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Effect of 5-Fluorouracil on the Synthesis and Translation of Polyadenylic
Acid-containing RNA from Regenerating Rat Liver
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acid, and subsequent inhibition of thymidylate synthetase and
DNA synthesis (8, 9, 17, 19). However, the incorporation of
labeled precursors into RNA is also affected by 5-FUra. Har
bers et al. (17) reported that, in Ehrlich ascites tumor-bearing
mice given 7 daily injections of 18 mg of 5-FUra per kg,
incorporation of [2-'4C]uracil into nRNA uracil was decreased
by 84% while label in cytoplasmic RNA uracil was decreased
by 74%. Dannebenget al. (9) using a single 150-mg/kg dose
of 5-FUra in mice beaning Ehrlich ascites carcinoma found that
the antimetabolite inhibited the incorporation of [2-'4C]uracil
into both tumor and liver by 64 to 68%. In the same system, 25
mg of 5-FUra per kg produced no effect on the incorporation
of [2-14C]uracil into tumor RNA (18), nor was a single 25 mg/
kg dose of 5-FUra cytostatic in Morris hepatoma 3924A (24).
Furthermore, 5-FUra is incorporated into all forms of RNA,
including mRNA (8, 14, 16, 39), and is selectively incorporated
into RNA but not into DNA in tumor cells (7, 17). In the latter
instance, the incorporation of 5-FUra into RNA can be markedly
augmented by the simultaneous administration of thymidine (4,
29). This effect is associated with increased antitumor activity
and suggests that the incorporation of 5-FUra into RNA may
play a significant role in its mechanism of cytotoxicity (29, 33).
Substitution of 5-FUra for uracil in mRNA could result in mis
coding and translational errors, leading to fraudulent protein
synthesis. Indeed, work with Escherichia coli has indicated that
5-FUra can cause phenotypic reversion of an amber mutant for
alkaline phosphatase and that the reversion appears to be due
to substitution of 5-FUra for uracil in the amber codon, UAG,
resulting in the codon's being translated as CAG (35). More
recently, it was reported that 5-FUra is converted to 5-fluoro
cytosine in HeLa cells and that the antimetabolite substitutes
for cytosine in the mRNA but is subsequently translated like
uracil (13).

The present study was initiated to investigate the effect of 5-
FUra given to rats during the 2 waves of RNA synthetic activity
following partial hepatectomy, the incorporation of 5-FUra into
rRNA and poly(A)RNA, and the translational capacity of 5-
FUra-modified poly(A)RNA.

MATERIALS AND METHODS

Materials. Sepharose4B was obtainedfromPharmaciaFine
Chemicals, Piscataway, N. J. ; wheat germ was obtained from
General Mills, Minneapolis, Minn. ; ampholytes were purchased
from LKB Instruments, Inc., Rockville, Md.; poly(U) and
micrococcal nuclease were obtained from Sigma Chemical Co.,
St. Louis, Mo.; Aquasol, L-[3,4,5-3H]Ieucine (1 10 Ci/mmol), [5-
3H]orotic acid (20 Ci/mmol), [6-'4C]orotic acid (50 mCi/mmol),
and L-[methionyl-methyl-3H]methionyl-tRNA, (0.54 @tCi/A26o)
were purchased from New England Nuclear, Boston, Mass. 5-
Fluoro-[6-3H]uracil (2 Ci/mmol) was obtained from Amersham
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ABSTRACT

The effect of 5-fluorouracil (5-FUra) on the synthesis of
polysomal RNA, the incorporation of the drug into polysomal
RNA, and the translation of 5-FUra-modified polyadenylic acid
containing RNA [poly(A)RNA] were measured in regenerating
liver of partially hepatectomized rats treated with 5-FUra at 1
and 16 hr after surgery. Polysomal RNA was separated into
poly(A)RNA and rRNA. The synthesis of poly(A)RNA, as meas
ured by [3H]orotic acid incorporation, was unaffected by 5-
FUra (20 mg/kg), while rRNA synthesis was decreased ap
proximately 60%. The intracellular specific radioactivity of UTP
was unaltered by drug treatment. PoIy(A)RNA contained 2,68
pmol of 5-FUra per @gof RNA, and rRNA contained 0.54 pmol
of 5-FUra per ,.tgof RNA after administration of a 20 mg/kg
dose of 5-FUra. Agarose-unea gel electrophoresis showed that
poly(A)RNA labeled with [3H]-5-FUnahad a modal distribution
in size of 215 and was similar to that of control poly(A)RNA
labeled with [3H]orotic acid. rRNA labeled with [3HJ-5-FUra
showed 285 and 185 RNA with an additional species at 385
in comparison to control rRNA. Control and 5-FUra-modified
poly(A)RNA were translated in vitro in a cell-free wheat germ
system. The products were analyzed by sodium dodecyl sul
fate-polyacrylamide gel electrophoresis, isoelectric focusing,
and fluorography. Poly(A)RNA from rats treated with 20 mg of
5-FUra per kg stimulated translation by 240% in comparison
to poly(A)RNA from control animals. The stimulatory effect was
associated with an overall increase in the quantity of products
translated and a preferential increase in five high-molecular
weight peptides. There was no change in the size or isoelectnic
composition of the proteins, and no new translation products
were observed. Although the initial rate of translation of 5-
FUra-modified poly(A)RNA was 4 times faster than that of
control poly(A)RNA, the initiation step, as measured by the
formation of methionylpuromycin, was the same for both spe
cies of RNA. Competition experiments with 7-methylguanosine
monophosphate and 7-methylguanosine diphosphate, to meas
ure the interaction of the 5'-cap of mRNA with initiation sites in
the ribosome, also showed no differences between control and
5-FUra-modified poly(A)RNA.
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5-FUra Action on Translation in Vitro

Corp., Arlington Heights, Ill. Puromycin dihydrochlonide was
purchased from Calbiochem, La Jolla, Calif.

Treatment of Animals. Male Sprague-Dawleyrats (Taconic
Farms, Germantown, N. V.) weighing 75 to 100 g were main
tamed under conditions of alternating 12-hr periods of light
and darkness. Prior to surgery, food and water were available
as needed; after surgery, food was withheld. Partial hepatec
tomies were performed under ether anesthesia according to
the method of Higgins and Anderson (20). 5-FUra was dis
solved in 0.9% NaCI solution and injected i.p. at 1 and 16 hr
after partial hepatectomy at the indicated doses. Control ani
mals received an equal volume of 0.9% NaCI solution.

The incorporation of 5-FUra into RNA was measured in rats
given i.p. injections of [3H]5-FUra (20 mg/kg; 16 mCi/mmol)
at 1 and 16 hr after partial hepatectomy. RNA synthesis was
measured in animals given i.p. injections of either [5-3Hjorotic
acid (500 MCi/kg; 20 Ci/mmol) or [6-'4C]onotic acid (500 @Ci/
kg; 50 mCi/mmol) 15 mm after the dose of 5-FUra at 16 hr.

Isolation of RNA. Animalswere sacrificedby decapitationat
18 hr after partial hepatectomy, and their livers were excised,
minced, and homogenized in 9 volumes of 25 mMTnis-HCI(pH
7.5)-25 mM NaCI-5 mM MgCI2-2% Triton X-1 00-hepanin (1 mg/
ml). Polysomes were isolated from this homogenate by the
method of Palmiten (30). RNA was extracted from the poly
somes as described by Glazer (12) and separated into
poly(A)RNA and non-poly(A)RNA on poly(U)-Sepharose ac
cording to the method of Eiden and Nichols (10). Poly(U)
Sephanose was prepared by the procedure of Lindberg and
Persson (27). PoIy(A)RNA was precipitated overnight at â€”20Â°
with 95% ethanol-2% potassium acetate in the presence of 50
jzg of carrier E. coli tRNA. This amount of tRNA was not found
to interfere with the translation assay.

Specific Activity of UTP. UTP was isolated by the method of
Hurlbert et al. (22). Livers from control and 5-FUra-treated
partially hepatectomized rats were quickly removed and frozen
in liquid nitrogen. The frozen tissue was powdered and homog
enized with 2 volumes of ice-cold 0.6 N penchlonic acid. The
cold acid-soluble fraction was neutralized with KOH using
phenol red as an internal indicator, and KCIO4was removed by
centnifugation after remaining at 4Â°for 30 mm. The remaining
procedure was followed as described by Glazer (11).

Agarose-Urea Electrophoresis. RNA was dissolved in 25
mM Na2HPO4-O.6mM citric acid (pH 8.0)-6 M urea-20% su
crose-0.005% bromphenol blue, and aliquots were taken for
determination of radioactivity. Aliquots of RNA containing equal
amounts of radioactivity were subjected to electrophoresis at
2 ma per gel in 1.75% agarose gels containing 25 mt,i
Na2HPO4-O.6mM citric acid (pH 8.0)-6 M urea. Gels were
sectioned into 2-mm slices and were dissolved in 60% per
chlonic acid. Radioactivity was determined by mixing each
sample in Aquasol and counting in a Searle Mark III liquid
scintillation spectrometer.

Wheat Germ Translation System. The translationalcapacity
of poly(A)RNA was measured in a wheat germ translation
system by a modification of the method of Roberts and Pater
son (34). The 30,000 x g supernatant solution prepared from
wheat germ was treated with micrococcal nuclease (31) prior
to its addition to the translation system. The incubation mixture
contained in a total volume of 25 @tI:5 @gpyruvate kinase; 5
@slof nuclease-treated 30,000 x g wheat germ extract; 2 m@.i
amino acids without leucine; L-(3,4,5-3H]leucine (5 g@Ci;110

Ci/mmol); 1 @gpoly(A)RNA; 20 m@iN-2-hydroxyethylpipera
zine-N'-2-ethanesulfonic acid (adjusted to pH 7.0 with KOH);
2 m@ dithiothreitol; 20 @tMGTP, 1 m@ ATP; 8 m@ phospho
enolpyruvate; 0.6 mM spermidine; 2 mM magnesium acetate;
and 50 mM KCl. The wheat germ extract contributed 25.6 m@
K@ and the N-2-hydroxyethylpipenazine-N'-2-ethanesulfonic
acid buffer contributed 7 m@K@.The concentrations of Mg2@,
K@,and poly(A)RNAwere determinedto be optimumfor trans
Iation in this system. Following incubation for 2 hr at 20Â°,the
proteins were precipitated with either 2 ml of 10% TCA for
measuring total incorporated radioactivity or 80% acetone at
â€” 20Â° for 1 hr for further analysis of the translation products.

Following TCA precipitation, the samples were heated at 90Â°
for 10 mm, chilled in ice, and filtered on Whatman No. 3M
scintillation pads. The pads were washed 3 times with 2 ml of
cold 5% TCA, twice with 2 ml of 70% ethanol, and once with
2 ml of 95% ethanol; dried; and hydrolyzed in 0.5 ml of 0.5 N
NaOH for 1 hr at 90Â°.Following neutralization with 1 N HCI,
samples were mixed with Aquasol and counted in a Seanle
Mark III liquid scintillation spectrometer. For product analysis
by isoelectnic focusing or SOS-gel electrophoresis, the acetone
precipitate was washed 3 times with cold 80% acetone and
dissolved in the appropriate buffers.

Isoelectric Focusing. lsoelectnic focusing was performed in
slabs according to the procedure of Gronow and Griffiths (15).
After focusing, the gels were prepared for scintillation autog
raphy (fluorography) according to the procedure of Bonner and
Laskey (1). The PPO-impregnated gels were exposed to Kodak
XR-5 X-ray film for 3 to 7 days at â€”70Â°. Developed X-ray films
were scanned at 400 nm in a Gilford spectrophotometer
equipped with a linear transport accessory.

SDS-GeI Electrophoresis. Electrophoresis was performed in
10% polyacrylamide gels with a 3% stacking gel using the SOS
buffer procedure described by Laemmli and Favre (25). Stand
ards used were cytochrome c, soybean trypsin inhibitor, RNA
polymerase a, bovine serum albumin, and RNA polymerase fi,
with molecular weights of 1.25 x 1O@,2.1 5 x 1O@,3.90 x
1o@,6.8 x 1o@,and 1.55 x 1O@,respectively. Slab gels were
subjected to electrophoresis at 10 ma/slab and were prepared
for scintillation autography as described previously.

Puromycin Release Assay. The incubationwas carried out
in 2 stages. The first stage comprised the conventional trans
lation system of Roberts and Paterson (34), including the
preincubation step. The preincubated 30,000 x g supernatant
solution was treated with micrococcal nuclease as described
above. The incubation mixture was as described above, with
the exception that the 2 m@amino acids were omitted and
[3H]methionyl-tRNA, (0.2 MCi; 0.41 7 A2sounit) was added in
place of the labeled leucine. Incubation was at 20Â°for 15 mm,
whereupon the tubes were placed in an ice bath for 2 mm. The
second stage of the assay measured the release of [3H]meth
ionylpuromycin according to the method of Leder and Bursztyn
(26). Following the addition of 25 nmol of puromycin in 5 @Iof
water, the incubation was carried out for 30 mm at 20Â°.One
ml of 0.1 M sodium phosphate buffer (pH 8.0) and then 1.5 ml
of ethyl acetate were added. The [3H]methionylpuromycmnwas
extracted into the ethyl acetate by ten 5-second agitations on
a vortex mixer, the ethyl acetate and aqueous phases were
separated by rapid (less than 30-sec) centnifugation, and the
radioactivity was determined in a 1-ml aliquot of the ethyl
acetate phase.
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Effect of 5-FUra on the amount of polysomal RNA recovered fromregeneratingliverRats

were given either 20 mg of 5-FUra per kg or an equivalent volumeof0.9%
NaCI solution i.p. at 1 and 16 hr after partial hepatectomy. Animalsweresacrificed

at 18 hr after the operation. PolysomalRNAwas isolated andseparatedinto
poly(A)RNA and rRNA on poly(U)-Sepharose as described under@ Materialsand
Methods.'@A260/g

liver%

ofFraction
Control 5-FUracontrolrRNA

106 Â±5a 94@ 589Poly(A)RNA
0.47 Â±0.1 1 0.43 Â±0.0991a

Mean Â±SE. of 30 determinations.

IsotopeFractionNo.

of de
termina

tions% ofcontrol[3H)Orotic

acidpoly(A)RNA
rRNA5 51

24 Â±6
43Â±4[4C]Orotic

acidpoly(A)RNA
rRNA3 279

Â±2
37a

MeanÂ±SE. of 3 to5 determinations.

Effect of 5-FUra on the specific radioactivity of UTP in regeneratingliverRats
were given 20 mg of 5-FUra per kg or an equivalent volume of0.9%NaCI

solution i.p. at 1 and 16 hr after partial hepatectomy. Fifteen mm aftertheinjection
at 16 hr. the specified isotopes were injected p. at a dose of 500@tCi/kg.

After 1 hr and 45 mm, the specific activity of UTP was determinedasdescribed
under@ Materials and Methods. @Specific

activity ofUTP(106
dpm/@zmolUTP)Isotope

Control 5-FUra-treated % ofcontrol[3H]Orotic

acid 1.46 1.61 110[â€˜4C)Orotic
acid 4.34 3.98 92

C. K. Carrico and R. I. Glazer

[3H]orotic acid from control or 5-FUra-treated partially hepatec
tomized rats showed a heterodisperse distribution (Chart 1).
Poly(A)RNA from 5-FUra-treated animals showed a modal dis
tnibution in size of 165, while control poly(A)RNA had a median
size of 205. However, the broad distribution in size of
poly(A)RNA for both control and 5-FUra-treated animals does
not rule out an effect of 5-FUra on specific subclasses of
poly(A)RNA.

Aganose-urea gel electrophoresis of rRNA indicated signifi
cant differences between control and 5-FUra-modified species
(Chart 2). The control gel pattern showed that this RNA fraction
was 285, 185, and 4 to 5S RNA. In contrast, electrophonesis
of nRNAfrom 5-FUra-treated rats showed the presence of 385
RNA, while the labeling of 185 and 285 RNA was diminished
and that of 45 RNA was increased.

To measure the actual incorporation of the antimetabolite
into RNA, [3H]-5-FUra was administered at a dose of 20 mg/kg
using the same regimen as with unlabeled 5-FUra. Poly(A)RNA
contained 2.68 Â±0.81 (S.E.) pmol of 5-FUna per @tgof RNA,
and rRNA contained 0.54 Â±0.04 pmol of 5-FUra per @tgRNA.
This corresponds to a 0.4% substitution of 5-FUra for uracil in
poly(A)RNA and a 0.07% substitution in rRNA. Agarose-urea
gel electrophoresis patterns of 5-FUna-labeled nRNA and
poly(A)RNA are presented in Chart 3. PoIy(A)RNA had a modal
distribution in size of 215, and the peak distribution was similar
to that observed when [3H]orotic acid served as precursor
(Chart 1B). [3H]-5-FUra was also incorporated into all species
of rRNA as well as into 385 RNA. These results are similar to
those using [3Hjorotic acid as precursor (Chart 2B).

Poly(A)RNA from 5-FUra-treated animals was found to stim
ulate the incorporation of labeled precursor into proteins syn
thesized in vitro (Table 4). The stimulation was dose dependent
with optimum incorporation occurring at 20 to 30 mg of 5-FUra
per kg. A 20-mg/kg dose of 5-FUra injected at 1 and 16 hr
after partial hepatectomy was chosen as the standard dose for
the subsequent investigations.

Concentration curves of the amount of poly(A)RNA added
versus activity in the in vitro translation system indicated that
the enhanced translational activity produced by poly(A)RNA
from 5-FUra-treated animals could not be achieved by merely
increasing the amount of control poly(A)RNA (Chart 4).

The products translated in vitro were analyzed by isoelectnic
focusing and gel electrophoresis to ascertain if the enhanced
effect seen with poly(A)RNA from 5-FUra-treated rats resulted
in the translation of new gene products. Both isoelectric focus
ing gels (Chart 5) and SDS-polyacrylamide gels (Chart 6)
indicated that the increase in [3H]leucine incorporation was not
associated with a shift in the size or isoelectric composition of
the translation products. Rather, there appeared to be an
overall increase in the quantity of products synthesized from
poly(A)RNA from 5-FUra-treated animals (Chart 6). However,
5 high-molecular-weight proteins weighing 1.2 x 10@,8.6 x
10@,7.6 X 1o@,6.8 x 1O@,and 5.7 x 1O@were shown by
spectrophotometnic tracings of the X-ray film to be more mark
edly intense than other translated peptides (Chart 6). The
spectrophotometnic tracings of X-ray films of isoelectrically
focused gels also showed 5 proteins to be more markedly
intense than other translated peptides. These proteins had
isoelectric points at 4.8, 5.4, 6.1 , 6.5, and 7.2.

In order to assess the effect of 5-FUra-modified poly(A)RNA
on the various phases of translation, the increase in the incor

Table2

Effect of 5-FUra on the incorporation of labeled orotic acid into polysomal PNA
Rats were given either 20 mg of 5-Fura per kg or an equivalent volume of

0.9% NaCIsolution p. at 1 and 16 hr after partial hepatectomy. Fifteen mmafter
the injection at 16 hr. rats were given [3H)orotic acid (500 @iCi/kg;20 Ci/mmol)
or [â€˜4C]oroticacid (500 @tCi/kg;50 mCi/mmole) p. After 1 hr and 45 mm,
polysomal RNA was isolated as described in@ Materials and Methods.@@ Control
values for the specific activity of the RNA were: PoIy(A)RNA, 3.15 Â±0.348 x
i04dpm3HperA2@and7.41Â±0.54x i0@dpmâ€˜4CperA2@:rRNA,2.24Â±
0.33 x iO@dpm 3Hper A2@and 2.75 Â±0.77 x iO@dpm â€˜4Cper A2@.

Table3
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RESULTS

5-FUra had no effect on the total amount of either poly(A)RNA
or rRNA recovered per g of regenerating liver (Table 1). Treat
ment of partially hepatectomized rats with 5-FUra produced a
marginal effect on the incorporation of either [3H]onotic acid
or [14C]onotic acid into poly(A)RNA (Table 2). In contrast,
the specific activity of rRNA from 5-FUra-treated animals
was markedly decreased. Although some differences were
noted between the incorporation of [14C]oroticacid and that of
[3H]orotic acid into poly(A)RNA, the slight changes in the spe
cific activity of poly(A)RNA were not statistically significant.

Since the reduction in specific activity of rRNA may reflect
alterations in the specific activity of UTP due to some pertur
bation in the UTP pool produced by 5-FUra, an analysis of the
specific radioactivity of UTP was made (Table 3). No significant
changes in the specific activity of UTP were noted after 5-FUra
treatment. Thus, the decrease in specific activity of rRNA from
5-FUra-treated animals does not appear to reflect changes in
the intracellular pool of UTP.

Agarose-urea gel electrophonesis of poly(A)RNA labeled with
Table 1
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5-FUra Action on Translation in Vitro

Chart 1. Agarose-urea gel electrophoresis of
poly(A)RNA from control and 5-FUra-(5-FU)-
treated animals. PoIy(A)RNA was isolated from
polysomes from the livers of partially hepatecto
mized rats treated with either 0.9% NaCI solution
(A) or 20 mg of 5-FUra per kg at 1 and 16 hr after
operation (B). Rats were given an i.p. injection of
[3H)orotic acid (500 iCi/kg: 20 Ci/mmol) 15 mm
after the dose at 16 hr of 0.9% NaCIsolution or 5-
FUra and killed 18 hr after operation. Electropho
resis in agarose-urea gels was carried out as
described in â€M̃aterials and Methods. @â€˜

Chart 2. Agarose-urea gel electrophoresis of rRNA from con
trol and 5-FUra (5-FU)-treated animals. rRNA was isolated from
liver polysomes of partially hepatectomized rats treated with either
0.9% NaCI solution (A) or 20 mg of 5-FUra per kg (B) at 1 and 16 L
hr after operation. Rats were labeled with [3HJorotic acid as
described in Chart 1. Electrophoresis in agarose-urea gels was@
carried out as described In â€œMaterialsand Methods.â€•

5

4

3

2

x

a.
0

0 1 2 3 4 5 6 1 2 3 4 5 6
1â€”) DISTANCEMIGRATED(cm)

(-I DISTANCEMIGRATED(cm) 1+)

poration of [3H]Ieucine into TCA-precipitable material during
the early phase of translation was measured (Chart 7). 5-FUra
modified poly(A)RNA was translated initially at a more rapid
rate than was control poly(A)RNA. The slope for the first 3 mm
of translation of the 5-FUra-containing poly(A)RNA was calcu
lated to be 693 Â±7, while the corresponding slope of the
control RNA was 173 Â±6. After 20 mm, the rate of translation
again becomes linear but at a reduced rate. This presumably
reflects an increased contribution by the elongation phase to
the overall rate of translation. The slope for this part of the
curve with 5-FUra-modified poly(A)RNA was 55.8, while the
corresponding slope for control poly(A)RNA was 38.7.

Since the initial nate of translation was significantly greater
for 5-FUra-containing poly(A)RNA, various aspects of the initi

ation process were studied. One of the events associated with
the initiation of protein synthesis is the binding of the mRNA to
the nibosome.Several studies have shown that poly(A)RNA has
a unique methylated sequence at the 5'-terminus which is a
prerequisite for its binding to the 40S subunit and its subse
quent translation (2, 32, 38). To see if the increase in transla
tion by poly(A)RNA from 5-FUra-treated animals could be ex
plained on the basis of increased interaction of the 5'-cap of
the poly(A)RNA with the nibosome, translation assays were
performed in which m7GMPor m7GOPwas added to the reac
tion. This analog has been shown to be a competitive inhibitor
of protein synthesis initiation in the wheat germ system (23,
37). In this system, 0.2 mM m7GMP caused 64% inhibition of
translation with control poly(A)RNA and 73% inhibition with

3697SEPTEMBER1979

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/39/9/3694/2405774/cr0390093694.pdf by guest on 19 M

ay 2023



10

4

2

Table4Translational
activity of poly(A)RNA from partially hepatectomized 5-FUra

treatedratsRats
were given i.p. injections of 0.9% NaCI or the indicated doses of5-FUraat

1 and 16 hr after partial hepatectomy, and animals were sacrificed at 18hrafter
operation. Poly(A)RNA (1 @g)was assayed in a wheat germtranslationsystem

as described in â€˜â€˜Materialsand Methods.â€˜â€T̃he hotTCA-precipitableproducts
were collected by filtration, hydrolyzed, and assayed for radioactivity.

Poly(A)RNA from control animals incorporated 1.74 Â±0,36a pmol (4.24 x 1O@Â±
0.88 dpm) [3H]Ieucine per @gpoly(A)RNA per 2hr.Dose

of 5-FUra(mg/kg)
No. of animals % ofcontrol5

3 85Â±510
212220

12236Â±1730
8260Â±3740
5 176Â±4a

MeanÂ±SE.

2345678901

C. K. Carrico and R. I. Glazer

Chart 3. Agarose-urea gel electrophoresis of pol
ysomal RNA labeled with [3H]-5-FUra((3Hj5-FU). P01-
ysomal RNA was isolated from the livers of partially
hepatectomized rats treated with 5-fluoro[6-3H]uracil
(20 mg/kg: 16 mCi/mmol) at 1 and 16 hr after oper
ation. RNA was separated into poly(A)RNA (A) and
rRNA (B) by poly(U)-Sepharose chromatography, and
agarose-urea gel electrophoresis was carried out as
described in â€˜â€˜Materialsand Methods.â€•

r RNAPOLY(A) RNA

285

@ 185

285

18S

U-
LI)

I

â€”4
b
x

a.
0

(â€”)

2

I I 1 1 1

_0 1 2 3 4 5 6 1 2 3 4 5 6

DISTANCE MIGRATED (CM) (+)

poly(A)RNA from 5-FUra-treated animals (Table 5). Addition of
0.2 mM m7GDPproduced 78 and 81% inhibition of translation
with poly(A)RNA from control and 5-FUra-tneated animals, re
spectively. Neither lower nor higher concentrations of analog
produced a differential effect among the RNA's (Table 5). Thus,
these results suggest that the effect of 5-FUna is not mediated
by an alteration in the affinity of the 5'-cap of poly(A)RNA with
its binding site on the ribosome.

As a measure of the degree of initiation occurring during
translation, the initiation complex-dependent release of [3H]-
methionylpuromycin was measured in the presence of unla
beled control or 5-FUra-modified poly(A)RNA, [3H]methionyl
tRNA@,wheat germ extract, and cofactors. No differences in
the amount of [3H]methionylpuromycin released from the nibo
some initiation complex were found. The amount of [3H]meth

4

12

10

V
I

(+) Iâ€”)

Chart 5. Densitometric tracing of fluorograph of isoelectrically focused pro
teins translated in vitro and directed by poly(A)RNA from control and 5-FUra
treated animals. PoIy(A)RNA was isolated from regenerating liver of partially
hepatectomized rats treated as described in Chart 1. PoIy(A)RNA was translated
in vitro and isoelectric focusing of the products was performed as described in
. â€˜Materials and Methods. â€˜â€ Ũpper curve, 5-FUra: middle curve, control: 0, pH.

b
1<

a.
0

@AgRNA/25@il

Chart 4. The effect of poly(A)RNA concentration on translation in vitro. In
creasing amounts of poly(A)RNA from either control or 5-FUra-(5-FU)-treated
partially hepatectomized animals were translated in vitro. Incorporation of
[3H)Ieucine into hot TCA-precipitable material was measured as described in
â€œMaterialsand Methods.â€˜â€˜Animals were treated as described in Chart 1.
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Poly(A)RNAAdditionConcentration
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5-FUram7GMP0.025

0.05
0.2
0.424

34
47 49
64 73
6780m1GDP0.2

0.478
81

74 80
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S

(+)

Chart 6. Densitometric tracing offluorograph of 3H-Iabeledproteins translated
in vitro with poly(A)RNA from control and 5-FUra-treated animals. Poly(A)RNA
was isolated from regenerating livers of partially hepatectomized rats treated with
either 0.9% NaCI solution (A) or 20 mg of 5-FUra per kg (B) as described in
Chart 1. PoIy(A)RNAwas translated in vitro and SDS-polyacrylamide gel electro
phoresis of the products was performed as described in â€œMaterialsand Meth
ods.â€˜â€C̃V, cytochrome c: TR, soybean trypsin inhibitor; RNa, RNA polymerase
a AL, bovine serum albumin: RN$. RNA polymerase fi.

0

*

a.
0

TIME (mm

Chart 7. Kinetics of translation of control and 5-FUra-containing poly(A)RNA.
Aliquots were removed from the translation assay at the indicated times and
incorporation of I3Hlleucmneinto TCA-precipitable material was measured as
described in â€˜â€˜Materialsand Methods.â€˜â€0̃, 5-FUra-contalning poly(A)RNA: â€¢,
control poly(A)RNA. Animals were treated as described in Chart 1.

Table5

Effect of m7GMPand m7GDPon the translational activity of poly(A)RNA from
partially hepatectomized 5-FUra-treated and control rats

Either m7GMPor m7GDPwas added to the wheat germ translation system,
and the hot TCA-precipitable products were processed as described in â€˜â€˜Materials
and Methods.â€˜â€˜Values are expressed as:

activity of poly(A)RNA incubated with m7GM(D)P
activity of poly(A)RNA incubated without m7GM(D)P

ionylpuromycin released in assays containing 5-FUra-modified
poly(A)RNA was 94Â±16% (mean Â±S.E. of 8 experiments) of
assays with control poly(A)RNA. In contrast, parallel expeni
ments of the overall translation of 5-FUra-modified poly(A)RNA
were 210 Â±15% of control assays. Thus, initiation per se did
not appear to be modified in vitro by 5-FUra-modified
poly(A)RNA.

DISCUSSION

The antitumor effect of 5-FUra has generally been ascribed
to its inhibitory effect on thymidylate synthetase and, subse
quently, on DNA synthesis (19). However, 5-FUra also affects
the incorporation of labeled precursors into RNA (9, 17, 18).
Subsequent studies have separated the effects of 5-FUra on
rRNA from those on total RNA and have shown that rRNA is
markedly affected (36).

Our results indicate that the incorporation of orotic acid into
poly(A)RNA is unaffected, while its incorporation into rRNA is
diminished by treatment with 5-FUna. The gel profiles also
indicate that the polyadenylic acid-containing fraction is rela
tively unaltered by the antimetabolite, while the rRNA fraction
exhibits definite distributional anomalies. Other laboratories
have reported that 5-FUra alters the processing of rRNA.
Stenram and WillÃ©n(36) have reported that, in 42-hr regener
ating liver, 3 doses of 10 mg of 5-FUra per kg increased the
labeling of 4 to 75 RNA by [3H]cytidine, while decreasing those
of 285 and 18S rRNA. Hills and Horowitz (21) have found
abnormal nucleoprotein particles in 5-FUna-treated E. co/i.
These particles resemble ribosomal precursor particles, but
they are not further processed, and the nRNA contained in

them appears to be unstable. Wilkinson and Pitot (40) observed
that 5-FUra inhibited the maturation of rRNA in Novikoff hepa
toma cells in culture. The 455 and 385 precursor RNA's were
unaffected, while the 325, 285, and 185 species were de
creased. Our results showing the presence of 385 RNA, as
well as diminished labeling of 28S and 185 RNA and the
increase in 45 RNA, are consistent with their experiments.

The dosages of 5-FUra used in these studies were found to
have an antitumor effect on the growth of several tumors when
administered on a daily basis (19), although a single dose of
25 mg/kg was not cytostatic in Morris hepatoma 3924A (24).
Recent studies on the enhanced antitumor effect and increased
incorporation of 5-FUra into RNA by thymidine (4, 29) also
appear to indicate that the antineoplastic effect of 5-FUra in
some tumor systems is related to its effect on RNA synthesis.
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Several earlier studies also showed that 5-FUra is incorporated
into cellular RNA (7, 14, 16, 39). 5-FUra is incorporated into
poly(A)RNA to a much greater extent than it is into rRNA.
However, the incorporation of 5-FUra into poly(A)RNA has a
minimal effect on the synthesis of poly(A)RNA, while the much
lesser degree of incorporation of 5-FUra into rRNA has a
marked effect on its synthesis. The result may reflect differ
ences in the intracellular distribution and utilization of 5-fluo
rounidine tniphosphate by different RNA polymerases or per
haps changes between the turnover of rRNA and poly(A)RNA.

Incorporation of the antimetabolite into mRNA might be ex
pected to result in the synthesis of altered proteins due to
miscoding. Champe and Benzer (6) found that 5-FUra caused
phenotypic reversion in bacteriophage-infected E. coli during
the time when mRNA, but not rRNA or tRNA, was being
synthesized. Furthermore, various inducible enzymes in E. coli
have been found to be functionally altered following treatment
of the cells with 5-FUra during the induction period (3, 28). The
present experiments have documented that poly(A)RNA from
5-FUna-treated animals stimulates translation in vitro. A stimu
latory effect of drug-substituted mRNA on in vitro protein
synthesis also has been observed with 6-thioguanine (5). The
stimulation of translation was due not only to a general increase
in the synthesis of all proteins but also to a selective increase
in 5 high-molecular-weight proteins as well. The implications of
this result are 2-fold. First, it suggests that the effect is due not
to a specific mRNA containing 5-FUra but to the majority of
mRNA molecules containing 5-FUra at some locus that affects
the efficiency of translation. This effect appears to lie beyond
the level of initiation, since the puromycin release assay which
measures all aspects of initiation up to the first elongation step
showed no differences between treated and untreated
poly(A)RNA. At least one single aspect of initiation, namely
interaction of the 5'-cap of mRNA with the ribosome to promote
binding, appears to be unaltered as assessed by competition
of the 5-FUra-modified mRNA with m7GMPand m7GDP.How
ever, the inhibitory effects of m7GMP vary widely with the
translation system, the mRNA, and the ionic strength (23, 37)
and, therefore, do not conclusively rule out structural modifi
cations of poly(A)RNA by 5-FUra. Furthermore, an effect on
termination similar to that found for E. coli (35) seems unlikely
since the size and p1of the translation products appear unal
tened.Therefore, elongation appears to be the process wherein
the general increase in translation is mediated, but the exact
step in that multistep process remains to be elucidated. The
second implication of the increased translation observed is that
certain, as yet unidentified, protein messages are particularly
susceptible to the effects of 5-FUra incorporation. It is not
known what effect the relatively greater amount of these pro
teins might have on cellular metabolism, but one could perceive
such an imbalance as having marked effects, particularly if the
proteins should turn out to be functionally altered.
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