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Abstract. We investigated the antitumor effect of oral 
administration of etoposide and arabinofuranosylcytosine- 
5'-stearylphosphate (C18PCA) against P388 ascites 
tumors in B6D2F1 mice. Etoposide (25 mg/kg) and 
C18PCA (5 mg/kg) were given orally on days 1-5 after 
tumor inoculation. The median life span of the mice treated 
with etoposide or C18PCA alone was 19.5 and 18 days, 
respectively. The combination of both drugs significantly 
extended the median life span to 33 days. To clarify this 
enhancement of the increase in median life span, we ex- 
amined intracellular deoxyribonucleoside triphosphate 
(dNTP) pools, cell-cycle distribution, DNA fragmentation, 
and the time course of the plasma drug concentration. 
Etoposide had no effect on intracellular dNTP pools in this 
experimental system, whereas treatment of cells with 
C 18PCA or with the combination of both drugs resulted in 
a significant increase in dTTP pools to values ranging from 
1.8- to 2.0-fold higher than the control levels. There was a 
significant increase in cells in the S+G2,qVI phase when 
cells had been treated with both etoposide and C 18PCA. 
Agarose-gel electrophoresis of the extracted DNA revealed 
that C18PCA enhanced the fragmentation of DNA, with a 
length of about 180 bp being induced by etoposide. The 
plasma peak levels of etoposide (1000 nM) and ara-C 
(50 nM) were observed at 20 and 30 min after the simul- 
taneous administration of both drugs, respectively. The 
plasma etoposide level gradually decreased to 10% of the 
peak level at 240 min after administration. On the other 
hand, the plasma concentration of ara-C was maintained at 
above 20 nM at 240 rain. These observations suggest that 
C18PCA and etoposide act on P388 murine leukemic cells 
by accumulating cells in the S+G2/M phase. Even if the 
plasma concentration of ara-C is low, the repair of DNA 
damage by etoposide may be hindered in the presence of 
ara-C following an increase in DNA fragmentation. 
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Introduction 

Arabinofuranosylcytosine (ara-C) is one of the most im- 
portant antitumor agents in the treatment of human acute 
myelogenous leukemia [1]. Since ara-C is rapidly inacti- 
vated by cytidine deaminase into 1-[3-D-arabinofuranosyl- 
uracil (ara-U) [9], it is of great benefit to modify ara-C to a 
deaminase-resistant form. Saneyoshi et al. [29] demon- 
strated that a series of newly synthesized ara-C mono- 
phosphate (ara-CMP) esters having 10- to 20-carbon alkyl 
groups exhibited a high degree of antitumor activity 
against L1210 murine leukemia. Arabinofuranosylcy- 
tosine-5'-stearylphosphate (C18PCA) was selected from 
the various ara-CMP esters as one of the most promising 
orally effective antileukemic drugs with prolonged activity 
[5, 17]. C18PCA is gradually converted to ara-C and the 
concentration of ara-C is retained much longer [5, 17]. 

Etoposide, a semisynthetic derivative of podophyl- 
lotoxin, is effective against a spectrum of human tumors, 
such as small-cell lung cancer, testicular carcinoma, acute 
myelogenous leukemia, and lymphomas [24, 31]. We and 
other investigators have previously reported a synergistic 
interaction between ara-C and etoposide [25, 28]. Re- 
cently, low-dose ara-C and/or etoposide have been re- 
ported to be effective in the treatment of some cases of 
refractory leukemia [11, 18]. We describe herein an en- 
hanced antitumor effect of oral administration of C 18PCA 
and etoposide on P388 murine leukemia. 

Materials and methods 

Chemicals. Etoposide and Ct8PCA were supplied by Nippon Kayaku 
Co. Ltd., Japan. 

Mice and tumor cell line. Male (C57BL/6 • DBA/2)F1 (hereafter called 
B6D2F1) mice weighing from 31 to 32 g each were kept at Mie Univer- 
sity Animal Center under constant conditions (12-h light:dark regimen; 
Oriental Chew pellet food and water ad libitum). The mice used for these 
experiments were 10-11 weeks of age, The strain of P388 leukemia was 
maintained in B6D2F1 mice by weekly intraperitoneal (i.p.) inoculation 
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Fig. 1. Survival curves plotted by the Kaplan-Meier life-table method. 
Ten mice in each group were inoculated i.p. with 106 P388 cells 24 h 
before treatment. On days 1-5 after tumor inoculation, (A) normal saline 
containing 25% (v/v) DMSO, (B) 5 mg/kg C18PCA, (C) 25 mg/kg 
etoposide, and (D) both 5 mg/kg C18PCA and 25 mg/kg etoposide were 
given. The combination of both drugs shows the best therapeutic effect 
(P<0.001, generalized Wilcoxon test) 

of 1 x l06 cells. Mice that were used in experiments received 1 x 106 
ascites tumor cells i.p. in 0.2 m1 normal saline. 

Drug administration. Ten mice in each group were treated with 
C 18PCA, etoposide, and both C 18PCA and etoposide from day 1 to day 
5 after tumor inoculation. The doses of C18PCA and etoposide were 5 
and 25 mg/kg per day orally, respectively. We selected the etoposide 
dose that produces a 1-gM plasma concentration as based on previous 
experiments [5, 17, 20, 26], because oral administration of etoposide at 
25 rag/day achieves a 1-gM plasma concentration in clinical use. Just 
before their use, C18PCA and etoposide were dissolved in water and 
normal saline containing 25% (v/v) dimethylsulfoxide (DMSO), respec- 
tively. The drugs were force-fed by a stomach tube. For the combination 
of C18PCA and etoposide, the drugs were simultaneously given in the 
same vehicle, a solution of normal saline containing 25% DMSO. Nor- 
mal saline containing 25% DMSO was given to the mice in the control 
group on the same schedule. 

Drug effect. The antitumor effect of the drugs was evaluated by compar- 
ing the prolongation of the postinoculation life span. The period of 
observation was 60 days. The probability of survival rate was estimated 
by the life-table analysis method of Kaplan and Meier. Statistical analy- 
sis was made by the generalized Wilcoxon method. Enhancement was 
considered to be present when the percentage of increase in the median 
life span (%ILS) of treated over control animals for the combination of 
etoposide and C 18PCA was greater than the sum of the %ILS values for 
the two drugs given as single agents at the same dose levels [22]. 

Sample preparation for high-performance liquid chromatography and 
cell-cycle analysis. After tumor inoculation, six mice in each group were 
treated without antitumor drug or with C18PCA alone, etoposide alone, 
or the combination of both drugs. The mice were treated with the doses 
described above on days 7-11 after tumor implantation. On day 12, the 
mice were killed by cervical dislocation. Cells were collected, washed 
three times with normal saline, and processed for the determination of 
cell progression, the extraction of nucleotides, and the evaluation of 
DNA fragmentation. For the determination of cell-cycle distribution, 1 
x 103 cells were run in FACScan and analyzed for their DNA contents 
using the Cell FIT program. The deoxyribonucleoside triphosphate 
(dNTP) pools were extracted from 3 x 107 cells by a modified version 
of the method of Khym [15] and Garrett and Santi [3] as described 
elsewhere [7]. The samples were stored at -20~ until subjected to 
high-performance liquid chromatography (HPLC). 

Determination of dNTP pools. The separation of the dNTP pools was 
performed using a Waters ALC/GPG 204 HPLC equipped with a 6000 A 
pump, a 710 B sample processor, a 730 data module and a TSK gel 
DEAE 2SW column (Tosoh Ltd., Japan). The elution was done with 
0.06 M disodium hydrogen phosphate with 20% acetonitrile at pH 6.6 as 

Fig. 2, Effect of etoposide and C18PCA on DNA fragmentation. DNA 
was extracted as described in Materials and methods, and 5 gg of each 
sample was loaded onto agarose gel. Electrophoresis was performed for 
40 min at 58 V. The DNA was stained with ethidium bromide, and the gel 
was photographed under UV light. Lane 1, Control; lane 2, 25 mg/kg 
etoposide for 5 days; lane 3, 5 mg/kg C18PCA for 5 days; lane 4, both 
etoposide and C18PCA; lane 5, Hinc H-digested products of 
r DNA 

described previously [7]. Isocratic separation was carried out at a flow 
rate of 0.7 ml/min. The quantitation was done by means of peak-height 
measurement. Statistical determination was made using Student's t-test, 
depending on the experimental data analyzed. 

Purification and analysis of DNA. In all, 2 • 106 cells were incubated in 
10 mM TRIS-10 mM ethylenediaminetetraacetic acid (EDTA; pH 7.5) 
containing 100 gg proteinase K/ml and 0.5% sodium dodecyl sulfate at 
37~ for several hours. After the addition of NaCI at a final concentration 
of 150 raM, the DNA was extracted twice with phenol/chloroform and 
once with chloroform as described elsewhere [8], treated with RNase A 
(100 gg/ml), recovered by ethanol precipitation, and loaded onto 2.0% 
(w/v) agarose gels. Next, 5 gg of DNA in each lane was electrophoresed 
for 40 rain at 58 V. The DNA present on the gel was stained with 
ethidium bromide (0.5 pg/ml) and photographed under UV light. 

Determination of plasma ara-C and etoposide concentrations. Etoposide 
(25 mg/kg per day) and C 18PCA (5 mg/kg per day) were simultaneously 
given once to 30 mice. Five mice in each group were killed by ether 
treatment at 10, 20, 30, 60, 120, and 240 min after administration of the 
drugs. The blood was drawn directly from the heart and collected in 
heparinized tubes containing tetrahydrouridine at a final concentration of 
500 pM. The plasma concentration of ara-C was determined by radioim- 
munoassay using the method of Sato et al. [30]. The plasma concentra- 
tion of etoposide was measured by HPLC with fluorescence detection as 
described elsewhere [10, 16]. 

R e s u l t s  

Effect o f  individual drugs 

As c o m p a r e d  wi th  the  con t ro l  g roup  ( m e d i a n  surv iva l ,  14 
days) ,  the  m e d i a n  l i fe  span was  s l igh t ly  e x t e n d e d  w h e n  
m i c e  w e r e  t rea ted  wi th  C 1 8 P C A  or  e t o p o s i d e  a lone,  to 18 
days  ( % I L S ,  28 .6%)  and 19.5 days  ( % I L S ,  39 .5%) ,  r e spec -  
t ive ly .  H o w e v e r ,  the  admin i s t r a t ion  o f  bo th  drugs  s ignif i -  
can t ly  i nc rea sed  the  su rv iva l  o f  m i c e  (33 days,  % I L S ,  
135.7%).  T h e  su rv iva l  o f  this g roup  as e v a l u a t e d  by  the  
K a p l a n - M e i e r  l i f e - t ab le  m e t h o d  was  s ign i f i can t ly  be t te r  
than that  o f  the o ther  g roups  (P<0 .001 ;  Fig .  1). T h e  % I L S  



Table 1. Intracellular dNTP pools in P388 murine leukemic cells treated 
with etoposide and C18PCA 

dNTP pools (pmol/10 6 cells) 

dTTP dCTP dATP 

Control (n = 6) 19.1+ 8.7 7.3+3.0 3.5+2.9 

Etoposide (n = 6) 22.0+ 5.0 8.4+1.9 4.7+1.6 

C18PCA (n = 6) 42.8+19.2" 13.0+6.4 7.1+3.2 

Etoposide + C18PCA 34.6+10.3" 9.8+4.0 6.1+1.2 
(n = 6) 

Data represent mean values + SD 
* P = 0.02 (Student's r-test) 

Table 2. Effect of oral administration of C18PCA and etoposide on 
cell-cycle distribution in P388 murine leukemia cells in vivo 

Drug Cell-cycle distribution (%) 

G0/G 1 S G2/M S +G2/M 

Control (n = 4) 59.0+2.8 25.9+3.0 15.1+2.8 41.0+2.8 

Etoposide (n = 3) 55.1+8.3 28.2+4.8 16.7+3.5 44.9+8.3 

C18PCA(n= 4) 55.6+2.4 33.8+2.3* 10.6+0.8" 44.4+2.3 

Etoposide+ C18PCA 50.5+1.5' 32.9+1.4" 16.5+2.7 49.5+1.6" 
(n = 4) 

Data represent mean values + SD 
* P <0.01 Student's t-test) 

of the mice treated with the combination of both drugs was 
greater than the sum of the ILS values obtained for those 
treated with the two drugs given as single agents, which 
would suggest the presence of an enhanced antitumor ef- 
fect of etoposide and C18PCA. 
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Fig. 3. Plasma concentration-time curves generated for etoposide and 
ara-C after the oral administration of etoposide and C18PCA. Each data 
point indicates the mean value for 5 determinations. Bars indicate the SE 

Ara-CTP was not detectable in the cells from all treatment 
groups. The increases in deoxythymidine triphosphate 
(dTTP) pools observed after dosing with both C18PCA 
alone and the combination were of similar magnitude. Next 
we examined the effect of oral administration of C 18PCA 
and etoposide on cell-cycle distribution in P388 leukemia 
cells in vivo. Treatment of cells with C 18PCA significantly 
increased the number of cells in the S phase but decreased 
the quantitiy of cells in the G2/M phase, resulting in no 
significant difference in the percentages of S+G2/M phases 
(%S+G2/M phases). However, a significant increase in the 
%S phase and a lack of change in the %G2/M phase re- 
sulted in a significant increase in the %S+G2/M phase in 
the group treated with the combination of etoposide and 
C18PCA (Table 2). 

DNA fragmentation 

Treatment of ceils with both etoposide and C18PCA in- 
duced DNA fragmentation to a much greater extent as 
compared with treatment with etoposide alone (Fig. 2). The 
lengths of DNA fragments were multiples of about 180 bp 
on examination of a DNA sample using agarose-gel elec- 
trophoresis. The increased DNA fragmentation induced by 
the combination of etoposide and C 18PCA may have been 
responsible for the extended survival of the mice treated 
with these drugs. 

Concentration-time curve for etoposide and ara-C 

Figure 3 shows the plasma concentration-time curve for 
etoposide and ara-C after simultaneous single oral admin- 
istrations of etoposide (25 mg/kg per day) and C18PCA 
(5 mg/kg per day). Etoposide and ara-C levels in plasma 
reached a peak at 20 and 30 min, respectively. The plasma 
etoposide level gradually decreased to 10% of the peak 
level at 240 rain after administration. On the other hand, 
C18PCA was gradually converted to ara-C such that an 
ara-C level of 20-50 nM was maintained for a prolonged 
period after oral administration. 

Intracettular dNTP pools and ara-C triphosphate levels 
and cell-cycle distribution 

To clarify the mechanism by which the combination of 
etoposide and C 18PCA extended the life span of mice and 
increased DNA fragmentation, we examined intracellular 
levels of ara-C triphosphate (ara-CTP) and dNTP pools as 
well as changes in DNA histograms among the four differ- 
ent treatment groups. The results are shown in Table 1. 

Discussion 

Our study demonstrates that the combination of etoposide 
and C18PCA produces an impressive increase in life span 
as compared with either C 18PCA or etoposide alone. Al- 
though the 5-mg/kg daily dose of C18PCA is lower than 
the minimum effective dose reported by other investigators 
[17], the combination of both drugs produced an ILS of 
135.7%. Our data do not show that the imbalance in intra- 
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cellular dNTP pools observed after treatment with both 
C 18PCA alone and the combination is capable of explain- 
ing the differences in the antitumor effect. Our data, how- 
ever, show that the enhancement of cytotoxicity by 
C18PCA and etoposide may be due to modulation of the 
cell-cycle distribution. Recently, oral administration of 
etoposide has been demonstrated to be effective in the 
treatment of human cancers [4, 12, 34, 36]. Therefore, 
C18PCA might be a potent biochemical modulator of 
etoposide not only in hematological diseases but also in 
nonhematological diseases such as lung cancer. 

Ara-C is a cell-cycle phase-specific drug, and its cyto- 
toxicity is dependent on the percentage of cells in the S 
phase and on the amount of ara-CTP incorporated into 
DNA [32]. However, ara-C is rapidly inactivated by the 
enzyme cytidine deaminase into ara-U [9]. C18PCA, a 
newly synthesized deaminase-resistant derivative of ara-C 
[29], is given orally and is gradually converted to ara-C 
[5, 17]. Ara-C undergoes phosphorylation to form ara- 
CTP, which competitively inhibits DNA polymerase in 
opposition to the normal substrate deoxycytidine tri- 
phosphate (dCTP) [2]. We previously reported that intra- 
cellular dNTP pools were elevated by ara-CTP, which 
inhibited DNA polymerase in P388 leukemia cells [5, 6]. 
Therefore, we estimated the elevation of dTTP pools in the 
cells treated with C18PCA as reflected in the elevation of 
ara-CTP, which was, however, undetectable in this HPLC 
system (less than 5 pmol) [14]. 

A previous report has shown that the accumulation of 
cells in the G2/M phase occurs after etoposide treatment 
[23]. We cannot clearly explain the reason why an accumu- 
lation of cells in the G2/M phase after treatment with 
etoposide alone was not observed. However, we speculate 
that the plasma concentration of etoposide reached in this 
experiment might have been too low to induce the accumu- 
lation of cells in the G2/M phase. Etoposide produces 
topoisomerase II-mediated DNA strand breaks, which may 
be responsible for its cytotoxicity [21, 35]. Some authors 
have reported that etoposide induces a ladder pattern of 
DNA fragmentation, the lengths of which are multiples of 
about 180 bp [13, 33]. Our results demonstrated that there 
was a significant increase in the number of cells in the 
S+G2/M phase. 

Furthermore, the amount of DNA fragmentation was 
greater when cells had been treated with etoposide and 
C18PCA as compared with etoposide alone. Our data also 
demonstrated that there was a time lag between the peak 
level of etoposide and that of ara-C and that C18PCA was 
gradually converted to ara-C such that ara-C levels were 
maintained for a prolonged period. Although etoposide and 
C 18PCA were given simultaneously in this experiment, the 
plasma concentration curve resembled that resulting from 
the sequential administration of etoposide and low-dose 
ara-C at 3-4 h after administration of the drugs. One possi- 
ble explanation for the enhanced effect of etoposide and 
CI8PCA is that the repair of DNA damage by etoposide 
may be hindered in the presence of ara-C. Kufe et al. [19] 
have reported that the amount of ara-C incorporated into 
DNA closely correlates with the cytotoxic effect of ara-C 
in L1210 cells in vitro. We have previously reported that 
treatment of L1210 cells with etoposide 3 and 6 h prior to 

their exposure to [3H]-ara-C increases the amount of [3H]- 
ara-C incorporated into DNA as compared with that ob- 
served without etoposide treatment [27]. 

These observations support our tentative conclusion 
that etoposide and C18PCA act on P388 murine leukemic 
cells by accumulating the cells in the S+G2fM phase. Even 
if the plasma concentration of ara-C is low, the repair of 
DNA damage by etoposide may be hindered in the pres- 
ence of ara-C following an increase in DNA fragmentation. 
The enhancement of both DNA fragmentation and the 
amount of ara-C incorporated into DNA might explain the 
enhanced cytotoxicity of etoposide and C 18PCA. 
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