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Abstract The antitumor ribonucleoside analogues 1-(3-
C-ethynyl-B-p-ribo-pentofuranosyl)cytosine (ECyd) and
1-(3-C-ethynyl-B-p-ribo-pentofuranosyljuracil (EUrd),
first synthesized in 1995, have strong antitumor activity
against human cancer xenografts without severe side
effects. Here, we studied the antitumor mechanisms of
ECyd and EUrd using mouse mammary tumor FM3A
cells in vitro and the mechanism of selective cytotoxicity
of ECyd using human tumor xenografts in nude rats
in vivo. In FM3A cells, ECyd and EUrd were rapidly
phosphorylated to ECyd 5'-triphosphate (ECTP) and
EUrd 5’-triphosphate (EUTP), which strongly inhibiting
RNA synthesis. Cells treated with EUrd were later
found to contain both EUTP and ECTP, and ECTP
accumulated as the final product. Probably the uracil
moieties of EUrd derivatives were efficiently converted
to cytosine moieties in the cells. EUrd and its derivatives
were minor metabolites in the cells treated with ECyd, so
cytidine forms probably were not converted to uridine
forms at the nucleoside or nucleotide stage. The ultimate
metabolite of ECyd and EUrd, ECTP, is stable in cul-
tured cells with a half-life of at least 3 days, so ECyd and
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EUrd are on a “closed” metabolic pathway to ECTP.
These characteristics of ECyd and EUrd may be im-
portant for their antitumor activity. ECyd had strong
and selective antitumor activity against the human
tumor xenografts. ECyd-phosphorylating activity (uri-
dine/cytidine kinase) in the xenografts was higher than
that in the organs of the rats. This finding may account
for the strong activity with mild side effects. ECyd and
EUrd may be a new kind of antitumor nucleoside ana-
logue for clinical use.
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Introduction

Pyrimidine analogues such as 5-fluorouracil and 1-B-p-
arabinofuranosylcytosine (Ara-C), which inhibit DNA
synthesis, are important antitumor agents used clinical-
ly. However, their effects on solid tumors are generally
unsatisfactory. In such tumors, the proportion of cells in
the S phase (when inhibition of DNA synthesis is pos-
sible) is smaller than in rapidly growing tumors. For this
reason, our aim is to find and develop inhibitors of RNA
synthesis, which occurs throughout the cell cycle except
in the M phase. Even when RNA synthesis is only
slightly inhibited, the effects are not negligible. For
instance, 1-(2-deoxy-2-methylene-B-p-erythro-pentofura-
nosyl)cytosine [14, 23], 2’-deoxy-2’,2’-difluorocytidine
(gemcitabine) [4, 8], and 1-(2-C-cyano-2-deoxy-p-p-ar-
abino-pentofuranosyl)cytosine [2, 13, 22] are effective
against a variety of human solid tumors in vitro and
in vivo. These nucleosides are potent inhibitors of DNA
synthesis, beside inhibiting RNA synthesis, unlike Ara-C
[11, 16].

The nucleosides 1-(3-C-ethynyl-B-p-ribo-pentofura-
nosyl)cytosine (ECyd; Fig. 1A) and 1-(3-C-ethynyl-f-
D-ribo-pentofuranosyl)uracil (EUrd; Fig. 1B) were
designed to inhibit RNA synthesis; both are effective
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Fig. 1A,B Structures of ECyd (A) and EUrd (B)

against a variety of tumor cells, with 50% inhibitory
concentration (ICsgp) of 10 to 100 nM in vitro [7, 12]. In
particular, ECyd has strong antitumor activity with
weak toxic effects in vivo [20]. ECyd [7] and EUrd [19]
inhibit RNA synthesis in vitro. They must be phos-
phorylated by uridine/cytidine kinase to have biological
activity [6, 12]. In the study reported here, we investi-
gated the antitumor mechanisms and the metabolism of
ECyd and EUrd in vitro and in vivo.

Materials and methods

Materials

ECyd and EUrd were synthesized as reported previously [7, 12].
[Cytosine-5(n)->H]JECyd (200 GBq/mmol) and [uridine-6-*H]EUrd
(181 GBq/mmol) were synthesized at Amersham Life Science
(Little Chalfont, UK). [8-’H]Guanosine (544 GBgq/mmol) was
obtained from Moravek Biochemicals (Brea, Calif.). [Meth-
yl-*H]thymidine (740 GBq/mmol) was obtained from Du Pont/
NEN Research Products (Boston, Mass.). [8->H]GTP (211 GBq/
mmol) was obtained from Amersham. All other chemicals were
of the highest purity available.
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Fig. 2 Cytotoxicity of ECyd and EUrd. FM3A cells growing
exponentially were cultured in the presence of 3.0 uM ECyd (@) or
11 pM EUrd (O), or with no additions (O). Cell viability was
evaluated by trypan blue exclusion. Points are the means of three
separate experiments (bars SD)

Cell culture

Mouse mammary tumor FM3A cells (F28-7) were obtained from
the Japanese Cancer Research Resources Bank. The cells were
grown at 37 °C in an atmosphere containing 5.0% CO, in ES
medium (Nissui Pharmaceutical Co., Tokyo, Japan) containing 2%
heat-inactivated fetal bovine serum [9]. Cells were counted using a
microcell counter (CC-130; Toa Medical Electric Co., Tokyo, Ja-
pan). Cell viability during treatment with ECyd or EUrd was es-
timated by trypan blue exclusion using a hemocytometer. Growth
inhibition was monitored as described previously [9]. DNA frag-
mentation was detected as reported previously [21]. Nucleoli in cells
were observed under a microscope with azure C staining [3].

Assays of RNA and DNA synthesis
RNA synthesis

FM3A cells (2 x 10° cells/ml) were incubated at 37 °C in a medium
containing 3.0 uM ECyd or 11 pM EUrd. At certain times, du-
plicate samples were withdrawn and pulse-labeled with 37 kBq/ml
[8-*H]guanosine for 30 min. After labeling, the cells were washed
twice with ice-cold PBS and suspended in 10% trichloroacetic acid
(TCA) at 4 °C for 20 min. The acid-insoluble fraction, which
contained both RNA and DNA, was washed with 10% TCA,
dissolved in 1 M NaOH, and incubated at 37 °C for 16 h to hy-
drolyse the RNA. The sample was neutralized with 1 M HCI, re-
acidified with TCA, and left on ice for 20 min for precipitation of
the DNA [15]. After centrifugation of the sample (14 000 g, 4 °C
for 10 min), the supernatant was filtered through a nitrocellulose
membrane filter cartridge (0.22-um pores) for removal of any un-
precipitated DNA. Radioactivity in the supernatant was measured
in a liquid scintillation cocktail (ACSII, Amersham).

Effects of ECTP and EUTP on RNA synthesis in isolated nuclei

Nuclei from exponentially growing FM3A cells were prepared and
RNA synthesis was assayed by the method of Marzluff and Huang
[10]. The reaction mixture contained 500 pM ATP, CTP and UTP,
and 50 uM [8->H]GTP as substrates for RNA polymerases.
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Fig. 3 Effects of short-term incubation with ECyd on growth of
FM3A cells. After incubation with 3.0 pM ECyd for 1 (A), 2 (), 3
(A) or 4 (W) h, cells were cultivated in fresh medium without ECyd
(O control cells). Points are the means of three separate
experiments (bars SD)
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Fig. 4A,B Effects of ECyd and
EUrd on incorporation of the
labeled precursors [8-*H]gua-
nosine and [methyl->H]thymi-
dine into the RNA (A) and
DNA (B), respectively, of
FM3A cells. A incorporation
of [8-*H]guanosine during
incubation with ECyd (@) or
EUrd (O); B incorporation of
[methyl->H]thymidine during
incubation with ECyd (A) or
EUrd (A). Points are the means
of three separate experiments
(bars SD)
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Effects of preincubation with ECTP on RNA synthesis
in isolated nuclei

For time-dependent inactivation experiments, nuclei isolated from
FM3A cells were incubated with 21-2100 nM ECTP in the presence
of 500 uM ATP and UTP, and 50 pM [8->H]GTP. At intervals,
20-ul aliquots were removed and diluted into 80 pl reaction
buffer containing 1200 uM CTP, 500 pM ATP, 500 uM UTP and
50 pM [8-*H]GTP. The initial rates of incorporation of radioacti-
vity into the acid-insoluble fraction were measured by the meth-
ods of Marzluff and Huang [10].

Effects of ECTP and EUTP on DNA synthesis

At certain times, FM3A cells treated with ECyd or EUrd were
labeled with 37 kBq/ml [methyl->H]thymidine for 30 min as above.
The radioactivity in the acid-insoluble fraction was counted as
described previously [9].

Metabolism and distribution of ECyd and EUrd in FM3A cells

FM3A cells (4 x 107) treated with tritiated 3.0 pM ECyd or 11 pM
EUrd were washed twice with cold PBS and resuspended in more
PBS. Cell components were fractionated into acid-soluble, DNA,
RNA, lipid, and protein fractions by the method reported by
Schneider [18]. The acid-soluble fraction was neutralized with two
volumes of a Freon-amine solution (0.5 M tri-n-octylamine in
1,1,2-trichloro-1,2,2-trifluoroethane) and kept at —80 °C until
HPLC (see below). The radioactivity of each fraction was counted.

The acid-soluble fraction was analyzed by HPLC with an an-
ion-exchange column (TSK-gel DEAE-2SW, 4.6 x 250 mm; Tosoh
Corporation, Tokyo, Japan). The HPLC apparatus was as de-
scribed previously [24]. The column was eluted with 100% buffer A
(10 mM NH4H,PO4, 10 mM sodium hexanesulfonate, and 20%
CH;CN, pH 3.0) at a flow rate of 1.0 ml/min for 10 min, followed
by a linear gradient changing to 60% buffer B (80 mM Na,HPO,,
10 mM sodium hexanesulfonate, and 20% CH;CN, pH 6.0) for
25 min, and last 100% buffer B for 45 min. This gradient program
was controlled by an automated gradient controller (model 680;
Waters, Milford, Mass.). The eluate was monitored with a UV
detector. Fractions of 1 ml were collected, and the radioactivity of
each fraction was measured. Under these conditions, EUTP and
UTP eluted simultaneously. The net amount of UTP was calcu-
lated by subtraction of the amount of EUTP calculated from its
specific activity from the amount of UTP found by calculation of
its peak area by HPLC. The concentration of nucleotides in the
FM3A cells was calculated by division of the amount of nucleotides
by the approximate number of cells (“‘cell equivalents’’) and the cell
aqueous volume. The volume of the cells was calculated from the
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mean diameter of cells, and we found 10° cells to be equivalent to
1.1 mm®. We assumed that the extracted nucleotides had been
uniformly distributed in the cell aqueous volume.

Intracellular stability of ECTP

The intracellular stability of ECTP was compared with that of Ara-
C 5-triphosphate (Ara-CTP). After incubation with 3.0 uM ECyd
or 44 uM Ara-C for 4 h, FM3A cells were washed and cultured in
drug-free medium. At specific time-points, acid-soluble fractions
were prepared and analyzed using HPLC as described above.

Antitumor experiments

The human tumor cells used in this study were obtained from the
Japanese Cancer Research Resources Bank. The experimental
groups each consisted of seven or eight nude rats. Human lung
(LC-11), pancreas (PAN-12), stomach (AZ-521), and colon (CO-3)
tumor xenografts were made by s.c. implantation of a cube of tissue
measuring about 8 mm?® into the area under the right foreleg of
male F344/N Jcl-rnu rats. When the volume of tumor (1/2 x major
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Fig. 5 The relationship between concentration of ECyd (@) or
EUrd (O) and incorporation of the labeled precursors [8-*H]gua-
nosine into the RNA of FM3A cells after 4 h of incubation. Points
are the means of three separate experiments (bars SD)
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Fig. 6A-D Metabolites of ECyd and EUrd in FM3A cells
incubated with ECyd (A) or EUrd (B), and the effects of ECyd
(C) or EUrd (D) on rNTP in FM3A cells (@ ECTP, B ECDP, A
ECMP, O EUTP, O EUDP, A EUMP, V metabolite x, & ATP, +
GTP, @ UTP, and ¥ CTP). The retention times of the nucleotides
were as follows (min): ECyd, 2.2; EUrd, 2.9; ECMP, 3.5; EUMP,
23.1; ECDP, 33.0; UDP-glucose, 42.3; metabolite x, 43.2; EUDP,
52.0; EUTP, 73.3; UTP, 73.5; CTP, 75.5; ECTP, 78.2; ATP, 86.8;
GTP, 92.7). Points represent the average of two experiments
(Metabolite x was an unidentified metabolite eluting near UDP-
glucose in HPLC, perhaps an EUDP-sugar derivative)

axis x minor axis®) reached about 200 mm?®, drug dissolved in sa-
line was injected i.v. for 5 consecutive days. After 2 days rest, the
same treatment was repeated for another 5 days. The maximum
nontoxic dose was used, defined as the highest dose that caused no
decrease in body weight, no gastrointestinal toxicity, and no mye-
losuppression. This dose was 0.25 mg/kg for ECyd and 5 mg/kg for
5-fluorouridine (FUrd). On day 15, the antitumor activity of the
drugs was evaluated as the inhibition of tumor growth in treated
rats as a percentage of that of untreated control rats. The care and
treatment of rats were in accordance with the guidelines (no. 141,
1987) issued by the Science and International Affairs Bureau of the
Japanese Ministry of Education, Science Culture and Sports.

Preparation and assay of uridine/cytidine kinase

All procedures were done at 4 °C. Tissue samples (0.5 to 1.0 g)
were minced with scissors and homogenized with four volumes of
50 mM Tris-HCI (pH 8.0) containing 10 mM 2-mercaptoethanol,
25 mM KCl, and 5 mM MgCl,. The homogenates were centrifuged
at 10 500 g for 60 min and the supernatants were used for the assay
of ECyd phosphorylating activity (uridine/cytidine kinase).
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The reaction mixture, in a total volume of 125 pl, comprised
50 mM Tris-HCI (pH 8.0), 10 mM NaF, 5 mM MgCl,, 0.6 mM
[cytosine-5(n)-*H]ECyd (37 Bq/tube) and 50 pl enzyme solution.
The mixture was incubated at 37 °C for 30 min, heated in a
boiling water bath for 2 min, and centrifuged at 2000 g for
10 min. Then 20 pl of supernatant was put on a polyethylene-
imino-cellulose TLC plate (3 x 10 cm) and developed with water.
Phosphorylated compounds at the origin were scraped into vials
and extracted with 2 M HCl (1 ml), and their radioactivities
were measured.

Results

ECyd and EUrd potently inhibited the growth of FM3A
cells in vitro. The concentrations of ECyd giving 50%
and 90% inhibition of growth (ICsy and ICqy) were
0.030 and 0.30 pM, respectively. For EUrd, the equiv-
alent concentrations were 0.11 and 4.0 uM, respectively.
When cells were incubated with 3.0 pM ECyd or 11 uM
EUrd, cell death was first observed 12 h after the start of
incubation (Fig. 2). After 24 h of incubation, cell via-
bility was reduced to 11.2% and 41.8% with these
concentrations. At that time, DNA fragments, some
100 to 200 kb long and some internucleosomal, were
observed in cells treated with either drug [21].

The growth of cells exposed to ECyd for 1 h was
inhibited for 48 h (Fig. 3). FM3A cells exposed to ECyd
for 3 h or more were irreversibly damaged and died. The
cytotoxicity of ECyd after 4 h of exposure was reversed



by the addition of a metabolic competitor, either cyti-
dine (100 uM) or uridine (100 uM), to the drug-free
medium (data not shown). Such reversal was also seen in
FM3A cells treated with 11 pM of EUrd (data not
shown).

In cells treated with ECyd or EUrd, nucleoli shrank
before cells began to die. The times required for ECyd at
3.0 uM, EUrd at 11 uM, and actinomycin D at 0.21 pM
to reduce the percentage of cells with intact nucleoli to
50% were 3.5, 3.7, and 2.4 h, respectively. In contrast,
Ara-C at 44 uM did not affect nucleoli: whether cells
were treated or not 99% had intact nucleoli. When cells
were incubated with 3.0 uM ECyd or 11 pM EUrd,
RNA synthesis was reduced to 20.3% and 16.8% after
4 h of incubation, respectively (Fig. 4A). On the other
hand, DNA synthesis was only reduced to 85.5% and
86.4% after 4 h of incubation with these drugs (Fig. 4B).
The relationship between concentration of ECyd or
EUrd and inhibition of RNA synthesis was analyzed
after a 4-h incubation of cells. RNA synthesis was
reduced dose-dependently (Fig. 5).

When cells were treated with 3.0 pM ECyd or 11 uM
EUrd, their metabolite accumulated in the acid-soluble
fraction and RNA. After 12 h of incubation with *H-
ECyd, 96.9% of the total radioactivity was detected in
the acid-soluble fraction, and 3.1% was incorporated
into RNA. In cells treated with *H-EUrd for 12 h, 97.8%
of the total radioactivity (29 900 dpm/10° cells) was de-
tected in the acid-soluble fraction, and 2.2% was incor-
porated into RNA. ECyd was incorporated into RNA:
the amounts of incorporated 3’-ethynyl-pyrimidine nu-
cleosides were 4.0, 6.0, and 9.8 pmol/lO6 cells at 4, 8 and
12 h, respectively. EUrd was also incorporated into
RNA: the amounts incorporated were 6.1, 9.3, and 8.6
pmol/10° cells at 4, 8 and 12 h, respectively. ECyd and
EUrd were not incorporated into DNA, lipid or protein.

Figure 6 shows the results of HPLC of the acid-sol-
uble fraction prepared from cells incubated with ECyd
or EUrd. About 75% of the total metabolites in the
acid-soluble fraction was ECTP or EUTP and the re-
mainder was their mono- or diphosphate derivatives.
During incubation with ECyd, the ECTP accumulated
with little EUTP being detected (Fig. 6A). During in-
cubation with EUrd, EUTP was a major metabolite at
4 h of incubation, but by 8 h the amount was decreas-
ing, while the amount of ECTP was still increasing
(Fig. 6B). As shown in Fig. 6A, B, while incorporation
of ECyd into cells increased time-dependently, that of
EUrd had almost ceased by 4 h of incubation. In cells
treated with ECyd or EUrd, rNTP pools changed little
(Fig. 6C, D). Unphosphorylated ECyd and EUrd and
their catabolites, cytosine and uracil, were not detected.

Ara-CTP was eliminated from the cells with a half-
life of less than 10 min (Fig. 7). ECTP had a half-life
about 81 h. Intracellular ECTP was some 500 times
more stable than Ara-CTP.

ECTP and EUTP strongly inhibited RNA synthesis
in isolated nuclei. The initial rate in the control was
650 pmol/min per 10° nuclei. The ICs, values of ECTP
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Fig. 7 Changes in ECTP and Ara-CTP with time of incubation in
FM3A cells. After incubation of FM3A cells with 3.0 pM ECyd or
44 nM Ara-C for 4 h, the cells were cultivated in fresh medium
without ECyd or Ara-C from time zero. At certain times, acid-
soluble fractions were prepared. ECTP and Ara-CTP in cells were
measured by HPLC (@ ECTP, A Ara-CTP). The retention times of
ECTP and Ara-CTP were 78.2 and 81.5 min, respectively. Points
are means of three separate experiments (bars SD)

and EUTP with respect to the initial rate of RNA syn-
thesis were 3.0 and 10 pM, respectively. Nuclei were
preincubated with 21-2100 nM ECTP in the absence
of CTP. The activity of RNA polymerization was not
affected by the preincubation (data not shown).

The antitumor activity of ECyd was evaluated on
human lung (LC-11), pancreas (PAN-12), stomach (AZ-
521) and colon (CO-3) cancer xenografts implanted into
nude rats. The antitumor efficacy of S5-fluorouridine
(FUrd), a fluorinated pyrimidine, was also tested in the
same rat model transplanted with LC-11 and PAN-12
because FUrd was known to inhibit RNA metabolism.
As shown in Table 1, ECyd (0.25 mg/kg) showed sig-
nificant effectiveness against all four tumors: the rates of
inhibition of tumor growth (IR) were 80.9%, 90.9%,
88.8% and 83.3% for LC-11, PAN-12, AZ-521 and CO-
3, respectively. The antitumor activity of FUrd (5 mg/
kg) was low, with IR values of 16.6% and 40.4% for
LC-11 and PAN-12, respectively. Throughout these
therapeutic experiments, ECyd and FUrd produced no
severe toxicities such as diarrhea, myelosuppression or
loss in body weight (data not shown).

Uridine/cytidine kinase is a key enzyme for the
phosphorylation of ECyd and FUrd to exhibit cyto-
toxicity. The enzyme activities in tumor and normal
tissues of nude rats were therefore measured using
tritiated ECyd as substrate. As shown in Fig. 8, ECyd
phosphorylating activity in LX-1 and CO-3 were 333
and 272 pmol/min per mg protein, respectively, while
normal tissues had less activity (below 100 pmol/min per
mg protein) than tumor xenografts.

Discussion

The antitumor activity of antimetabolic agents depends
greatly on their metabolic profile in tumor cells. For
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Table 1 Antitumor activity of ECyd and FUrd against human
tumor xenografts in nude rats. Human tumor xenografts (about
8 mm® fragments) were implanted into nude rats. The maximal
nontoxic dose of ECyd (0.25 mg/kg per day) or FUrd (5 mg/kg per

day) was injected i.v. for 5 consecutive days. After 2 days rest, the
same treatment was repeated for another 5 days. The antitumor
activity of these drugs was evaluated at day 15 after starting the
drug treatment. The values are means = SD (NT not tested)

Cancer type Tumor line Control ECyd FUrd
RTV?
RTV? IR (%)° RTV? IR (%)°
Lung LC-11 499 + 1.82 0.95 £ 0.86%* 80.9 4.16 £ 2.09 16.6
Pancreas PAN-12 2.62 £ 0.96 0.26 £ (.08***** 90.9 1.56 £ 0.78* 40.4
Stomach AZ-521 18.55 + 5.58 2.08 £ 1.50%* 88.8 NT
Colon CO-3 3.38 + 2.09 0.57 £ 0.43%* 83.2 NT

*P < 0.05, * P < 0.01 vs control group (Welch’s r-test); *** P < 0.05 vs FUrd group (Welch’s ¢-test)
?Relative tumor volume (tumor volume on day 15/tumor volume on starting drug administration)
®Inhibition rate of tumor growth [(I-RTV of drug treatment/RTV of control) x 100]

example, the antitumor activity of Ara-C is diminished
in solid tumors because of the intracellular instability of
the active metabolite, Ara-CTP. ECyd and EUrd have
more potent antitumor activity against solid tumors
than some antimetabolic agents often used clinically
[12, 19, 20]. Therefore, we suspected that the antitumor
mechanisms and metabolic profiles of these nucleosides
might be unusual.

ECyd and EUrd inhibited RNA synthesis in FM3A
cells since the nucleoli shrank, as did actinomycin D.
ECyd and EUrd were phosphorylated to produce ECTP
and EUTP, respectively. Interestingly, ECTP accumu-
lated in cells treated with EUrd. This conversion of
EUTP to ECTP may arise from CTP synthase (EC
6.3.4.2; Fig. 9), because EUTP and ECTP were pro-
duced in cells treated with EUrd. Small amounts of
EUrd derivatives were produced by the cells treated with
ECyd perhaps because ECyd and its derivatives resist
deamination (Fig. 9) [20]. The efficacy of Ara-C is
limited by the rapid elimination of intracellular Ara-
CTP from tumor cells [17]. Ara-CTP is dephosphory-

B

1=}

=}
.

300 -

200

100 -

Cytidine kinase activity (omol/mg per min)

o
L

LX-1 (tumor)
CO-3 (tumor)
Liver

Kidney

Spleen

Small intestine
Large intestine
Lung

Bone marrow

Fig. 8 ECyd-phosphorylating activity in human tumor xenografts
and various normal tissues of nude rats. ECyd-phosphorylating
activity was assayed as described in Materials and methods. Values
are means £ SD for three rats

lated to be deaminated by deoxycytidylate deaminase.
ECTP may not be efficiently dephosphorylated in the
cells. Thus, we consider that ECyd and EUrd are on a
“closed” metabolic pathway accumulating ECTP as a
dead-end metabolite. These characteristics might be the
reason for the long half-life. With these characteristics,
short exposures to ECyd and EUrd could cause the
death of cells.

In cells treated with ECyd, the main metabolites were
the dead-end metabolites ECTP, ECDP, ECMP and
EUTP. As shown in Fig. 6B, in cells treated with EUrd,
an unidentified metabolite, metabolite x, which was
considered to be an EUDP-sugar, was detected in the
acid-soluble fraction, and its concentration as EUrd
reached 4 pM after 12 h of incubation. This metabolite
may affect the macromolecular synthesis of complex
carbohydrates.

Saturation of cells with EUrd may be related to in-
hibition of its transport by the EUTP formed, and
incorporation of the nucleoside analogues into RNA.

Inhibition of RN A synthesis was not accompanied by
decreases in pools of TNTP precursors for RNA syn-
thesis. Therefore, the inhibition of RNA synthesis must
involve inhibition of RNA polymerization by ECTP and
EUTP. It has been reported that T7 RNA polymerase is
inhibited competitively by ECTP (Azuma A and Mats-

Urd / Cyd
kinase
— ECyd —> ECMP—>ECDP —> ECTP <+

y

Inhibition of
( Cell Death | | gNA Synthesis

4

N

Cyd deaminase
CcTP
synthase

L » EUrd —» EUMP —>EUDP —> EUTP =
Urd/ Cyd
kinase

Fig. 9 Metabolism and cytotoxic mechanisms of ECyd and EUrd
(Cyd deaminase cytidine deaminase, Urd/Cyd kinase uridine/
cytidine kinase)



uda A, unpublished observation) and EUTP [10]. In our
preliminary experiments, RNA polymerase was inhibit-
ed competitively by ECTP and EUTP in isolated nuclei
of FM3A cells. The Ki values of ECTP and EUTP were
21 nM and 84 nM, respectively (apparent Km values of
RNA polymerase for CTP and UTP were 8.0 pM and
13 uM, respectively; details to be published elsewhere).
ECTP is not an irreversible inhibitor of RNA poly-
merase because ECTP did not inactivate RNA poly-
merase upon preincubation. These results suggest that
the concentrations of ECTP or EUTP in FM3A cells
treated with 3.0 pM ECyd or 11 pM EUrd for 4 h were
high enough to inhibit RNA polymerization, as shown
in Fig. 6. The inhibition of RNA synthesis by ECTP or
EUTP in the nuclei isolated from FM3A cells reflected
the inhibition by ECyd and EUrd of such synthesis in
intact FM3A cells.

The phosphorylation of ECyd in tumor was 20-30
times higher than that in normal organs. It has also been
reported that the activity of uridine/cytidine kinase in
hepatoma cells is about seven or eight times higher than
that in hepatocytes of newborn mice [25]. Furthermore,
the biological activity of ECyd and EUrd depends
greatly on the first phosphorylation step by uridine/
cytidine kinase [6, 19, 20]. The addition of cytidine or
uridine to the medium prevented the cytotoxic effects of
ECyd and EUrd. Therefore, the first phosphorylation of
these nucleosides might be the key step in their selective
cytotoxity toward tumor cells. FUrd has been shown to
be converted to its active form by uridine/cytidine kinase
and incorporated into RNA molecules thus inhibiting
RNA metabolic processes such as processing and splic-
ing [1, 5]. Therefore, we compared the antitumor activity
of ECyd to that of FUrd at the same minimum toxic
doses, and found that ECyd had a higher and more
tumor-selective efficacy against human tumor xenografts
in nude rats than FUrd, suggesting that ECyd inhibits
RNA metabolism in a different manner to FUrd. The
inhibition of DNA synthesis by ECyd probably arises
from its potent inhibition of RNA synthesis.

The efficient phosphorylation of ECyd and EUrd to
ECTP and EUTP and their inhibition of RNA poly-
merases in tumor cells account for much of the strong
and selective antitumor activity of these agents against
solid tumors. ECyd and EUrd are candidates for clinical
trials. RNA synthesis may be a suitable target in the
design of possible antitumor nucleosides with effects on
solid tumors.
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