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Partial Cross-Resistance of Cultured Murine Leukemia Vincristine-Resistant P388
Cells to 4'-Demethylepipodophyllotoxin Ethylidene-g8-p-Glucoside (40823)"
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The semisynthetic derivative of podo-
phyllotoxin, 4’-demethylepipodophyllo-
toxin ethylidene-B-p-glucoside (VP
16-213),2 demonstrates significant
cytotoxicity in vitro, is active against
experimental animal tumors, and is under-
going clinical trials for the treatment of
human malignancies (1-9). In contrast to
podophyllotoxin, colchicine, or the vinca
alkaloids, inhibition of microtubule assem-
bly and metaphase arrest does not occur in
cells treated with this agent (10—12).

Drug-induced resistance of tumor cell
populations to a large heterocyclic an-
titumor compound may result in cross-
resistance to other large heterocyclic an-
titumor compounds (13, 14). For instance,
Ehrlich ascites tumor selected for resis-
tance to vincristine is also cross-resistant to
vinblastine, adriamycin, and daunomycin
(15—17). A recent report has indicated that
murine leukemia P388 resistant to vincris-
tine has a limited degree of cross-resistance
to adriamycin and actinomycin D (18).

We have recently reported that cultured
P388 cells resistant to vincristine (P388/
VCR) derived from resistant cell popula-
tions developed in vivo are cross-resistant
to actinomycin D, adriamycin, daunomy-
cin, and N - trifluoroacetyladriamycin - 14 -
valerate but not to cinerubin A (19). Since
VP 16-213 is also a relatively large
heterocyclic antitumor compound of po-
tential clinical utility, this study was con-
ducted to determine if any cross-resistance

! Supported by Public Health Service Contract
NO1-CM-97309 from the Division of Cancer Treat-
ment, National Cancer Institute.

z Abbreviations used: VP 16-23, 4'-demethyl-
epipodophyllotoxin ethylidene-B-p-glucoside;
D-EMEM, Dulbecco’s modified Eagle’s minimum
essential medium; S;, surviving fraction(s); TMC,
theoretical maximum concentration(s).

of P388/VCR cells to VP 16-213 could be
demonstrated, independent of host fdctors,
by using cultured P388/VCR cells as target
cells. Preliminary results of this study have
been reported (20).

Materials and methods. The P388/VCR
tumor was developed by treatment of
(C5S7BL x DBA/2)F, (BDF,) mice bearing
the P388 ascites tumor with vincristine, 1
mg/kg body weight on Days 1, 5, and 9 post
ip implantation of 10° or 107 P388 cells as
previously described (19). Proliferating
cultured leukemia P388/0 cells were de-
veloped from sensitive cell populations pas-
saged in vivo in BDF, mice and cultured
P388/VCR cells were established from re-
sistant cell populations developed after the
16th in vivo passage (19).

P388/0 and P388/VCR cells were propa-
gated in D-EMEM (21) (Flow Laboratories,
Rockville, Md.) supplemented with 10%
horse serum (Flow Laboratories) and 2-
mercaptoethanol (22) (5 umole/liter of
medium; Sigma Chemical Co., St. Louis,
Mo.) using 75-cm? plastic tissue culture
flasks (Corning, Corning, N.Y.). The cul-
tures were incubated at 37°C in air. Under
these conditions the leukemia cell popula-
tions exponentially proliferated with dou-
bling times (mean = SD) of 14.2 = 2.0 hr
(P388/0) and 16.5 = 1.9 hr (P388/VCR) be-
tween cell densities of 5.0 x 10* and 1.0 X
106 cells/ml. At the time of these studies,
the P388/VCR cell line had completed ap-
proximately 1500 doublings of the popula-
tion in culture.

To determine the effect of VP 16-213 or
vincristine on the viability of proliferating
cell populations, cultures were initiated at a
density of 5.0 x 10* cells/ml in a total vol-
ume of 100 ml medium in spinner flasks
(Bellco Glass Co., Vineland, N.J.) and al-
lowed to proliferate to a population density
of 5.0 x 10° cells/ml. The spinner cultures
were incubated at 37°C on a magnetic stir-
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rer. Proliferating cell populations were ex-
posed to selected drug concentrations for 1,
2,4, 6, or 24 hr, and the number of surviv-
ing cells was determined by cloning in
semisolid medium.

The semisolid medium used was D-
EMEM supplemented with 20% horse
serum, 5 uM 2-mercaptoethanol, and a final
concentration of 0.15% agarose type II
(Sigma Chemical Co., St. Louis, Mo.).
Cells from the drug-treated P388 cultures
were cloned at 10,000, 1000, and 100
cells/tube in quadruplicate, and the cells
from the control cultures were cloned at 100
cells/tube in a series of 12 tubes. The tubes
were incubated for 10—12 days at 37°C in
5% CO,. Only clones with 50 or more cells
were counted (23), and cloning efficiencies
of control cultures ranged from 50 to 65%.

Vincristine was dissolved in sterile dis-
tilled and deionized water and diluted with
cell culture medium to predetermined con-
centrations. VP 16-213 was dissolved in
a minimum volume of N,N-dimethylfor-
mamide (DMF) and then diluted with cell
culture medium to the desired concentra-
tion. The final DMF concentration was
0.025% in the medium; when this solvent
was used, the control cultures also con-
tained 0.025% DMF.

The sensitivities of cultured leukemia
P388/VCR and P388/0 cell populations were
compared by x? analysis. The standard er-
rors of the ratios of surviving fractions of
P388/VCR and P388/0 cell populations were
calculated as described by Kendall and
Stuart (24).

The in vitro concentrations of the agents
used in this study can be compared with the
estimated maximum concentration that can
be attained in the body fluids of mice, if one
assumes rapid equal distribution in all fluids
following the administration of a drug dose
lethal to 10% of the animals (25). The TMC
for vincristine is 4 ug/ml and for VP 16-213
it is 35 to 49 pg/ml.

Results and discussion. Cultured P388/
VCR cells were significantly resistant to 6.1
x 107% M (5.0 ug/ml) vincristine for periods
of exposure up to 24 hr (Table I). For in-
stance, at 24 hr the S, of the P388/VCR cell
population was about 15-fold greater than

that of the P388/0 cell population. How-
ever, the data indicate that the S, of the
P388/VCR cell population decreased as a
function of time. The P388/VCR cells were
significantly resistant to the high concen-
tration of 6.1 x 1073 M (50 pg/ml) vincris-
tine. The P388/VCR cells are resistant to
relatively high concentrations of vincristine
in vitro, since the estimated maximum con-
centration that can be attained in the body
fluids of mice is 4 ug/ml.

Cultured P388/VCR cells treated with VP
16-213 exhibited a degree of cross-
resistance to this agent (Table II). For
example, the S, of the P388/VCR cell
population was about fourfold greater than
the §; of the P388/0 cell population after ex-
posure for 6 hr to 6.1 x 1076 M VP 16-213.
However, after exposure for 24 hr to this
concentration of VP 16-213 or after expo-
sure for 2 hr to 6.0 x 107> M VP 16-213
there was no significant difference in the
surviving fractions of P388/VCR and P388/0
cell populations. i

In comparing the sensitivity of P388/VCR
cells to vincristine (Table I) with their sen-
sitivity to VP 16-213 (Table II) as a function
of time, it is evident that at each time inter-
val the §; of the P388/VCR cells treated
with vincristine was significantly greater
than the S, of the P388/VCR cells treated
with VP 16-213. Thus, even though there is
a degree of cross-resistance of P388/VCR
cells to VP 16-213, the P388/VCR cells are
significantly sensitive to VP 16-213.

In another experiment we compared the
sensitivities of P388/VCR and P388/0 cells
to different concentrations of vincristine
and VP 16-213 using a 6 hr exposure period
(Table III). Over the concentration range
6.1 X 1078 to 6.1 x 1075 M, resistance to
vincristine was demonstrated when com-
paring the S; of the P388/VCR cell popula-
tions to the S, of the P388/0 cell popula-
tions. Cross-resistance to VP 16-213 was
detected at concentrations between 6.1 X
107% and 6.1 x 107¢ M. It should be noted
that a VP 16-213 concentration of 6.1 X 1073
M (36 ug/ml) was quite effective in reducing
the number of viable cells in both the
P388/VCR and P388/0 cell populations (S;
13/40,000; 3.5 log reduction in viability).
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TABLE 1. SeENnsiTIvITY OF CULTURED LEUKEMIA P388/VCR AND P388/0 CELLS TO 6.1 X 107% OR
6.1 x 107> M VINCRISTINE SULFATE"

Ratio = SE?
Exposure S S; P388/VCR
period
M? (hr) P388/VCR P388/0 S, P388/0 Pe

6.1 x 107 1 400/400 17/40,000 2353 = 571 <0.001
2 400/400 17/40,000 2353 = 571 <0.001
4 400/400 17/40,000 2353 = 571 <0.001
6 140/400 17/40,000 824 + 207 <0.001
24 132/40,000 9/40,000 14.7 = 5.1 <0.001
6.1 x 10- 1 400/400 17/40,000 2353 + 571 <0.001
2 400/400 17/40,000 2353 = 571 <0.001
4 60/400 17/40,000 354 + 95 <0.001
6 40/400 17/40,000 235 + 67 <0.001

“ Proliferating cultured P388/VCR or P388/0 cells were exposed to 6.1 X 107 M or 6.1 x 10> M vincristine sul-
fate tor the indicated exposure periods and the number of cells surviving drug treatment was estimated by assay
in semisolid medium as described under Materials and methods.

® M is molarity.
¢ 8¢ is surviving fraction.

“* Standard error of the ratio was estimated as described in Ref. (24).
¢ 8;’s for each exposure period were compared by use of x? analysis.

This concentration is a physiologically at-
tainable concentration since the estimated
maximum concentration of VP 16-213 that
can be attained in the body fluids of mice is
approximately 42 ug/ml.

Cultured P388/0 cells may be more sensi-
tive to VP 16-213 than to vincristine. For
example, a 6-hr exposure of P388/0 cells to

6.1 X 1007 M VP 16-213 results in a 2.8-log
reduction in viability (S, 64/40,000)
whereas exposure to 6.1 X 1077 M vincris-
tine results in a 0.5-log reduction in viability
(S; = 144/4,000; Table III).

It is interesting to compare the sensitivity
of cultured P388/0 cells to VP 16-213 with
the reported sensitivities of other cultured

TABLE II. SENsITIVITY OF CULTURED LEUKEMIA P388/VCR AND P388/0 CELLS TO 6.1 X 107% OR
6.5 X 1075 M VP 16-213¢

Ratio + SE“
Exposure A S; P388/VCR
period
(hr) P388/VCR P388/0 S, P388/0 P
6.1 x 1078 1 152/400 12/40,000 1267 + 374 <0.001
2 240/40,000 12/40,000 20 £ 5.9 <0.001
4 200/40,000 12/40,000 16.7 = 5.0 <0.001
6 52/40,000 12/40,000 43 = 1.4 <0.001
24 7/40,000 7/40,000 1.0 = 0.5 NS/
6.1 x 107 1 68/4,000 12/40,000 56.7 = 17.7 <0.001
2 12/40,000 12/40,000 1.0 = 0.4 NS
4 12/40,000 12/40,000 1.0 04 NS
6 12/40,000 12/40,000 1.0 = 0.4 NS

“ Proliferating cultured P388/VCR or P388/0 cells were exposed to 6.1 x 107® M or 6.1 x 107 M VP 16-213 for
the indicated exposure periods and the number of cells surviving drug treatment was estimated by assay in semi-
solid medium as described under Materials and methods.

» M is molarity.
¢ 8y is surviving fraction.

? Standard error (SE) of the ratio was estimated as described in Ref. (24).
¢ §;'s for each exposure period were compared by use of x? analysis.

/NS is not significant.
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cells to this agent. Greider et al. (26) have
reported that cell proliferation was in-
hibited in cultures of P815 cells exposed to
either 1 or 10 wg/ml of VP 16-213 and after
1.5 hr; the cell number decreased with the
higher concentration below the initial cell
density. The decrease in cell number was
attributed to the increasing number of dead
cells observed by dye exclusion after 6 hr of
treatment. Stihelin (27) has reported that
the number of surviving cells of cultured
P815 cell populations exposed to VP 16-213
depended on drug concentration and time
of exposure. The data indicated that when
P815 cells were treated with 1 ug/ml for
one-third hr there was a 0.3-log reduction in
viability of the cell population and when the
cell populations were treated with 3.2 pg/ml
for 3 hr, the reduction in viability of the cell
population was 1.0 log. Drewinko and Bar-
logie (28) have reported that the 1 hr-D,
dose (mean lethal dose equal to the con-
centration required to reduce the number of
surviving cells by 63%) for cultured human
lymphoid T, cells was 3 ug/ml. In the pres-
ent study treatment of P388/0 cell popula-
tions with 6.1 x 107 M VP 16-213 for 1 hr
resulted in a 3.5-log reduction in viability of
the cell population (S, = 12/40,000; Table
II). Furthermore, the decrease in the
number of viable cells when P388/0 cells
were exposed to 6.1 X 1077 M (0.36 ug/ml)
VP 16-213 for 6 hr was 2.8 log (S, = 64/
40,000; Table I1I). The results in Tables II
and III indicate that cultured P388/0 cells
are more sensitive to VP 16-213 than the
P815 or T, cells.

Since the degree of cross-resistance to
VP 16-213 appears to be a function of con-
centration and time, partial barriers to the
biological action of VP 16-213 must exist at
some level. Although VP 16-213 has a dif-
ferent mechanism of action than vincristine
(10—12), the partial cross-resistance of
P388/VCR cells to VP 16-213 (Tables II and
IIT) was not totally unexpected since
cross-resistance to antitumor agents that
are relatively large heterocyclic molecules
does occur (13, 14). However, the basis for
resistance and cross-resistance to these rel-
atively large heterocyclic molecules has not
been delineated. Several factors may be in-

volved: decreased drug transport across
cell membranes (18, 29—33), decreased
drug retention by cells (15, 18, 32—-37), de-
creased binding affinities to target mac-
romolecules (33, 38), altered intracellular
distribution (15, 19, 33, 38), and changes in
cell membrane structure (4, 18, 33, 39, 40).

In this study, cultured P388/VCR cells,
although sensitive to VP 16-213, exhibit
partial cross-resistance to this agent. The
degree of cross-resistance appears to be a
function of concentration and time. The
partial cross-resistance indicates that the
P388/VCR cells are not as sensitive to VP
16-213 as the P388/0 cells. The results using
cultured P388/0 and P388/VCR cells corre-
late with the results of Schabel et al. (4)ina
study of in vivo passaged P388/0 and P388/
VCR tumors. These authors presented data
that demonstrated that the P388/0 tumor
may be more sensitive to VP 16-213 than to
vincristine and that the P388/0 tumor is ap-
proximately 10-fold more sensitive to
treatment with VP 16-213 than is the P388/
VCR tumor. Since vincristine and VP 16-
213 are agents of clinical interest, this cell
culture system can provide an experimental
model for the investigation of the basis for
resistance to vincristine and the partial
cross-resistance to VP 16-213 at the cell
level.

Summary. Cultured P388 cells derived
from vincristine-resistant cell populations
developed in vivo (P388/VCR) retain their
resistance to vincristine, although the de-
gree of resistance of the P388/VCR cell
populations appears to be a function of
concentration and time of exposure. The
P388/VCR cell population is sensitive to 4'-
demethylepipodophyllotoxin ethylidene-g3 -
D - glucoside (VP 16-213) but a degree of
cross-resistance to VP 16-213 can be dem-
onstrated. The degree of cross-resistance to
VP 16-213 also appears to be a function of
concentration and time of exposure.
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