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observed block in ribosome formation is likely to 
reflect subtie alterations in the structure of pre- 
ribosomes [18] making impossible the action of pro- 
cessing enzymes, rather than being the consequence 
of a specific base substitution in the pre-rRNA chain. 

Summary. The effect of a pyrimidine (5-fluoro- 
uridine) and a purine (toyocamycin) analogue on the 
synthesis and maturation of precursors to rRNA is 
studied. Both 5-fluorouridine and toyocamycin do 
not alter appreciably the synthesis and processing of 
mRNA and tRNA. The transcription of rRNA genes 
is also unaltered at concentrations below 3 fig/ml. 
The processing of 45 S pre-rRNA is still possible, 
with the prevalence of alternative routes leading to 
the formation of 36 S pre-rRNA. However, the 
formation of mature nucleolar 28 S and 18 S rRNA 
and the appearance of new ribosomes in the cyto- 
plasm is blocked. The similarity in the site of action 
of these two different analogues suggests that the 
block in ribosome formation is due to alterations in 
the conformation of preribosomes making impossi- 
ble the last steps of their processing. 
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Active efllux common to vincristine and daunorubicin in vincristine-resistant P388 
leukemia 

(Receiued 8 December 1980; accepted 15 January 1981) 

To date, cross-resistance between DNA intercalaters and 
vinca alkaloids has been observed with a variety of experi- 
mental tumor lines [l-7]. With regard to b~ochemicai 
mechanism of resistance and cross-resistance in 
ad~amy~n(ADR)-resistant P388 Ieukemia, we proposed 
an increased active effiux of not only anthracyclines [8] but 
actinomycin-D (ACT) and vinca alkaloids 191. Dan0 [lo] 
and Skovsgaard [ll] also reported the similar observation 
with daunorubicin-resistant Ehrlich carcinoma cells. 

Since P388/ADR cells possess an efflux system common 
to DNA intercalaters and vinca alkaloids. it is most likelv 
that vincristine (VCR)-resistant cells are also able ti 
exclude anthracyclines as well as VCR using the similar 
transport system. On this subject, Skovsgaard [12] already 
reported that VCR-resistant Ehrlich carcinoma cells pos- 
sess an energy-dependent drug extrusion common to VCR 

and daunorubin (DAU). Here we present evidence that 
P388NCR cells are also endowed with enhanced cauacitv 
for outward transport of those different classes of dkua. ’ 

material and methods. A vinc~stine-resistant P388 sib- 
line (P388NCR) was established by in vivo procedure, as 
reported previously 1131. In brief, the resistant subline cells 
were selected by daily treatment (day l-9) with 0.25 mgikg 
of VCR onlv on the first transolant generation. In oitro 
sensitivity was determined by th’e primary suspension cul- 
ture technique, which was described in the previous daper 
PI. 

For the measurement of drug uptake, cells were har- 
vested 7 days after transplantation of lo6 cells of each 
Ieukemia line into CD2Fl mice, and washed 2 to 3 times 
and then suspended in Hanks’ balanced salt solution 
(HBSS). Final cell density was adjusted to be lo6 cells/ml. 
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Table 1. In uiuo sensitivity of vincristine-sensitive and -resistant P388 leukemia to vincristine, 
adriamycin and actinomycin-D 

P388iS P388NCR 
Dose 

Drugs (mg/kg) MeST (range)* ILS? M&T (range) ILS 

Vincristine 0.8 20.0 (19-22) 76 12.3 (11-13) 4 
0.4 19.0 (16-19) 68 12.0 (il-12) 1 
0.2 19.0 (1619) 68 11.3 (11-12) -5 

Adriamycin 4 19.3 (19-25) 70 12.3 (12-14) 4 
2 19.5 (19-22) 72 12.3 (12-13) 4 
l 19.5 (14-23) 72 12.5 (12-13) 5 

Actinomycin-D 0.25 19.0 (13-21) 68 11.5 (11-14) -3 
0.125 19.5 (19-21) 72 13.5 (12-19) 14 

Control 11.3 (11-13) 0 11.8 (11-12) 0 

* Median survival days. 
t Increase in life-span (%). 
Cells (106) were inoculated intraperitoneally into female CD2Fl mice. Drugs were injected 

also i.p. on days 1 and 5. 

When drug uptake was measured in the presence of a 
metabolic inhibitor, glucose-free HBSS was employed. 
Cells were incubated with either t~tium-labeled DAU or 
VCR after 10 mitt warming-up pre-incubation. At an 
appropriate interval, triplicate l-ml aliquots were with- 
drawn and added to centrifuge tubes with 4 ml of cold 
0.9% NaCI solution, followed by 2 washes with the same 
solution and centrifugation (600 g, 5 min, 4”). After the 
tubes were placed upside down on the filter paper for 3 to 
5 hr to remove the washing solution, cells were solubilized 
in 0.5 ml of Protosol (New England Nuclear, Boston, 
U.S.A.) and 1.5 ml of liquid scintillation cocktail (Econo- 
fluor; NEN) were added. The radioactivity was determined 
in a Beckman Model LS-355 liquid scintillation counter 
with 52% counting efficiency for tritium. 

f3H]-DAU (sp. act. 15 mCi/mmolc) was kindly donated 
by Farmitalia (Milan, Italy) through Meiji Seika Kaisha, 
Ltd. (Tokyo, Japan). [‘H]VCR (sp. act. 4.2 Ci/mmole) was 
ourchased from The Radiochemical Center, Amersham, 
England. 

Results and discussion. Table 1 presents in vivo sensitivity 
of P388iVCR cells to VCR. ADR and ACT, compared to 
that of the parent P388 leukemia cells. As demonstrated 

here, P388NCR was resistant to not only VCR but DNA 
~ntercaIaters such as ADR and ACT. We also measured 
SO per cent growth-inhibitory concentration (ICso) of drugs 
in cell culture system of these cell lines, and obtained the 
degree of cellular resistance by the ratio of ICr” for P388/S 
to those for P388iVCR. P388fVCR was 820-fold, 820-fold 
and 320-fold resistant to VCR, ADR and ACT, respec- 
tively. This cellular resistance was quite stable even after 
serial transplantation free from drug treatment. 

VCR uptake by P388 leukemia was completeIy 
temperature-dependent and presented an unsaturable pro- 
cess, because intracellular level of VCR was linearly 
increased and the ratio of intracellular/extracellular VCR 
concentration at the steady state level was constant at the 
range of 2.5 X 10‘” mM to 2.5 x lo-” mM of extracellular 
VCR concentration. 

Uptake levels of VCR by the sensitive and resistant P388 
cells were 0.062 and 0.015 pmoles/lO~ cells, respectively. 
when cells were incubated in HBSS with 5 x 10mh mM 
VCR for 20 min. Figures 1 and 2 show significantly 
enhanced uptake of VCR and DAU by both cell lines, 
particularly by the resistant cells, in the presence of 2,4- 
dinitrophenol, an uncoupler of oxidative phosphorylation. 

Fig. 1. Uptake of [XH]vincristine by vincristine-sensitive and -resistant P388 leukemia cells. Cells 
were pre-incubated in HBSS (O--Et) or glucose-free HBSS with 1 mM 2,4-dinitrophenol 
(u) for 10 min at 37” and then [3H]vincrist~n~ (final concn, 3,5 X lo-’ mM) was added. 

(3r0, uptake level after glucose (final concn, 1 mgiml) was added. 
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Fig. 2. Uptake of [‘Hldaunorubicin by vincristine-sensitive and -resistant P388 leukemia cells. 
Cells were pre-incubated in HBSS (O-0) or glucose-free HBSS with 1 mM 2,4-dinitrophenol 
(0-O) for 10 min at 37” and then [3H]daunorubicin (final concn, 1.8 X 10-j mM) was added. 

O-0, uptake level after glucose (final concn, 1 mgiml) was added. 

and in the absence of glucose. The addition of glucose 
(final 1 mg/ml) at 10 or 20 min induced net efflux of VCR 
from the resistant cells, and DAU from both cell lines, 
even though drug was still present in the medium. Intra- 
cellular drug level after the addition of glucose looks to be 
approaching to that by the cells which were incubated in 
the normal medium. 

These results strongly suggest the existence of energy- 
dependent efflux system for anthracyclines as well as vinca 
alkaloids in VCR-sensitive and -resistant P388 leukemia 
cells. In addition, P388NCR seems to possess higher efflux 
activity compared to the sensitive one, as P388/ADR does 
[8, 91. Thus, the apparent lower uptake of drugs by the 
resistant cells seems to be caused by this outward transport. 
As to mechanism of VCR resistance in P388 leukemia, 
Bleyer et al. [14] already reported impaired accumulation 
and binding of VCR within the cell. However, they did 
not clarify whether alteration in efflux activity was corre- 
lated with reduced accumulation or not in their resistant 
subline. 

Studies on efflux system itself for these drugs are pre- 
sently in progress. 
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