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Abstract—The effect of various guanine ribonucleotides on the antitumor activity of 5-fluorouracil
(FUra) was investigated by its action on adenocarcinoma 755. 5'-GDP and 5'-GMP were both
equally effective in potentiating the antitumor activity of FUra without increasing toxicity. 5'-
GTP and 5'-IMP also potentiated the activity but not as much as 5'-GMP. 2'-GMP and 3'-
GMP did not enhance the antitumor activity. In contrast, cGMP antagonized the effects of
FUra.

The incorporation of *H-labeled FUra into RNA or DNA showed there was no obvious
association between the incorporation and antitumor activily after any treatment with guanine
ribonucleotides. The combination of FUra and 5'-GMP produced the greatest inhibition of RNA
synthesis. The combination of FUra and 2'-GMP had no effect on RNA synthesis. The inhibition
of RNA synthesis may be the result of decreased pyrimidine pool size and increased incorporation
of FUra into RNA. Potentiation of the antitumor activity of FUra by 5'-GMP was reversed by
the injection of cytidine. Moreover, the combination of 5-fluorecytidine (FCyd) and 5'-GMP
showed greater antitumor activity than FCyd alone. These resulls indicate that a decreased CTP

pool potentiates the antitumor activity of FUra.

Thus, 5’ -GMP or 5'-GDP strongly enhanced the antitumor activity of FUra, and the potenii-
ation resulted from the inhibition of RNA synthesis caused by reduction of the CTP and UTP

pool sizes and increased incorporation of FUra into RNA.

INTRODUCTION
5-FLuorouraciL (FUra) is an antitumor agent
which is widely used in the treatment of colorectal
and breast tumors. The active metabolites respon-
sible for the cytotoxic effects of FUra may be 5-flu-
oro-2'-deoxyuridine-5'-monophosphate (FAUMP),
which is a potent inhibitor of thymidylate synthetase
[1] and, hence, of DNA synthesis, and 5-flucrourid-
ine-5'-triphosphate (FUTP), which is incorporated
into RNA and interferes with the maturation of
ribosomal RNA [2-5]. Thus, FUra produces at
least two significant biochemical effects, either of
which may be sufficient to inhibit cell division.
Recently, FUra residues have been detected in
eukaryotic DNA [6, 7] and excision of these residues
may contribute to the cytotoxicity [8, 9].
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Either inosine or deoxyinosine in combination
with FUra has been shown to increasc the growth-
inhibitory potency of FUra against a variety of cell
lines in vitro [10-14], but in one cell line, mouse T-
cell lymphosarcoma $49, inosine and deoxyinosine
protected the cclls from the effect of FUra [15].
Kessel and Hall [16] reported that glucose and
inosine strongly stimulate the conversion of FUra
to ribonucleotides both in vitro and in vive but this
had little effect on the survival time of tumor-
bearing mice. We were interested in attempting to
use naturally occurring nucleosides to improve the
therapeutic efficacy of available antimetabolites.
Among them, the combined administration of
guanosine and FUra has been shown to increase
the therapeutic ratio of FUra in L1210 leukemia
[17] and 5'-GMP has been shown to have a similar
effect on the action of FUra on a variety of murine
leukemias, ascites tumors and solid tumors [18, 19].
Activation of FUra by pretreatment with guanosine
is probably due to the increase in FUra nucleotides
and incorporation of FUra residues into the RNA
of the tumors [20].
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In this investigation, we studied the effect of
various guanine ribonucleotides on the antitumor
activity of FUra and attempted to determine the
mechanism responsible for potentiation of the anti-
tumor activity of FUra by treatment by 5'-GMP.

MATERIALS AND METHODS

Drugs and isotopes

[6-*H]FUra (28 Ci/mmole) and [5-*H]deoxycyti-
dine (25.6 Ci/mmole), [2,8-*H]adenosine (32.2 Ci/
mmole) were purchased from Commissariat a
I’Energie Atomique, Gif-Sur-Yvette, France, and
New England Nuclear, Boston, MA, respectively.
[*H]FUra was diluted with its cold carrier, and the
specific activity in the solution for injection was
125 wCi/mg.

FUra,2'-GMP,3'-GMP,5'-GMP,3',5'-cyclicGMP
(cGMP) and 5-IMP were obtained from Sigma
Chemical Co., St. Louis, MO. 5'-GDP and 5'-GTP
were purchased from Yamasa Biochemicals for
Research, Choshi, Japan. 5-Fluorocytidine (FCyd)
purchased from Calbiochem-Behring (La Jolla,
CA). Solutions of these agents were prepared in
saline.

Animals and tumor cells

Groups of six male BDF| mice (Shizuoka Agricul-
tural Cooperative Association for Laboratory Ani-
mals, Hamamatsu, Japan) weighing 20~23 g were
used. Solid tumor adenocarcinoma 755 cells
(5 X 10°/mouse) were implanted s.c. on day 0 into
the right thigh.

All mice were housed in plastic cages in an air-
conditioned room (25°C) kept in the light for 12 h
each day and received CA-1 pellets (CLEA Japan,
Inc., Tokyo, Japan) and water ad libitum.

Biological assay of antitumor activity

Six mice per group were used. Twenty-four hours
after implantation, the mice were given FUra
(20 mg/kg/day) or FUra plus one of the guanine
ribonucleotides (100 mg/kg/day) i.v. The treatment
was repeated on four successive days. The tumors
of treated and untreated mice were weighed on day

12.

Uptake of [*H]FUra and incorporation into DNA and
RNA

The effects of the guanine ribonucleotide deriva-
tives on the incorporation of [*H]FUra into DNA
and RNA were studied. Mice with 7-day tumors
were used. Each guanine derivative was injected
i.v. at 100 mg/kg together with [*H]FUra at 2.5 or
5 mCi/20 mg/kg for studying the incorporation into
RNA or DNA, respectively. The mice were killed
by decapitation either at 30 min, 24 h (total incor-
poration and incorporation into RNA) or 3 h (incor-

poration into DNA). The tumors were carefully
dissected free of hemorrhagic, necrotic and non-
tumor tissues, then weighed and chilled as quickly
as possible.

For studies of RNA incorporation of [*H]FUra,
the tumor (about 400 mg) was minced and homo-
genized in 3 ml of 0.02 M sodium acetate (pH 5.0),
0.14 M sodium chloride, 10 pg of polyvinyl sulfate
per ml, and 0.2% sodium laurylsulfate with a Poly-
tron homogenizer (Kinematica, Amlehnhalde,
Switzerland), and 300 ul of this solution was used
to determine total radioactivity. The supernatant
was separated by centrifugation (1700 g, 10 min).
The total RNA fraction was extracted as described
previously [21]. For determining incorporation of
[*H]FUra into the DNA fraction of the tumor, the
fraction was extracted by the procedure described
previously [22].

DNA and RNA synthesis

FUra (20 mg/kg), alone or in combination with a
guanine ribonucleotide (100 mg/kg), was injected
1.v. into male BDF, mice bearing solid adenocarci-
noma 755 (tumor weight, about 400 mg). The
tumor-bearing mice were also pulse labeled for
30 min with 2.5mGCi of [*H]deoxycytidine or
[*H]adenosine per kg at the time of or 3 h after
administration of the drugs to measure DNA or
RNA synthesis, respectively. Labeled DNA and
RNA were extracted as described previously
[21, 22].

The results in the mice treated with FUra were
compared to the incorporation of labeled precursor
into DNA or RNA of untreated animals 7 days after
tumor implantation. The results were expressed as
a percentage of the appropriate control.

Ribonucleoside triphosphate pool size

To measure ribonucleoside triphosphate pool
sizes, FUra (20 mg/kg), alone or in combination
with guanine ribonucleotide (100 mg/kg), was
injected i.v. to male BDF, mice bearing a 7-day-
old adenocarcinoma 755 (about 400 mg). Groups
of four to six mice were killed by cervical dislocation
10 min after the treatment and the tumors were
minced and homogenized with a Polytron homogen-
izer. The acid-soluble extracts were neutralized by
extraction with 2 vol. of 0.5 M tri-n-octylamine in
trichlorotrifluoroethane as described as Khym [23]
and then concentrated in vacuo. For ribonucleoside
triphosphate  determination, the neutralized
extracts were directly analyzed by a high pressure
liquid chromatograph (Model SP8750, Toyo Soda,
Tokyo, Japan), equipped with a 4 mm X 30 cm
TSKgel DEAE-2SW column (Toyo Soda, Tokyo).
Samples were eluted with 55 mM potassium phos-
phate buffer (pH 6.9) containing acetonitrile (20%)
at a flow rate of 1.0 ml/min. Absorption peaks were
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Fig. 1. Effect of guanine ribonucleotides on antitumor activity of FUra.
Numbers are mean percentage of control. Bars, S.E.

detected at 254 nm with a UV-8 model-1I Detector
(Toyo Soda, Tokyo). Peak heights were determined
by manual measurement and normalized with inter-
nal standards. The results are given as percentages
of the 0-min values observed in the tumor.

Statistical analysis

The t-test for small samples was used to test the
statistical significance of the results, P < 0.05 was
considered significant.

RESULTS

Effect of guanine ribonucleotide derivatives on antitumor
activity of FUra against adenocarcinoma 755

FUra at 20 mg/kg is the maximum nontoxic dose
in this schedule [19, 23] producing a moderate
inhibition of tumor growth (T/C value was 27%).
5-GMP at 100 mg/kg alone had no effect on the
tumor growth [19], but it enhanced the antitumor
activity of FUra without increasing its toxicity for
the host as reported previously [19]. The combi-
nation of FUra and 5'-GDP, as well as FUra and 5'-
GMP, markedly inhibited the tumor growth as
shown in Fig. 1 (T/C values for both were 1%). 5'-
IMP and 5'-GTP moderately potentiated the anti-
tumor activity of FUra, but 2’-GMP and 3'-GMP
had no effect. By contrast, cGMP antagonized the
effects of FUra (T/C value was 82%).

Uptake of [*H)FUra into tumor and tumor RNA

To investigate the mechanism of the synergistic
interaction between FUra and the guanine ribo-
nucleotides, 5'-GMP, 5'-GDP and 2'-GMP we
determined the incorporation patterns of FUra
30 min and 24 h after administration of the drugs.

Total [3H]FUra incorporation into the tumor was
increased by 49, 29 and 21% by the addition of 5'-
GMP, 5'-GDP and 2'-GMP, respectively, 30 min
after treatment (Fig. 2A), but these guanine ribo-
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Fig. 2. Total concentration of [*H)FUra in tumors and [*H)FUra
incorporation into tumor RNA 30 min afler administration of [*"HFUra
alone or in combination with guanine ribonucleotides. Each value is the
mean of three mice. Bars, S.E.; numbers in columns, percentage of control.
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Fig. 3. Effect of guanine ribonucleotides on [*H)FUra incorporation
into DNA of adenocarcinoma 755. Each value is the mean of three mice.
Bars, S.E.

nucleotides made no difference in the incorporation
of [*H]FUra into the tumor at 24 h. The incorpor-
ation of [*H]FUra into the tumor RNA was
increased by 58, 50 and 34% by the addition of 2'-
GMP, cGMP and 5'-GMP, respectively, at 30 min
after drug administration (Fig. 2B). After 24 h there
was no difference in the incorporation of [3H]FUra
into tumor RNA for when it was given with any
guanine ribonucleotide compared with FUra alone.
Thus, there was a difference in FUra incorporation
into RNA at 30 min, but there was no obvious
relationship between FUra incorporation into RNA
and antitumor activity.

Incorporation of [PH]FUra into DNA of the tumor afler
administration of [*H]FUra alone or in combination with
guanine ribonucleotides

Recently FUra incorporation into DNA has been
demonstrated {6, 7]. We therefore measured the
amounts of FUra residues in the tumor DNA.
Small amounts of the available [*H]FUra were
incorporated into the DNA, but this was not corre-
lated with the antitumor activity (Fig. 3).
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Fig. 4. Effect of FUra and guanine ribonucleotide on DNA (A) or RNA

(B) synthesis in tumors. Each value is the mean of three (A) or four (B)

mice. Bars, 8.E.; numbers in columns, percentage of control. ¥*P < 0.05;
**p < 0,01,

DNA and RNA synthesis

To determine the effect of FUra on total DNA
and RNA synthesis, tumors were pulse-labeled with
[®*H]deoxycytidine and [*H]adenosine, respectively.
DNA synthesis was significantly inhibited by FUra
alone and in combination with 2’-GMP or 5'-GMP
(Fig. 4A). On the other hand, RNA synthesis was
markedly inhibited only by the combination of FUra
and 5'-GMP; FUra alone and in combination with
2-GMP had little effect (Fig. 4B). Moreover, we
obtained almost the same results by using [**C]cyti-
dine as a label of RNA synthesis: FUra, 0%; 2'-
GMP + FUra, 0%; and 5'-GMP + FUra, 58%
inhibition of RNA synthesis during the 30 min after
administration.

Ribonucleotide poo!

The effect of guanine ribonucleotides on the
ribonucleotide pool in the tumor during the first
30 min could be an important factor in the inhi-
bition of RNA synthesis. Changes in the nucleoside
triphosphate concentrations in tumors after a
10 min exposure to FUra and/or guanine ribo-
nucleotide derivatives are shown in Table 1. 5'-
GMP was associated with a decrease in pyrimidine
nucleotide pool size. The CTP and UTP levels fell
to less than 60% of control values when the animals
were treated with the combination of FUra and 5'-
GMP. Moreover, 5'-GDP plus FUra produced a
significant decrease in CTP and UTP levels, but 2'-
GMP, 3'-GMP and 5'-IMP did not. No consistent

change was observed in ATP and GTP pool sizes.
Thus, there is a marked decrease in the concen-
trations of CTP-and UTP after treatment with
the combinations that potentiated the antitumor
activity of FUra.

Effect of 5'-GMP on the antitumor activity of FCyd

Since 5'-GMP caused a decrease in CTP and
pool sizes, we studied the effect of the combination of
FCyd or FUrd with 5'-GMP. The results are given
in Fig. 5. 5'-GMP at 300 mg/kg/day enhanced the
antitumor activity of FCyd at 3 mg/kg/day, but did
not enhance the antitumor activity of FUrd. A dose
of 3 mg/kg/day is the maximum nontoxic dose of
FCyd and FUrd in this schedule.

In addition, cytidine (100 mg/kg/day) gave con-
siderable protection to tumor cells from the anti-
tumor effect of FUra and 5'-GMP (Table 2).

These results suggest thata decrease in CTP and,
to a lesser extent, UTP caused by 5'-GMP is very
important for potentiating the antitumor effect of
FUra.

DISCUSSION

Guanosine and 5'-GMP potentiate the antitumor
activity of FUra against various tumors including
the solid adenocarcinoma 755 [17,19]. In the
present study, various guanine ribonucleotides were
tested for their capacity to enhance the antitumor
activity of FUra by using mice bearing adenocarci-
noma 755 when treated with the maximum effective
dose of FUra. 5'-GDP and 5-GMP markedly
enhanced the antitumor activity of FUra. 5'-GTP
and 5'-IMP moderately enhanced it, but 2'-GMP
and 3'-GMP showed no potentiation. By contrast,
cGMP diminished the antitumor activity of FUra.
Light et al. [24] and Wood ef al. [25] reported that
the concentration of cGMP in the blood is raised in
animals bearing tumors as well as in patients with
malignant diseases [26]. Moreover, Dickens et al.
[27] reported that cGMP induces TMP synthetase
activity in growing cells. Therefore, cGMP may be
involved in the transmission of a chemical signal for
the proliferation of cells.

The activation of FUra to FUMP is via the
pyrimidine phosphoribosyltransferase  pathway
with PRPP and/or the two-step route utilizing urid-
ine phosphorylase (ribose-1-phosphate) and uridine
kinase. Inosine is a good source of ribose-1-phos-
phate [10, 28] and it has been shown that when the
FUra-resistant cell line of Novikoff hepatoma is
treated with FUra and inosine, it is almost as
responsive as the parent cell line treated with FUra
alone, to both interference with rRNA maturation
and inhibition of cell growth by FUra [10]. How-
ever, Kessel and Hall [16] reported that inosine
does not increase the therapeutic efficacy of FUra
in murine leukemias in vivo. Inosine is converted to
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Table 1. Nucleoside triphosphate levels in adenocarcinoma 755

No. of nmoles/100 mg of tumor tissue

animals UTP CTP GTP ATP

Control 6 12,00 = 1.17* 4.73 = 0.50 6.45 = 0.45 30.66 + 1.84
(100)t (100) (100) (100)

FUra 6 8.97 £ 1.07 3.41 = 0.31 5.56 * 0.52 25.28 * 3.59
(75) (72) (86) (82)

2'-GMP 4 8.88 + 0.69 3.46 + 0.13 5.22 + 0.35 22.86 = 1.72%
(74) (73) (81) (75)

2'-GMP + FUra 4 11.37 = 1.58 4.20 + 0.63 6.56 = 0.74 29.78 + 3.79
(95) (89) (102) (97)

3'-GMP 4 11.58 + 0.96 4.29 + 0.46 5.83 £ 0.55 31.71 £ 7.95
(97) (91) (90) (103)

3'-GMP +FUra 4 9.31 £ 0.60 3.73 £ 0.39 5.14 = 0.52 22.82 * 2.72%
(78) (79) (80) (74)

5'-GMP 6 7.60 £ 1.257  2.65 £ 0.47% 5.48 * 0.54 24.60 = 2.16
(63) (56) (85) (80)

5'-GMP + FUra ¢4 6.30 + 0.90§  2.24 + 0.34§ 5.08 = 0.81 22.63 * 3.16%
(53) (47) (79) (74)

5'-GDP 4 7.88 = 0597 298 + 0.23% 4.88 + 0.23 20.74 + 0.89§
(66) (63) (76) (68)

5'-GDP + FUra 4 7.30 £ 0.50% 3.17 £ 0.21% 5.05 £ 0.14 20.14 = 0.708
(61) (67) (76) (66)

5'-IMP 4 10.62 = 0.23 3.90 = 0.05 6.65 + (.18 32.56 = 1.99
(88) (82) (103) (106)

5'-IMP + FUra 4 8.62 * 0.60 3.44-+ 0.26 5.28 + 0.44 24,94 £ 1.29
(72) (73) (82) (81)

*Values are means + S.E.

tNumbers in parentheses, percentage of control.
1Different from the control group, P < 0.05.
§Different from the control group, P < 0.01.
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Fig. 5. Effect of 5'-GMP on the antitumor activity of 5-fluorocytidine
(FCyd) or 5-fluorouridine (FUrd) against adenocarcinoma 755. Numbers
in columns, percentage of control. **P < 0.01.

hypoxanthine. Hypoxanthine and FUra require the
same cosubstrate (PRPP) for conversion to nucleo-
tides and also share the same mechanism of trans-
port through the plasma membrane. Thus, the
combination of FUra and inosine shows an incon-
sistency. On the other hand, guanosine and 5'-GMP
strongly potentiate the antitumor activity of FUra
in various tumors in vive [17, 19, 29]. 5'-GDP as
well as 5'-GMP potentiated the antitumor activity
of FUra in the present study. 5'-GDP and 5'-GMP

increased the incorporation of FUra into RNA, but
2'-GMP also increased it, though the latter showed
no effect on the antitumor activity of FUra. These
compounds serve as ribose donors; therefore, it is
unlikely that only the increase in incorporation of
FUra into RNA accounts for the large increase in
FUra efficacy.

We measured the DNA and RNA synthesis in
tumors to determine the mechanism of potentiation
of the antitumor activity of FUra by 5'-GMP or 5'-
GDP. The combination of FUra and 5'-GMP or 2'-
GMP caused marked inhibition of DNA synthesis.
This inhibition may result from the inhibition of
thymidylate synthetase, which provides the only
de novo source of thymidylate for DNA synthesis.
Thymidylate synthetase is known to be inactivated
rapidly in the presence of the FUra metabolite,
FAUMP [1, 30]. However it is apparent the anti-
tumor activity and the effect on DNA synthesis were
not correlated quantitatively. On the other hand,
inhibition of RNA synthesis by the combination of
FUra and 5'-GMP or 2'-GMP showed good corre-
lation with antitumor activity. The combination of
5'-GMP and FUra caused a marked inhibition of
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Table 2. Effect of cytidine on antitumor activity of FUra plus 5'-GMP

Tumor weight (g) T/C

(mean * S.E.) (%)

Control 3.49 + 0.43 —
FUra (20)* 090 = 017, 2%
FUra (20) + 5'-GMP (100) 0.11 0.03ﬁ 5
FUra (20) + 5'-GMP (100) + cytidine (100) 043 * 0.08 12
FUra (20) + 5'-GMP (100) + cytidine (30) 0.21 * 0.04 6

*The numbers in parentheses indicate the dose of the compound {mg/kg/day).

+P < 0.01.

RNA synthesis. Measurement of the incorporation
of [*H]adenosine or ['*C]cytidine into RNA showed
that a significant correspondence existed between
the inhibition of RNA synthesis and antitumor
activity. In studies on the effect of FUra alone on
total RNA in Ehrlich ascites tumor cells FUra is
found to replace uracil in RNA [31, 32] but not to
effect the incorporation of [*2P]phosphate into RNA
[33]. Our data provide strong evidence that the
synergistic cytocidal action of FUra plus 5'-GMP
against adenocarcinoma 755 is caused by inhibition
of RNA synthesis, which may be mediated through
the diminished pyrimidine nucleotide pool size and
increased incorporation of FUra into RNA. It is not
clear how 5'-GMP effects the size of the pyrimidine
nucleotide pool in tumors. Since it is unlikely that
5'-GMP can enter the cells directly, cell entry may
be mediated by metabolism of the nucleotide to a
nucleoside or other form prior to entering into the
cells. Otherwise, 5'-GMP may exert its effect at the
level of the cell membrane. There were marked
decreases in the CTP and UTP pool sizes in tumors
treated with the combinations that potentiated the
antitumor activity of FUra. A rapid and preferential
reduction of CTP synthesis, which is caused by

cyclopentenyl cytidine [34], occurs concomitantly
with the reduction of CTP levels in the inhibition of
the transcription of rRNA, and inhibits cell growth.
By contrast, an increased CTP level is associated
with rapid growth of tumor cells [35, 36]. More-
over, resistance to FUra in some cell lines is corre-
lated with an increased GTP level [37]. Thus the
CTP level in a tumor may be very important in
the proliferation of the cells, though the terminal
product of pyrimidine ribonucleotide biosynthesis,
CTP, regulates pyrimidine biosynthesis by acting
as a specific inhibitor of the first step of the de novo
pyrimidine pathway [38] as well as the salvage
pathway [39]. In addition, the fact that cytidine
reversed the antitumor activity of FUra and that 5'-
GMP potentiated the antitumor activity of FCyd
suggest a decreased CTP level, and a low level of
the CTP pool and an increased incorporation of
FUra into RNA produced marked inhibition of
RNA synthesis after treatment with the combination
of FUra and 5'-GMP, thus enhancing the antitumor
activity of FUra.
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