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ABSTRACT. It is assumed that the primary mode of action of 5-fluorouracil (5.FUra) is mediated via 

inhibition of thymidylate synthetase. Persistent inhibition of cellular proliferation after treatment of the 

5-FUra-inhihited cells with exogenous thymidine do not support the notion that the anri-proliferative action of 

5-FUra is due exclusively to inhibition of DNA replication. Our studies have revealed an alternative mechanism 

of action at the level of pre-ribosomal RNA (pre-rRNA) processing. Pre-rRNA processing was inhibited 

completely in vioo as well as in S-100 extract from the mouse lymphosarcoma I’1798 cells that were treated with 

5-FUra. Under this condition, the 5-FUra-substituted pre-rRNA substrate was processed efficiently at the 

primary processing site. This study showed that the activity and/or the synthesis of a factor potentially involved 

in pre-rRNA processing is blocked in cells treated with the fluoropyrimidine. UV-cross-linking study showed 

that a 200 kDa polypeptide designated ribosomal RNA binding protein (RRBP) was absent in the S-100 extract 

from the drug-treated mouse lymphosarcoma cells. Since a polypeptide that cross-links to a processing site on 

RNA is usually involved in the RNA processing, RRBP may have a direct role in pre-rRNA processing. A kc, 

molecular mechanism for the antiproliferative action of 5-FUra may be due to its interference with the activity 

and/or synthesis of RRBP. Exposure of cells to 5-FUra did not inhihit the interaction hetween U3 small nucleolar 

RNA (snoRNA) and pre-rRNA at the primary processing site (a key step in the processing reaction) and the 

formation of U3 small nucleolar ribonucleoprotein (snoRNP). Treatment of cells with the fluoropyrimidine did 

not block the 3’ end processing of pre-messenger RNA (pre-mRNA). Th’: 1\ ar LC e a 50 t’ 1 1. d” Lscusses the effects of 

5-FUra on pre-mRNA splicing and mRNA translation, and proposes other avenues of research to explore further 

the mechanism of action of this important pyrimidine analog. RIXHEM ~H.~KM.~~:oI. 53;11:1569-1575, 1997. 
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5-FUrat, a pyrimidine analogue, is an important anticancer 

drug used widely in the treatment of a variety of solid 

tumors such as colorectal, breast, and liver carcinomas 

[l-4]. Although this potent drug has been used in cancer 

chemotherapy for nearly four decades, it major mechanism 

of action is still being debated. Elucidation of the primary 

mode of action of this drug is crucial for further develop- 

ment of more potent drugs with significantly reduced 
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Hamilton Hall, 1645 Neil Avenue, Columbus, OH 43210. Tel. (614) 
688-5491; FAX (614) 688-5600. 

t Abbreuiutions: 5-FUra, 5-fluorouracil; rRNA, ribosomal RNA: rDNA, 
ribosomal RNA gene; pal I, RNA polymerase I; ETSl, 5’ external 
transcribed spacer; ETSZ, 3’ external transcribed spacer; ITSl, internal 
transcribed spacer 1; ITSZ, internal transcribed spacer 2; FUrd, 5 fluorouri- 
dine; pre-rRNA, pre-nbosomal RNA; snoRNA, small nucleolar RNA; 
RRBP, ribosomal RNA bmding protein; snRNA, small nuclear RNA; 
snoRNP, small nucleolar ribonucleoprotein; pre-mRNA, pre-messenger 
RNA; DHFR, dihydrofolate reductase; MUMP, 5-fluoro-2’-deoxyuridine 
5’-monophosphate; FdUDP, 5-fluoro-2’-deoxyuridine 5’-diphosphate; 
FdUTP, 5-fluoro-2’-deoxyuridine 5’-triphosphate; FUMP, S-fluorouridine 
ii’-monophosphate; FUDP, 5-fluorouridme 5’sdiphosphate; and FUTP, 
5-fluorouridine 5’-triphosphate. 

adverse reactions that are characteristic of most antineo- 

plastic agents. It is assumed that the cytotoxic action of the 

fluorinated pyrimidine is mediated primarily via inhibition 

of thymidylate synthetase [5], the key enzyme that promotes 

the de nova synthesis of thymidylic acid which leads to the 

formation of dTTP, a substrate of DNA polymerase. Fol- 

lowing transport into the cell, a significant portion of 

5-FUra is converted to FdUMP by sequential action of 

pyrimidine phosphorihosyl transferase, nucleoside mono- 

phosphate kinase, and ribonucleotide reductase. FdUMP 

forms a ternary complex with the enzyme thymidylate 

synthetase and its cofactor 5,10-methylene tetrahydrofolate 

(see Fig. 1). This complex cannot break down further into 

separate entities, and as a result the enzyme is rendered 

inactive. The de nowo synthesis of dTTP is blocked, which 

results in inhibition of DNA synthesis, a process called 

“thymineless death.” Thymidylate synthase is overproduced 

in many SF&-a-resistant cell lines, implying that this 

enzyme is indeed the target of its metabolite, FdUMP [6]. 

FdUMP is converted to FdUTP by the enzyme nucleo- 

side monophosphate kinase. Recent studies have shown 

that FdUTP can be used as a substrate bv mammalian DNA 



1570 K. Ghoshal and S. T. Jacob 

Fragmentation of DNA, mutation 

t 

FdUMP - incorporated DNA 

? 

FdUTP tRNA 

ModiBcation of bases in tRNAs 

Pseudouridine, S-methyluridine, 
dihydruuridine and ribothymidiue 

dTTP 
5 FUra 

Substrate for DNA pal in 
DNA synthesis and DNA repair 
(Inhibition of DNA synthesis FUDP 
and repair due to lack of dTTP) 

sF,URMNq;isneorporated,- FUTP RNA pu’ * 

snoRNAs and RNA pal II 
tRNAs 

RNA pal II 
and pal III 

I 

> FUMP-substituted 
pre-rRNA 

* 

FIG. 1. Probable biochemical actions of 5-fluorouracil. 
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polymerases, causing misincorporation of FdUMP into 
DNA [4]. Although the misincorporated nucleotide can be 
removed by the cellular DNA repair system, 5-FUra- 
substituted DNA does not appear to be an ideal substrate 
for uracil-DNA glycosidase [7]. Incorporation of 5-FUra 
into DNA produces many deleterious effects, such as 
inhibition of further DNA synthesis [8], DNA fragmenta- 
tions due to single- and double-strand breaks [9], and 
mutations induced by 5-FUra base pairing with guanine 
instead of adenine [lo]. 5-FUra exposure also suppresses the 
DNA repair process due to dTTP depletion, which leads to 
generation of fragmented DNAs [9]. It is apparent from 
these studies that 5-FUra metabolites not only inhibit 
DNA synthesis but also cause other undesirable effects due 
to misincorporation of FdUTP into DNA. 

Recent studies have cast doubt on the reduced synthesis 
of thymidylic acid as the only mechanism for the 5-F&a- 
induced inhibition of cellular proliferation. Significant 
suppression of cellular proliferation persisted after treat- 
ment of the 5-FUra-inhibited cells with exogenous thymi- 
dine or after simultaneous treatment with thymidine and 
5-FUra 1111. In fact, addition of thymidine at certain 
concentrations increases antitumor activity of the drug in 
animal tumor models [ 121. When the cells were treated first 
with methotrexate, an inhibitor of thymidylate synthetase, 
followed by 5-FUra treatment, the cell killing was syner- 
gistic, which is probably due to 5-FUra-mediated effects on 
RNA synthesis and/or processing [13]. The effect of 5-FUra 
on the erythroleukemic cell line K562 is solely mediated by 
interfering with rRNA processing rather than pre-rRNA 

synthesis [ll]. Therefore, it should not be surprising that 
other mechanisms of action have been proposed for the 
inhibition of cellular proliferation and cytotoxicity of 
5-FUra. These include alterations in mRNA expression 
[13-161, inhibition of mRNA splicing [17-201, and inter- 
ference with tRNA modifications [21]. 

INHIBITION OF rRNA PROCESSING BY 5FUra 

Recent studies in our laboratory have revealed an interest- 
ing and novel mechanism of action of 5-FUra at the level 
of pre-rRNA processing. rDNAs of most eukaryotic cells are 
highly reiterated (50 to 2 X IO6 gene copies/cell) and 
arranged in tandem array as head-to-tail repeats. They are 
transcribed by pol I in the nucleolus as a large (40-47s) 
precursor RNA (for reviews, see Refs. 22-24). The primary 
transcript starts with an ETSl region, followed by 18s 
rRNA, an internal transcribed spacer (ITS1 ), the 5.8s 
RNA, another internal transcribed spacer (ITS2), the 28s 
RNA region, and finally an ETS2 region [25]. The tran- 
script is subsequently processed into mature 28S, 18S, and 
5.8s RNAs. 5s RNA, the remaining component of rRNA, 
is transcribed in the extra nucleolar compartment of the 
nucleus by RNA polymerase III. The primary processing of 
pre-rRNA occurs near the 5’ end of the ETSl at a pair of 
sites approximately 5 nucleotides apart, which are located 
about 4 kb downstream of the transcription start site (see 
Fig. 2). The 5’ end cleaved product is then degraded 
rapidly, and the 3’ end product is processed further by 
endonucleolytic cleavages to produce the mature rRNAs. 
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Inhibition of pre-rRNA processing will affect adversely 
production of ribosomes, leading ultimately to arrest of 
protein synthesis. As early as 1973, 5-FUra was shown to 
inhibit pre-rRNA processing [26]. This study showed that 
exposure of cells to 5-FUra inhibited formation of mature 
28s and 18s rRNAs, whereas synthesis of the 4% rRNA 
precursor proceeded unabated. In some tumor cell lines, the 
replacement of 5-FUra with its riboside analog, FUrd, 
augmented the inhibitory effect on rRNA synthesis [26]. 
Early electron microscope studies demonstrated 5-FUra- 
induced changes in the nucleolar size [27]. Similar obser- 
vations were also made by using antibodies specific for 
nucleolar structures [28]. These may be related to reduction 
in pre-rRNA processing and the resultant accumulation of 
rRNA precursors in the nucleolus. Since 5-FUra can be 
readily incorporated into RNAs at a rapid rate to produce 
structurally modified molecules [21, 29-341, it is reasonable 
to speculate that 5-FUra-substituted rRNA may not be 
processed efficiently. Indeed, there is at least one report [35] 
that the inhibition of rRNA maturation by the fluorinated 
pyrimidine is contingent upon its incorporation into the 
rRNA precursor. On the other hand, Kanamaru et al. [36] 
followed the incorporation of [ 
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mammalian cell (for review, see Ref. 40). The role of U3 
snoRNA in rRNA processing was demonstrated directly by 
inhibiting the processing reaction after immunodepletion 
of U3 snoRNP or after removal of U3 snoRNA by oligo- 
nucleotide-directed RNase H action [38]. U3 snoRNA has 
been shown to cross-link in viva and in vitro to pre-rRNA 
sequence that spans the primary processing site [41-431. 
The 5-FUra-induced reduction in pre-rRNA processing 
may be due to incorporation of the modified base into U3 
RNA, which may prevent its association with the key 
polypeptides involved in the processing reaction or its 
interaction with the 5’ ETS region of pre-rRNA. The 
interaction of U3 snoRNA with pre-rRNA spanning the 
primary processing site was studied by in viva psoralen 
cross-linking followed by northern blot analysis with anti- 
sense U3 snoRNA as probe. Psoralen has been shown to 
facilitate cross-linking between nucleic acids [44]. The 
cross-linking profile of U3 snoRNA from the cells treated 
with 5FUra was very similar to that of the control cells 
(Ghoshal K, unpublished data). Cesium sulfate density 
gradient fractionation of the extracts prepared from the 
control and 5-FUra-treated cells followed by hybridization 
to antisense U3 snoRNA demonstrated no significant 
difference in the formation of U3 snoRNP particle in the 
two samples (Ghoshal K, unpublished data). This observa- 
tion indicated that the association of U3 snoRNA with 
specific proteins to form the U3 snoRNP particles is not 
altered by 5-FUra treatment for 24 hr. 

rRNA processing takes place within the “processosome” 
complex where many snoRNPs as well as some non- 
snoRNP proteins are involved in the cleavage of pre-rRNA 
at specific sites [24, 451. Six polypeptides are known to 
cross-link specifically to mouse pre-rRNA spanning the 
primary processing site [46]. Among these polypeptides, two 
have been identified as nucleolin (110 kDa) and nucleolar 
endoribonuclease (52 kDa) [24, 461. The role of nucleolin 
in rRNA processing is not known with certainty. The 
endoribonuclease, however, can catalyze processing of pre- 
rRNA at the primary site in the absence of any other factors 
in vitro [24]. We investigated whether 5-FUra treatment 
alters the activity and/or synthesis of these RNA binding 
proteins. For this purpose, the in vitro synthesized 32P- 
labeled pre-rRNA fragment spanning the primary process- 
ing site was incubated with identical amounts of S-100 
extracts prepared from the control or drug-treated cells 
under the optimal processing conditions [46]. The cross- 
linked proteins were separated by electrophoresis under 
denaturing conditions and visualized by autoradiography. 
Several proteins cross-linked to pre-rRNA fragment span- 
ning the primary processing site, which could be competed 
out by unlabeled pre-rRNA, but not by nonspecific com- 
petitors such as poly(ACI) or tRNA. Among these pro- 
teins, a polypeptide with an approximate molecular mass of 
200 kDa was either missing or severely reduced after the 
drug treatment (Ghoshal K, unpublished data). This data 
suggest that the 200 kDa protein designated RRBP is 
involved in pre-rRNA processing and that a probable 

mechanism of 5-FUra-mediated inhibition of the process- 
ing reaction is due to the decreased activity/amount of this 
protein. This experiment indicated the involvement of a 
specific protein in pre-rRNA processing and the effect of a 
potent anticancer drug on its activity and/or synthesis. The 
characteristics of this protein, its structure, and its role in 
pre-rRNA processing and in the 5-F&a-mediated inhibi- 
tion of the reaction remain to be elucidated. The antican- 
cer drug may inactivate this factor(s) or inhibit synthesis of 
the factor(s) via inhibition of transcription, splicing, trans- 
lation of the mRNA, or post-translational modifications of 
the protein for the specific factor. 

Treatment of mouse lymphosarcoma cells with 5-FUra 
did not inhibit the 3’ end processing of adenovirus L3 
pre-mRNA. Neither the cleavage of the pre-mRNA at the 
polyadenylation site nor subsequent addition of poly(A) 
tail to the cleaved site was affected by the drug treatment. 
Those data demonstrated the specificity of the 5-FUra 
effect on pre-rRNA processing [37]. It is not known 
whether 5-F&a inhibits 3’ processing of other mRNA 
species. 

EFFECT OF 54U-a ON pre-mRNA SYNTHESIS, 
SPLICING, AND TRANSLATION 

Unlike the Drosophila system [47], mammalian RNA poly- 
merase can efficiently use 5-FUTP as the substrate. Differ- 
ent investigators claimed its stimulatory or inhibitory effect 
on different RNA polytnerase II-directed genes, based on 
the steady-state levels of different mRNA transcripts by 
northern blot analysis. Dolnick and Pink [48] observed 
significant accumulation of DHFR mRNA in the metho- 
trexate-resistant human cell line KB7B after treatment with 
5-FUra in the presence of excess thymidine. Similarly, 
Heimer and Sartorelli [ll] investigated the effect of FUrd 
in the presence of excess thymidine on the expression level 
of different protein coding genes in K562 cells where only 
minimal inhibition of thymidylate synthetase was observed. 
Under these conditions, cellular mRNA levels for c-myc, 
c-abl and B-globin decreased significantly, whereas the 
levels of actin remained unaltered and that of omithine 
decarboxylase increased. These studies do not pinpoint the 
differential effect of FUrd treatment on the transcription of 
different protein-coding genes. Alternatively, the accumu- 
lation or disappearance of different mRNAs may also be 
due to alteration in the post-transcriptional processing of 
the pre-mRNAs for these genes following treatment with 
5-FUra [13-161. Growth of cells for a long period at low 
levels of the fluoropyrimidine led to accumulation of DHFR 
pre-tnRNAs containing contiguous exons and introns, 
which clearly suggested inhibition of pre-mRNA splicing in 
the drug-treated cells [14, 481. The splicing reaction could 
be inhibited by two possible mechanisms. Incorporation of 
5-FUra into the body of pre-mRNA could alter its structure 
so that it is not recognized and processed by the splicing 
machinery. Alternatively, incorporation of the drug into a 
component(s) of the splicing machinery could render it 
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inactive, leading to inhibition of splicing. The data gath- 
ered to date do not seem to support the first hypothesis. 
When 5-FUra-substituted P-globin pre-mRNA fragment 
generated by in vitro transcription with phage RNA poly- 
merase was incubated with HeLa nuclear extract, the 
majority of the spliced products was correct [IS], although 
a minor aberrant spliced product was generated under 
certain conditions [ 171. 5-FUra treatment inactivated the 
splicing efficiency of HeLa nuclear extract in a time- and 
dose-dependent manner 1181. A strong candidate for the 
target of 5-FUra in the splicing reaction is the large 
RNA-protein complex called “Splicesome,” which consists 
of small nuclear U-rich RNA containing RNP particles 
designated “snurp” and many non-snurp proteins in addi- 
tion to pre-mRNA. snRNAs play a very important role not 
only in splicesome formation but also in the catalytic 
reactions such as excising the introns and joining the exons 
[49]. It is logical to conceive that the incorporation of 
5-FUra into these U-rich snRNAs may alter their structure, 
which could adversely affect the splicing machinery. In- 
deed, a significant reduction in the level of U2 snRNA has 
been reported [18], which may explain the 5-FUta-induced 
inhibition of the splicing reaction. On the other hand, 
Patton [20] did not observe a change in the level of 
snRNAs or their ability to form snurp particles after the 
drug treatment. Studies in the yeast splicing system pro- 
vided the conclusive evidence for alteration in the structure 
and function of U2 snurp following incorporation of 5-FUra 
into the snRNA moiety. Depletion of specific snRNAs 
from the yeast whole cell extract proficient in splicing by 
specific oligodeoxynucleotide-directed RNase H digestion 
inactivated the splicing activity, which could be restored by 
the addition of in &To synthesized snRNA. Addition of 
5-FUra-substituted U6 snRNA to the extract depleted of 
U2 and U6 snRNAs separately resulted in significant 
restoration of the splicing activity, whereas inhibition of 
the splicing activity persisted upon addition of 5-FUra- 
substituted U2 snRNA [19]. This study also showed that 
incorporation of the fluorinated pyrimidine into U2 
snRNA altered its secondary or tertiary structure, which 
appears to be responsible for its inability to form specific 
snurp particles and spliceosomal complexes. It forms abnor- 
mal complexes with pre-mRNA and other proteins, which 
results in rapid degradation of pre-mRNA [19]. It is not 
known whether the incorporation of 5-FUra into snRNAs 
other than the U2 and U6 species leads to deleterious 
effects on pre-mRNA splicing. 

The incorporation of 5-FUra into mRNA could induce 
translational miscoding, as 5-FUra may base pair with 
guanine instead of adenine. Dihydtofolate teductase 
mRNA isolated from KB cells exposed to 5-FUra was 
translated in vitro at a rate equal to that of mRNA fi-om the 
control cells [13]. However, thymidylate synthetase from 
the drug-treated extract could not be inhibited significantly 
either by methotrexate or by a monospecific antiserum 
against the wild-type enzyme, although the size of the 
protein remained unaltered. This study suggests that re- 

placement of UMP with 5-FUMP in mRNAs could produce 
altered proteins. Alteration in protein synthesis could also 
occur as a result of inhibition of uridine modifications of 
tRNAs by 5-FUra [21, 341. 

CONCLUSIONS AND PERSPECTIVES 

Although competitive inhibition of thymidylate synthetase 
by 5-FUra is a major mode of action of this fluotopyrimi- 
dine, this effect alone cannot explain its cytotoxicity or the 
antitumor action. Since exogenous thymidine does not 
prevent the inhibitory effects of 5-FUta on cell ptolifera- 
tion and, in fact, enhances the cytotoxicity of the drug, an 
alternative mechanism of action for this potent compound 
has been explored in many laboratories. The present study 
has demonstrated that treatment of cells with 5-FUra 
results in inhibition of pre-rRNA processing. The 5-FUra- 
induced arrest of pre-rRNA processing could inhibit pro- 
duction of functional ribosomes that are essential for 
protein synthesis. Neither pre-rRNA synthesis nor the 3’ 

end processing of pre-mRNA is suppressed under this 
condition. Specific inhibition of pre-rRNA processing by 
the fluoropyrimidine may not be the sole factor responsible 

for the anticancer action of 5-FUra, and the drug-induced 
cell death may be mediated by a combination of events. If 
the protein RRBP is indeed a key factor involved in the 

processing of pre-rRNA at the primary 5 ’ site of pre-rRNA, 
its activity in the 5-FUra-resistant cell lines should be 

explored. If pre-rRNA processing continues unabated in 
any of the resistant cell lines, the role of pre-rRNA 
processing in the 5-FUra-mediated cytotoxic effects and 
inhibition of cellular proliferation could emerge as a key 

molecular mechanism of action of the drug. Although 
short-term treatment of cells (24 hr) with 5-F&a did not 
affect the interaction between U3 snoRNA and pre-rRNA 
region spanning the primary processing site, the drug may 
inhibit the RNA-RNA interaction upon prolonged treat- 
ment. Numerous snoRNAs are being discovered, and the 
role of some of these U-rich RNAs (U8, U14, U22, snR30) 
in rRNA processing has been established [24, 451. It would 
be of interest to examine the effect of 5-FUra treatment on 
the different steps in pre-rRNA processing mediated by 
these snoRNAs. 

Finally, the antiproliferative action of 5-FUra may be due 
to activation of tumor suppressor genes or inactivation of 
specific oncogenes. 5-FUra treatment may also lead to 
apoptosis or programmed cell death. Indeed, treatment of 
the rat prostatic cells (AT-3) with FUrd can cause signifi- 
cant overexpression of the prostate-specific protein 
TRPM-2 (testosterone-repressed prostatic message-2) [50]. 
Although the exact function of this protein is unknown, its 
induction results in apoptosis of the cancer cells. Therefore, 
it is conceivable that 5-FUra or its metabolites may affect 
the expression of specific proteins. Further studies are likely 
to address these important issues concerning the action of 
5-FUra. 
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