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In experimental animal tumor systems, drug resistance has
been demonstrated for all functional classes of anticancer
agents [1]. In man, the recurrence or increased growth of
leukemias and solid tumors with continuing, unchanged
drug treatment suggests that overgrowth of drug-resistant
tumor cells is also a therapeutic problem. With L1210 and
P388 murine leukemias, we have shown that tumor cells
resistant to a single drug or combination of drugs can be
controlled in animal models by further treatment with
anticancer agents of other classes [1}. Moreover, in some
cases, drug-resistant tumor cells exhibit increased sensitiv-
ity to alternate drugs.

The 6-mercaptopurine (6MP)* and 6-thioguanine (6TG)
resistant 11210 leukemia cells (L1210/6MP, L1210/6TG)
used in this investigation are deficient in the purine salvage
enzyme, hypoxanthine-guanine phosphoribosyltransferase,
EC 2.4.2.8 {2, 3]. Currently, their ability to convert hypo-
xanthine, guanine, 6MP and 6TG to 5'-ribonucleotide
derivatives is 10%, or less, than that of the parent cell line
(L1210/0). This suggests that the cells rely heavily on de
novo purine synthesis.

By inhibiting dihydrofolate reductase (DHFR), EC
1.5.1.3, methotrexate (MTX) depletes the pool of one-
carbon units carried by tetrahydrofolate derivatives [4-6]
and, as a result, anabolic processes requiring one-carbon
units, including the de novo synthesis of purines, are
inhibited (7, 8]. The toxic effects of an MTX-induced pur-
ineless state might be amplified in cells that have a reduced
capacity to salvage purine bases. In support of this predic-
tion, Browman and Csullog [9] have reported that DNA
synthesis in cell lines with impaired purine salvage was
approximately 40% of that in parent drug-sensitive cells
after MTX administration to tumor-bearing mice. Although
cultured cells resistant to purine analogs did not exhibit
collateral MTX sensitivity {9], such in vitro sensitivity has
been noted in our laboratories [10]. In this investigation,
we confirm the increased MTX sensitivity in vivo of an

* Abbreviations: 6MP, 6-mercaptopurine; 6TG, 6-thio-
guanine; L1210/6MP, 6MP-resistant L1210 cell line;
L1210/6TG, 6TG-resistant 1.1210 cell line; L1210/0, parent
L1210 cell line; DHFR, dihydrofolate reductase; MTX,
methotrexate; 6-MeMPR, 6-methylthipurine ribonucleo-
side; HPLC, high pressure liquid chromatography; and
ILS, increase in life span.

L1210 cell line resistant to 6MP, first observed by Law et
al. [11], and report that a line of L1210 cells resistant to
6TG is similar in response. We have also investigated the
biochemical bases for these increases in sensitivity.

The parent L1210 tumor cell line and the cell lines
resistant to 6MP and 6TG were maintained by weekly serial
passage in female DBA/2 mice as described previously [12].
To test sensitivity of the three tumor cell lines to MTX,
6-methylthiopurine ribonucleoside (6-MeMPR), 6MP or
6TG, cells were harvested from the peritoneal cavities of
mice on day 6 or 7 post-implant, counted and inoculated
intraperitoneally into healthy 6- to 10-week-old male or
female BALB/c X DBA/2 (CDF;) mice. In each experi-
ment, the inoculum was titrated in 10-fold dilutions down
to one cell to determine cell doubling time and to estimate
the total body burden of tumor cells at the time of treat-
ment. Tumor cell inoculum sizes, drug treatment schedules
and the number of animals treated are given in Table 1.
The approximate number of tumor cells alive after the last
drug treatment was calculated from the life spans of treated
mice (relative to those of control mice), duration of treat-
ment, and cell doubling time [13]. Drug toxicity was based
on the absence of gross evidence of leukemia (ascites or
splenomegaly) at the death of treated mice.

To determine the intracellular MTX concentration in the
three tumor cell lines following treatment of tumor-bearing
mice, 3mgkg of [3'.5,9(n)-*H] MTX ([PHMTX)
[9.4 uCi/mg, Amersham/Searle Corp., Arlington Heights,
IL, radiochemical purity 95% by high pressure liquid
chromatography (HPLC)], dissolved in 2% NaHCOs, was
administered subcutaneously to female CDF; mice that had
received intraperitoneal tumor cell implants (10° to 10°
cells/mouse) 6 days earlier. At 1, 2, 4, 12 and 24 hr after
dosing, mice were killed by cervical dislocation, and L1210
cells were harvested from the peritoneal cavity with hep-
arinized syringes. The cells were washed with saline, and
erythocytes were lysed with NH4Cl [14]. The L1210 cells
were then resuspended in saline, and a portion was counted
with a model Z Coulter Counter. After lysis of the remain-
ing cell suspension, 15ml of Liquifluior (New England
Nuclear Corp., Boston, MA) containing Bio-Solv BBS-3
(Beckman Instruments, Fullerton, CA) (14:1, v/v) was
added to 0.1-ml samples and radioactivity was measured
with a Packard Tri-Carb liquid scintillation spectrometer
(model 3315) equipped with an external standard.
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To determine ribonucleotide levels in L1210 cells fol-
lowing MTX treatment of tumor-bearing mice, the same
procedure was used, except that mice were dosed with
unlabeled MTX (supplied by Dr. J. A. R. Mead, Devel-
opmental Therapeutics Program, DCT, NCI). After being
counted, cells were extracted with cold 0.5 N perchloric
acid [15]. Neutralized extracts were lyophilized, and the
residues were dissolved in water and analyzed for ribo-
nucleotides by HPLC as described previously [16]. Ribo-
nucleoside mono-, di- and triphosphates, purchased from
P-L Biochemicals (Milwaukee, WI), were used to verify
retention times.

For measurement of DHFR, tumor cells were harvested
from untreated tumor-bearing mice, processed as described
above, and stored as pellets at —20°, Cultured 1.1210/0 and
L1210/6MP cells were propagated with Dulbecco’s modi-
fied Eagle’s Minimal Essential Medium (Flow Laborato-
ries, McLean, VA) supplemented with 10% horse serum
{Flow Laboratories) and 5 uM 2-mercaptoethanol. Cells in
the log phase of growth were harvested by centrifugation
{1000 g), washed with saline, and stored at —20°. DHFR
activity was determined in crude extracts of lysed cells and
in pH 5.1 supernatant fractions obtained by precipitating
the extracts with HCl [17]. DHFR was assayed according
to the method of Bertino er al. [18] with dihydrofolate and
NADPH (Sigma Chemical Co., St. Louis, MO). The
change in absorbance at 340 nm and an extinction coeffi-
cient of 12,300 [19] were used to calculate enzyme activity.
Protein was determined by the method of Lowry er al. [20]
with bovine serum albumin (Sigma) as the standard. MTX
was dissolved in 2% NaHCO; (1 mM) and serially diluted
with reaction buffer (0.05 Tris buffer-0.1 M KCl, pH 7.5)
to obtain the concentrations (1-10 nM) needed in these
assays.

MTX treatment did not cause a net reduction in the
tumor cell burden of mice bearing L1210/0 cells (Table 1).
Depending on the dose level used, tumor cell populations
had increased by 0.5-2.0 logiy at the end of treatment,
even though a 75-93% increase in life span (ILS} was
observed [13]. In contrast, treatment with MTX increased
the median life span of mice bearing L1210/6MP cells by
as much as 200%, and, at a dose of 2 mg/kg, three animals
out of ten were “cured”, i.e. were alive 51 days after the
last drug treatment. This is consistent with our estimates
that L1210/6MP cell populations were reduced by about
6 logio. Expressed in terms of the number of tumor cells
alive at the end of treatment, this respresents a kill of all
but 1 or a few L1210/6MP cells. The administration of
MTX at a dose level of 1.5 mg/kg increased the median life
span of mice bearing L1210/6TG cells by 122% and reduced
the tumor cell population by about 3 log;y. With the same
MTX treatment, the median life span of mice bearing
L1210/0 cells increased by about 85% and the tumor cell
burden increased by about 1 logy. Repeat experiments
confirmed these observations (not shown).

If the increased MTX sensitivity of the L1210/6MP and
L1210/6TG cell lines is due to their inability to utilize
endogenous purines supplied by the host, one would expect
these cells also to be more sensitive to 6-MeMPR, an
inhibitor of de novo purine synthesis. In two different
experiments (Table 1), optimal, nontoxic, single-dose 6-
MeMPR treatment (123 mg/kg) increased the median life
span of mice bearing the parent cell line 37 and 62% and
reduced the tumor cell population by 3 and § loge. In the
first experiment, identical therapy in mice bearing L121(/
6MP cells increased the median life span 20% and reduced
the tumor burden by only 1.5 logyo. In the second experi-
ment, the median life span of mice bearing L1210/6TG
cells increased 33% and their tumor cell burden decreased
by about 3 logi. The apparent cross-resistance of L1210/
6MP and L1210/6TG cells to 6-MeMPR indicates that the
differential response of these cell lines and the parent cell
line to MTX is not due to the use of host-supplied purines

Short communications

by the parent line. Further support is provided by the
observation that L1210/6MP cells, cultured without purines
added to the medium, exhibit enhanced sensitivity to MTX
as compared to the parent line [10]. The L1210/6TG cell
line has not been placed in culture. Unlike the L1210/6MP
cells used in this report, the L1210 lines with impaired
purine salvage developed by Browman and Csullog [9] did
not exhibit collateral MTX sensitivity in vitro. Resolution
of this inconsistency will require investigation of the bio-
chemical characteristics of each cell line.

Impaired uptake and retention of MTX are established
mechanisms of resistance [4, 21-26]. Therefore ["HJMTX
levels in L1210/0, L1210/6MP and L1210/6TG cells were
compared during a 24-hr period following administration
of drug to tumor-bearing mice (Fig. 1). Radioactivity can
be used as a measure of MTX concentration since mice do
not excrete detectable amounts of MTX metabolites [27].
MTX glutamation does occur intracellularly in mammalian
tissues but does not reduce the effective concentration of
drug in 11210 cells {28]. Throughout the experiment, the
concentration of [PHIMTX in L1210/6MP cells was less
than that in L1210/0 cells. The greatest difference was
observed at 24 hr after treatment, when MTX levels in
L1210/6MP cells were one-half of those in L1210/0 cells.
PHIMTX levels in L1210/6TG cells, on the other hand.
were consistently greater than those in the parent line
during the 24 hr following treatment. After 4 hr, the con-
centration of MTX in L1210/6TG cells was double that in
L.1210/0 cells. The higher levels of MTX in L1210/6 TG cells
may account, wholly or in part. for their increased sensi-
tivity; the lower levels of MTX in L1210/6MP cells indicate
that the mechanism(s) responsible for increased MTX sen-
sitivity in this cell line is not related to processes determining
intracellular MTX concentration.

Responsiveness to MTX has been associated with DHFR
activity {29-33], although correlations between changes in
this enzyme and MTX sensitivity have not been consistent
[25.34-37]. DHFR activity was measured in all three cell
lines passaged in vivo and in cultured L1210/0 and
L1210/6MP cells. Similar amounts of DHFR activity were
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Fig. 1. [PH]MTX concentration in L1210 leukemia cells
following subcutaneous administration of 3 mg/kg of the
drug to CDF, tumor-bearing mice. (A) L1210/0 and
L1210/6MP; (B) L1210/0 and L1210/6TG. Symbols: for A,
(@) L1210/ (first experiment); () L.1210/0 (second experi-
ment); (O) LI1210/6MP (first experiment); and (OI)
L1210/6MP (second experiment). For B, (@) L1210/0; and
(O) L1210/6TG.
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Table 1. Activity of methotrexate and 6-methylthiopurine ribonucleoside against L1210/0, L1210/6MP and L1210/6TG
leukemias in CDF; mice

A. Comparison of L1210/0 and L1210/6MP Leukemias*

L1210/0

L1210/6MP

10° cells (Implant, i.p.%)
1.0 x 108 cells (Tumor Burden at Day 1)

10° cells (Implant, i.p.7)
6.5 % 10° cells (Tumor Burden at Day 1)

Treatment: MTX, 1.p., Day 60 Median Log;y Change Day 60 Median Log,o Change
q.d.F 1-9, Dose Survivors/  Percent  in Cell No. at End  Survivors/  Percent  in Cell No. at End
(mg/kg) Total ILS of Treatment§ Total ILS of Treatment
2.5 0/10 +75 +2.0 1/10 +183 ~5.8(-5.4)
2.0 0/10 +93 +0.5 3/10 +200 -5.8(-5.7)
1.5 0/10 +87 +1.0 1/10 +175 -5.8(-54)

10° cells (Implant i.p.)
1.0 x 108 cells (Tumor Burden at Day 1)

10° cells (Implant, i.p.)
5.5 X 10° cells (Tumor Burden at Day 1)

Treatment: 6-MeMPR, Day 30 Median Logio Change Day 30 Median Log;y Change
i.p., Day 1 only, Survivors/  Percent  in Cell No. at End  Survivors/  Percent  in Cell No. at End
Dose (mg/kg) Total ILS of Treatment Total ILS of Treatment
185 0/10 +62 -5 0/10 +20 Toxic
123 0/10 +37 -3 0/10 +20 —-1.5

82 0/10 +25 -2 0/10 +10 -0.7

B. Comparison of L1210/0 and L1210/6TG Leukemias
L1210/0 L1210/6TG

10° cells (Implant, i.p.)
8.6 % 10° cells (Tumor burden at Day 1)

10% cells (Implant, i.p.)
3.7 X 10° cells (Tumor burden at Day 1)

Treatment: MTX, i.p., Day 45 Median Logio Change Day 45 Median Logiy Change
q.d. 1-9, Dose Survivors/ Percent  in Cell No. at End  Survivors/  Percent  in Cell No. at End
(mg/kg) Total ILS of Treatment Total ILS of Treatment
1.5 0/10 +85 +1.2 0/10 +122 -3.1

1.25 0/10 +78 +1.3 0/10 +109 ~2.3

1.0 0/10 +71 +1.4 0/10 +86 -0.9

10° cells (Implant, i.p.)

9.6 x 10° cells (Tumor Burden at Day 1)

103 cells (Implant, i.p.)
4.6 X 10° cells (Tumor Burden at Day 1)

Treatment: 6-MeMPR, Day 30 Median Logio Change Day 30 Median Log,o Change
i.p., Day 1 only, Survivors/  Percent  in Cell No. at End  Survivors/ Percent in Cell No. at End
Dose (mg/kg) Total ILS of Treatment Total ILS of Treatment
185 0/10 +62 -4.9 0/10 +33 =27
123 0/10 +62 -4.9 0/10 +33 -2.7

82 0/10 +50 -39 0/10 +33 =27

* Continued resistance of the L1210/6MP and L1210/6 TG cell lines to 6MP and 6TG was confirmed in each experiment

(not shown).
+ Intraperitoneal.
i Every day.

§ Logie change = net log change in viable tumor cell population at the end of treatment as compared with the start
of treatment, e.g. a —5.8 log change means there was a 99.9996% reduction and a +2 log change means there was a
100-fold increase in tumor burden at the end of treatment. Values are based on the median day of death (dying mice
only) except those values in parentheses which are based on percent survivors [1, 13]. The log changes in tumor ceil
populations are reproducible to about one order of magnitude.

observed in crude extracts (2 nmoles per min per mg pro-
tein) and in pH 5.1 supernatant fractions (about 10 nmoles
per min per mg protein) of L1210/0 and L1210/6TG cells
propagated in vivo. Enzyme activity in the 6MP-resistant
cell line was, however, only 30% of that in the parent cell
line, with 0.6 nmole per min per mg protein being recovered
in crude cell extracts and 3 nmoles per min per mg protein
in pH 5.1 supernatant fractions. Cultured L1210/6MP cells
also contained less DHFR activity (0.8 and 2 nmoles per
min per mg protein for cell extracts and pH 5.1 supernatant
fractions respectively) than the in vitro passaged parent

line (4 and 14 nmoles per min per mg protein), which
indicates that the decreased activity in L1210/6MP cells is
not due to host influences. Supernatant fractions (pH 5.1)
of in vivo passaged L1210/6MP and L1210/6TG cells were
compared with those of parent L1210 cells for possible
alterations in enzyme sensitivity to MTX, and no difference
was found in the degree of DHFR inhibition by MTX when
various concentrations of the drug were included in the
assay (not shown). This demonstrates that the reduction
in DHFR activity in 1.1210/6MP cells is due to decreased
amounts of enzyme rather than to a change in enzyme
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structure. While no difference in DHFR activity or sensi-
tivity to MTX was detected between the parent and
L1210/6TG cell lines, the reduced DHFR activity in
L1210/6MP cells may account, in part, for their increased
sensitivity to MTX.

Several investigators have studied the effect of MTX on
ribonucleotide and deoxyribonucleotide pool levels in both
normal and tumor cells [7, 8, 37-39]. Generally, these pools
are depleted, although a variety of factors, including the
cell line being studied, its growth state, and the dose of
MTX, can alter the specific perturbations that are observed.
Since the 6MP- and 6TG-resistant cell lines differ from
each other in both DHFR activity and their capacity to
accumulate MTX, ribonucleotide pools were examined to
determine whether these differences would be reflected in
pool sizes.

In all three cell lines, purine di- and triphosphate and
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pyrimidine triphosphate pools decreased from 2 to 6 hr
after the administration of MTX to tumor-bearing mice.
The data in Table 2 show nucleotide pool levels 4 hr after
MTX treatment. At this time, pool sizes were at a mini-
mum, and levels of GTP + GDP and CTP were significantly
lower in L1210/6 TG cells than in L1210/0 cells. This lower
nucleotide level may be due to the high intracellular con-
centration of MTX that is maintained in L1210/6TG cells
(Fig. 1) and may be related to increased MTX sensitivity.
Although UTP levels appeared to be slightly higher in
control L1210/6MP cells than in L1210/0 cells, pool sizes
in these two cell lines were not significantly different fol-
lowing MTX treatment. No consistent differences in any
pool levels were detected at 2, 6, 12, or 24 hr after MTX
treatment. There appeared to be some recovery in nucleo-
tide pools of all three cell lines by 12 hr (not shown);
however, few cells were present at 12 and 24 hr after in

Table 2. Comparison of nucleotide pools in L1210/0, L1210/6MP and L1210/6TG leukemia cells 4 hr after in vivo
exposure to methotrexate

1.1210/0 L1210/6MP L1210/6TG
Expt. Student’s Student’s
No. t test® t test
ATP + ADP7
Control 1 20629 (4 241x18 (3% NS§
2 18.5 2 251 ()% P <0.02
3 30.1 ) 447+18 (3) P<0.005
4 195x3.0 (3) 25.2 (2) NS
4 Hr 1 45.0+ 8 3) 33,05 (4) P < 0.05
(percent of 2 43 (2) 44 (2) NS
control) 3 33 (2) 240=%3 (3) P<0.05
4 51.0+7 (3) 440+ 7 (3) NS
GTP + GDP
Control 1 3706 (4) 4603 (3) NS
2 4.7 2) 4.6 (2) NS
3 6.8 2 9704 (3) P < 0.0l
4 43+08 (3) 5.0 (2) NS
4 Hr 1 46.0=x3 3) 39.0+4 (4) NS
(percent of 2 43 (2) 4506 (2) NS
control) 3 40 ) 17.0x2 (3) P < 0.001
4 56.0x10 (3) 2805 3) P <0.02
UTP
Control 1 22203 3003 (3 P <0.05
2 2.5 2) 3.8 (2) P <0.05
3 39 (2) 57209 (3 NS
4 2403 (3) 34 (2) NS
4 Hr 1 36.0%5 3) 2408 4) NS
(percent of 2 63 (2) 49 2) NS
control) 3 48 2) 39.0%5 (3) NS
4 93.0x14 (3) 88.0x15 (3) NS
CTP
Control 1 03=x01 @) 0400 (3) NS
2 03 2 0.4 (2) P < 0.05
3 0.5 (2) 0701 (3) NS
4 0300 (3 0.4 2) P <0.01
4 Hr 1 31.0x7 3)
(percent of 2 46 2) 42 (2) NS
control) 3 36 @) 2104 3) P <0.02
4 100.0 = 21 3) 41011 3) P <0.02

* Values obtained for the 6MP- and 6TG-resistant cell lines were compared with those obtained for the parent cell

line.

+ Purine monophosphates and pyrimidine mono- and diphosphates could not be unequivocally identified since
nucleotide sugars and nucleoside phosphoglycerides have similar retention times.

% Control values are peak areas (x107°) = S.D. obtained by HPLC analysis of neutralized perchloric acid extracts
from 5 + 107 L1210 cells. In experiments 1 and 2, 1 hr values were used as controls.

§ NS = not significant.
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vivo exposure to MTX, making the determination of pool
sizes difficult. On the basis of their increased sensitivity to
MTX, one might expect that nucleotide pool levels in both
the L1210/6MP and L1210/6TG cell lines would be greatly
reduced compared to the parent cell line. That such was
not the case might be due to the complicated regulation
of nucleic acid metabolism [8, 40, 41].

In summary, L1210 cells resistant to 6MP and 6TG
exhibitincreased sensitivity to MTX compared to the parent
line. The differential response of parent and purine
analog-resistant cell lines to MTX is not due to host influ-
ences, for both L1210/6MP and L1210/6TG cell lines are
cross-resistant to 6-MeMPR, an inhibitor of de novo syn-
thesis, and cultured L1210/6MP cells are more sensitive to
MTX than the parent cell line. Following treatment of
tumor-bearing mice with MTX, the drug concentration in
L1210/6TG cells was about 50% greater than in L1210/0
cells for 24 hr and may account, wholly or in part, for the
increased sensitivity of the L1210/6TG cell line to MTX.
L1210/6MP cells, however, accumulated less MTX than
L1210/0 cells, indicating that an equivalent mechanism is
*not operative in these cells. DHFR activity in L1210/6TG
cells was the same as that in L1210/0 cells, but activity in
L1210/6MP celis was lower by 60%. Cultured L1210/6MP
cells also exhibited a deficiency in DHFR activity as com-
pared to the parent cell line. The sensitivity of the enzyme
to MTX was the same for all three cell lines propagated
in vivo. Therefore, the increased sensitivity of the
L1210/6MP cell line to MTX may be due, in part, to
decreased DHFR activity. Significantly lower levels of
GTP + GDP and CTP in 6TG-resistant cells than in parent
cells 4 hr after the administration of MTX to tumor-bearing
mice may be related to the increased MTX sensitivity of
these cells. Our results indicate that the observed altera-
tions in drug sensitivity are associated with more than one
biochemical change and that these changes are different
in the two purine analog-resistant cell lines.
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