 = 200 � 5’-dFUrd, 1 hr; lane 2 = 200 �zM 5’-
dFUrd, 3 hr; lane 3 = 200 �M 5’-dFUrd, 6 hr; lane 4 = 1 .0 �zM FUrd, 6 hr;
lane 5 = 16 S and 23 S rRNA marker; lane 6 = control.

between the two treatments were noted in the rRNA. Treat-

ment with 5’-dFUrd resulted in a time-dependent increase in

FUra accumulation in the mature 28 S and 18 S rRNA frac-

tions, with 39% of the total FUra incorporation found in these

species at 6 hr. In contrast, FUrd caused a greater accumulation

in the 45 5, 36 5, and 32 S precursor rRNA and showed

relatively little incorporation into the 28 S and 18 S mature

rRNA. Only 10% of the total FUra in RNA was found in the

mature 28 S and 18 S rRNA following a 6-hr exposure to 1 �zM

FUrd. These results are consistent with the FUrd producing a

block in the processing of rRNA to the mature species (5).

However, the less toxic 5 ‘ -dFUrd did not appear to shut down

rRNA processing since, with an increase in time, there was a

proportionally greater amount of radiolabeled drug accumulat-

ing in the mature 28 S and 18 S rRNA. No evidence for a time-

dependent impairment in the production of tRNA was observed

for either drug treatment. Thus, despite producing equal levels

of FUra in total cell RNA, these concentrations of 5’-dFUrd

and FUrd distributed differently in the distinct types of RNA
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A. 200pM 5’-dFUrd, 1 hr

45S 36S 32S 28S 18S

I I I I I

Slice Number

Fig. 3. FUra incorporation into specific RNA species. S-i 80 cells were
incubated for different times with 200 �M [3H]-5’-dFUrd or 1 MM [3H]
FUrd. The total cell RNA was isolated and one A2ea unit of RNA was
electrophoresed as shown in Fig. 2. The bands were then sliced out of
the gel and the picomoles of FUra contained in each were determined as
described under Materials and Methods. The percentage values indicate
the fraction of total FUra incorporation occurring in that RNA band. The
total picomoles of FUra quantitated in each lane were: (A) 65 pmol, (B)
21 2 pmol, (C) 372 pmol, and (D) 232 pmol. These results are from one
experiment the patterns of which were reproduced identically in two
additional comparative experiments.

separated by gel electrophoresis. These differences appeared to

be related to a differential effect of these two drugs on rRNA

processing.

Discussion

This study compared the two fluoropyrimidine nucleosides

FUrd and 5’-dFUrd, which are both precursors for FUra incor-
poration into RNA. Previous studies with these two compounds
demonstrated that both are converted to FUTP, although they

differ in their enzymatic pathways for activation and in their

relative rates of metabolism (15). In addition, their dThd-

nonreversible cytotoxicities also differ, with FUrd being much

more potent than 5’-dFUrd, despite the fact that both can
produce similar amounts of FUra incorporation into total cell
RNA (1 1). This suggested that the FUra incorporation from

the more toxic FUrd is different from that which occurs from

the less toxic 5’-dFUrd treatment. We initiated the present

study to confirm the above observation and to examine the

RNA incorporation resulting from these two drug treatments

in order to characterize the precursor-dependent differences in

4S the incorporation of FUra into RNA.

I Both drugs were cytotoxic to S-180 cells, although in the
presence of exogenous dThd, FUrd was approximately 1000-

fold more potent than 5’-dFUrd. Each agent also effectively

rE�.i incorporated FUra into 5-180 RNA, but subcellular fractiona-

tion revealed differences in their patterns of distribution in the

various RNA compartments. The nucleoplasmic RNA fraction,

which reportedly (13) contains heterogeneous nuclear or pre-

mRNA, showed the greatest difference between the two drugs.

For all concentrations of FUrd examined, the level of FUra in

nucleoplasmic RNA was consistently much lower than in the

nucleolar or cytoplasmic RNA fractions (Table 2). 5’-dFUrd,

however, uniformly produced approximately equal levels of

FUra incorporation between the nucleoplasmic and nucleolar

RNA. These results were true regardless of whether nontoxic

or toxic concentrations were used. The differences between the

two treatments in the labeling of cytoplasmic and nucleolar

RNA were not as dramatic. Therefore, the incorporation of

FUra in the nucleoplasmic RNA, relative to the other RNA

fractions, appears to be highly dependent upon the precursor

used and is not related to concentration or toxicity levels.

A potential explanation for this apparent differential distri-

bution of FUra into nuclear RNA is the compartmentalization

of ribonucleotide precursor pools. Genchev et al. ( 16) have

previously reported that nuclear pyrimidine ribonucleotide

pools for RNA biosynthesis may be compartmentalized. Differ-

ent precursors of UTP were found to result in incorporation

into different species of nucleolar RNA: [�H]uridine preferen-

tially labeled pre-rRNA, whereas [3H]orotate, which is also a
precursor of UTP, preferentially labeled the heterogeneous

nuclear RNA or pre-mRNA. Shani and Danenberg (17) have

extended these observations somewhat to the fluoropyrimi-
dines. They found evidence for distinct, non-equilibrating pre-

cursor pools of FUTP for the synthesis of various species of

RNA which were fed by different metabolic pathways. FUra

and FUrd were metabolized in such a way that each was

channeled into different ribonucleotide compartments and ul-

timately into different classes of RNA. Thus, two different

fluoropyrimidines which produce similar levels of incorporation

into total cell RNA may actually be found in different types of

RNA.

With increasing periods of exposure, it was apparent that
another factor could markedly contribute to the differential

FUra accumulation in RNA seen with these two agents. In cells

treated with 200 �zM 5’-dFUrd, there was a time-dependent
increase in the accumulation of FUra in the mature cytoplasmic

28 S and 18 S rRNA, with a large fraction of the total cell FUra

incorporation occurring in these rRNA by 6 hr (Fig. 3). This

was in marked contrast to 1 zM FUrd, where very low levels of
FUra incorporation were found in rRNA at 6 hr, a pattern

consistent with an FUrd-induced block in rRNA processing (8).

In the case of 5’-dFUrd, it was clear that with time the

unaltered production of rRNA resulted in the large accumula-

tion of FUra in total cell RNA and partially explains why a 6-

hr exposure to 5’-dFUrd can have greater, yet nontoxic, total

FUra-RNA levels.

Therefore, two apparently interrelated factors contribute to

the subcellular distribution and accumulation of FUra in RNA:

precursor-dependent channeling, and altered rRNA metabo-

lism. FUrd was preferentially incorporated into pre-rRNA and
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was found to inhibit rRNA processing at low concentrations,

which limited its accumulation in the 28 S and 18 S mature

rRNA, the predominant RNA species in cells. However, 5’-

dFUrd appears to be preferentially channeled into nucleo-

plasmic RNA and, although incorporation did occur, also was

less able to inhibit rRNA production. Thus, with time, a sub-

stantial amount of FUra incorporation from 5’-dFUrd accu-

mulated the mature 28 5 and 18 S rRNA. Other studies have

suggested an explanation for why these two drugs may affect

rRNA processing differently even though both result in FUra

incorporation into the 45 S precursor rRNA. The rapid conver-

sion of FUrd to FUTP results in a rapid rate incorporation of

this analog into RNA, allowing for a high density of FUra

substitution for uracil residues in the newly synthesized RNA

transcripts. This high density labeling may in turn induce

physiochemical alterations which result in the prevention of

processing of RNA to the mature species. Therefore, the net

accumulation of FUra in the mature 18 5 and 28 5 rRNA would

be self-limited by this processing block. However, 5’-dFUrd is

converted to FUTP at a much slower rate. This, combined with

an apparent preferential channeling into other species of nu-

clear RNA, produces a much lower density of FUra substitution

per molecule of newly made rRNA transcripts, which may be
insufficient to produce the alterations necessary to block rRNA

processing. With time, these less densely labeled RNA mole-

cules would be processed normally and accumulate in the cell

as mature rRNA, thereby contributing to the eventual high

levels of FUra-containing RNA generated by nonlethal doses

of 5’-dFUrd.

The question of which RNA-related lesion is responsible for

fluoropyrimidine cytotoxicity was not specifically addressed in

these experiments, although this topic is currently under much

study. However, in this regard it is of interest that high levels

of FUra incorporation into nucleoplasmic RNA (8.4 and 19.1

pmol of FUra/�tg of RNA) were observed following the nontoxic

5’-dFUrd treatments (50 and 100 �zM 5’-dFUrd, respectively).

These levels were much greater than those produced by the

toxic FUrd concentrations. Any RNA alteration induced by
FUra accumulation in this subcellular fraction following treat-

ment with S’dFUrd was not lethal to 5-180 cells under these

conditions. Because nucleoplasmic RNA is reported to contain

predominantly pre-mRNA, the current results with 5’-dFUrd

would suggest that FUra incorporation into this RNA does not

affect cell viability. This is in apparent contrast to the recent

reports and speculation by Dolnick and Pink (4, 18) that FUra-

altered mRNA mediates dThd-nonreversible cytotoxicity. The

latent changes in this species of RNA observed by these inves-

tigators would appear to be secondary to other macromolecular

changes.

It is apparent that monitoring more specific interactions of

FUra with RNA is required for evaluating possible cytotoxic

drug actions on RNA metabolism. Measuring the incorporation

of FUra into a distinct species or class of RNA may be more

closely related to drug toxicity than to the total cell levels of

FUra in RNA. Supporting this concept is the observation made

by Herrick and Kufe (9) of a highly significant association

between FUra incorporation into nuclear pre-rRNA and cell

lethality. This may also be important in combination chemo-

therapy studies which use biochemical modulators to increase

FUra activity. Drug treatments which only minimally affect

the level of FUra in total cell RNA may actually enhance FUra-

induced aberrations in specific RNA species. For example,

Major et al. (19) examined FUra combinations with methotrex-

ate, N-(phosphonacetyl)-L-aspartate and 6-methylmercapto-

purine riboside and found that the enhanced FUra cytotoxicity

observed after antimetabolite pretreatment weakly correlated

with the absolute level of FUra in total cell RNA. However,

when only newly synthesized RNA was specifically examined,

a highly significant association between incorporation and cy-

totoxicity was observed.

In summary, our studies have demonstrated that different

precursors of FUTP do not necessarily produce similar types

of FUra incorporation into RNA. Thus, the absolute level of

incorporation of FUra in total cell RNA is a poor indicator of

the overall effects of the fluoropyrimidines. Monitoring more

specific interactions of FUra with distinct types of RNA is

necessary for evaluating the possible cytotoxic actions of this

class of drugs.
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