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I. Introduction 

Two groups of compounds, classed as antimetabolites, have been 
used to a great extent in the treatment of acute lymphocytic leukemias 
of children and in laboratory investigations employing this morphologic 
form of leukemia in mice: (1) folic acid antagonists, particularly those 
with a 4-amino substituent, and (2) purine antagonists. Folic acid an
tagonists have been found, in our laboratory, to be antileukemic agents 
to each and every lymphocytic leukemia tested. On the other hand, 
purine antagonists are effective antileukemic agents in some, but not 
other, leukemias. 

These metabolic antagonists are of interest for several reasons: (1) 
they are the most effective of known antileukemic agents; (2) selec
tivity of action is, in certain cases, striking; and (3) the inhibitory ef
fect can be shown to be of a competitive nature in certain instances 
affording a better means of elucidating the metabolic reactions involved 
in therapeutic investigations. 

The failure, after a period of time, to achieve remissions in patients 
with A-methopterin and 6-mercaptopurine is a common observation. In 
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the experimental leukemias it has been shown that these failures re
sult from the development of transformations in the population of 
leukemic cells to resistance and/or dependence of various degrees. 

It is the purpose of this report to consider the experimental produc
tion of these transformations, some characteristics of the transformed 
leukemic cells, investigation of the manner of origin of these variant 
cells, and some basic information that has been obtained involving 
the mechanism of these phenomena. 

I I . Folic acid a n a l o g s 

Both types of transformation—to resistance, wherein leukemic cells 
grow optimally in vivo either in the presence or absence of antagonist 
or to dependence, wherein the cells grow optimally only in the presence 
of antagonist—have been obtained using the 4-amino-substituted folic 
analogs 4-amino PGA (Aminopterin), 4-amino-N10-methyl PGA (A-
methopterin), 4-amino-9-methyl PGA (A-ninopterin), and 4-amino 9, 
N10-methyl PGA (A-denopterin*) (Law, 1951 a. b., Law and Boyle, 
1950). (See Fig. 1 and Table 1.) 

TABLE 1. Transformations in Leukemic Cells of Several Transplantable Lines 

Type of 

Line of Strain of transformation Antagonist 
leukemia mouse Resistant Dependent used 

L1210 DBA + + A-methopterin 
L1210 DBA + - A-methopterin 
L1210 DBA + + A-denopterin 
L1210 DBA A-ninopterin 
L3054 C58 + A-denopterin 
HE8186 A + ? A-methopterin 
L4946 AKR + + A-methopterin 
L1210 DBA + + 8-Azaguanine 
L1210 DBA + 8-Azaguanine 
L1210 DBA + - 6-Mercaptopurine 

Variant sublines of transplantable acute lymphocytic leukemias are 
obtained with ease following consecutive serial transfers in mice re
ceiving either (1) near maximum tolerable levels of antagonist or (2) 

* All folic acid analogs have been supplied through the courtesy of the Lederle 
Laboratories Division, American Cyanamid Co. Purine analogs have been supplied 
by Dr. George H. Hitchings, Wellcome Research Laboratories. 
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L E U K E M I A L 1210 T R A N S F E R 
GENERATION 

AN-R A D - R 

( 4 0 ) ( 4 0 ) 
DISC. DISC. 

Showing origin of various transformed sublines discussed in text: AN-R (resistant to A-ninop-
terin), AD-R (dependent on A-denopterin) AM-D (dependent on A-methopterin), 8-AG-D (de
pendent on 8-azaguanine), AM-R (resistant to A-methopterin), 8-AG-R (resistant to 8-azaguan-
ine), 6-M-R (resistant to 6-mercaptopurine). Hatched squares represent resistance, darkened 
squares, dependence. The control line, represented by circles, has been carried through 240 con
secutive transfers and remains sensitive to the antifolic and antipurine compounds. Certain transfer 
lines have been discontinued as shown; others have been carried serially through the number of 
transfers designated below the square. 

periodic increases in the level of antagonist. Once transformation has 
been achieved the variant lines retain their characteristics; no reversion 
to sensitivity or changes from one type of transformation to another 
have been observed. These characteristics are maintained in the ab-
scence of antagonist used to achieve the transformation. The character 
is thus shown to be stable, irreversible, and heritable. 

One particular subline of an acute lymphocytic leukemia, L1210, 
in DBA/2 strain mice, has been of interest in determining some of the 
physiologic characteristics of these transformed cells, the AM-D sub
line, dependent on folic antagonists for optimal growth. 

A. CHARACTERISTICS OF LEUKEMIC CELLS DEPENDENT ON FOLIC ANALOGS 
FOR OPTIMAL GROWTH 

The AM-D variant line has now been carried through more than 
175 consecutive serial transfers in DBA/2 strain mice. Optimal growth 
is obtained in the presence of 4-amino-N10-methyl PGA (A-methop-
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terin), the analog used to develop dependence. The behavior of these 
transformed cells is shown in Table 2 in comparison with the sensitive 
control line, using the criterion of localized growth of lymphomatous 
tissue, and Table 3, the behavior in the development of generalized 

TABLE 2. Dependence in Leukemic Cells of the AM-D subline of Leukemia L1210 

Mean wt., 
A-methopterin lymphomatous 

No. dosage (mgAg) tissue 
mice Indiv. Total mg. 

20 12 48 685.5 
Dependent 78 3 12 833.3 

29 None 212.7 
20 12 48 0 

Sensitive 30 3 12 6.0 
55 None 1,190.0 

Transfer generations 98-108 of sensitive cells and 33-39 of dependent cells used. 

leukemia following intraperitoneal transfer of a standard dose of leu
kemic cells in Locke's Solution (8 χ 10 5 cells). It is of interest to note 
that even at a dosage level of A-methopterin as high as 12 mg/kg (total 
dose, 48 mg/kg) an inhibition of localized growth of lymphomatous 
tissue of 50% occurs but infiltration into lymph nodes and spleen is 
moderate. This indicates at least a 50-fold increase in tolerance to this 
antagonist, since it requires 0.25 mg/kg (total dose, 1.0 mg/kg) of 

TABLE 4. Comparative Sensitivity of A-methopterin-Dependent (AM-D) and Sensi
tive Leukemic Cells to Several Antileukemic Agents 

Dosage (mg/kg) Inhibition index * 
Compound Indiv. Total Sensitive Dependent 

8-azaguanine 50 400 0.13 0.17 
Alpha-peltatin 5.0 15 0.06 0.06 
TEM 0.75 3.0 0.27 0.08 
6-mercaptopurine 75 525 0.10 0.10 
A-ninopterin 3 12 0.04 0.94 
A-denopterin 3 12 0.01 1.03 
Amino-an-fol 30 120 0.20 0.78 
Aminopterin 0.2 0.8 0.01 1.0 

Mean wt. tumor-treated 
* Inhibition index = 

Mean wt. tumor-controls 

antagonist to inhibit localized growth of the sensitive cells to a similar 
degree. 
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A specific cross-dependence, which is characteristic for all such 
transformations, is shown in Table 4. Any 4-amino-substituted folic an
tagonist is capable of providing for optimal growth. Some of the so-
called "weak" antagonists, notably IV10-methyl PGA and 9-methyl PGA, 
though lacking antileukemic activity, are also able to provide for ap
proximately 50% optimal growth of these dependent cells. Such anti
leukemic compounds as 8-azaguanine, alpha-peltatin, TEM (triethylene 
melamine), and 6-mercaptopurine, on the other hand, show independ
ence of action, in being carcinostatic for either the dependent or sen
sitive sublines. Two compounds, cortisone and a purine antagonist, 
2, 6-diaminopurine, were ineffective in either the dependent or sensi
tive subline in this study. 

The 4-amino-substituted folic analogs appear to inhibit leukemic 
cell growth by antagonism of folic acid (PGA) citrovorum factor (CF) , 
since either of these compounds will prevent antileukemic action of 
this class of agents (Burchenal et al., 1950). Since it appears that CF, 
on a weight basis, is more effective than PGA in reversing the effects 
of folic analogs, it was of interest to study the effects of this meta
bolite on the growth characteristics of the sensitive and dependent lines 
of leukemia L1210 and to determine the blocking effect of CF on (1) 
the antileukemic action of A-methopterin on sensitive leukemic cells 
and (2) the optimal growth-promoting capacity of this antagonist on 
dependent leukemic cells. It may be seen by reference to Table 5 that 

TABLE 5. Citrovorum Factor ( C F ) and the Effects of A-methopterin on Sensitive and 
Dependent (AM-D) Leukemic Cells of Leukemia L1210 

No. Dosage* Relative* 
Experiment Mice Daily Total mean weights 

Dependent (AM-D) 
A-methopterin 42 2 8 1 
A-methopterin 28 2 8 
f CF 2 χ 106 10 X 10 e 0.71 
CF 36 2 Χ 106 8 X 10 e 0.35 
Controls 36 0 

Sensitive 
0 0.31 

A-methopterin 54 2 8 0.03 
A-methopterin 44 2 8 
f CF 2 X 10 e 10 χ 10 e 0.28 
CF 30 2 X 10 e 8 Χ 106 0.91 
Controls 50 0 0 1 

t Dosage of A-methopterin in mg/kg; citrovorum factor dosage in units/kg. 
* For convenience, optimal growth in both groups considered as 1.0. 
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partial reversals both of the antileukemic effect in the sensitive line 
and of the growth-promoting effect in the dependent line were ob
tained. Folic acid (PGA) was also found to give similar reversals. The 
ratio of analog to metabolite (PGA) for maximum effect was approxi
mately 1:15 and the ratio was the same for sensitive or dependent 
cells, provided PGA was always given prior to administration of ana
log. PGA and CF were found not to influence the growth character
istics of either sensitive or dependent cells, under the conditions of 
these experiments. 

No changes in morphology, antigenicity, or transplantability have 
been observed in the several variant forms of resistant or dependent 
cells developed in leukemia L1210 or the other transplantable leukemias 
employed. Leukemic cells of the sensitive and of the transformed sub
lines, as observed in localized growth or in infiltrations into spleen, 
liver, lymph nodes, or in the peripheral blood, are morphologically in
distinguishable. Attempts to detect antigenic differences by comple
ment-fixation tests have been unsuccessful. 

B. POSSIBLE MECHANISMS OF RESISTANCE AND DEPENDENCE 
Resistance of leukemic cells to folic analogs may be the result of 

(1) a lowered PGA requirement accompanied by a much greater ca
pacity to convert PGA to utilizable CF, (2) an increased ability to 
detoxify the PGA antagonist, (3) a more efficient utilization of CF 
due to changes in permeability of the cell, or (4) the ability of trans
formed cells to convert antagonist to PGA or CF by one of several 
methods: deamination, demethylation, etc. In Streptococcus faecalis, 
resistant to folic antagonist, it appears that the strain has a lowered 
requirement for PGA and a much greater capacity to convert PGA to 
CF than the antagonist-sensitive strain, so that significant inhibitions 
of growth were obtained only with very high concentrations of an
tagonist (Hutchison and Burchenal, 1953; Nichol et ah, 1953). Evi
dence is now at hand to indicate that resistance to A-methopterin by 
S. faecalis also involves an altered permeability of the cells to antag
onists, which greatly reduces the accessibility of the susceptible enzyme 
system to antagonist (Nichol et ah, 1953). 

It has been reported recently (Hutchison and Burchenal, 1953; 
Broquist, 1952) that a folic-antagonist resistant strain of S. faecalis was 
able to use aminopterin and related analogs for growth, in contra
distinction to the sensitive strain, by converting the analogs to PGA 
or CF. Similarly, Kidder et ah (1951) observed that the protozoon 
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Tetrahymena was able to use aminopterin (and methopterin) in 
growth processes, suggesting that this organism also possessed enzymes 
capable of deaminating and demethylating these antagonists. It has 
been found by Nichol, however, employing paper chromatographic 
techniques, that the folic acid antagonists that are presently available 
contain sufficient PGA (25%) and pteroic acid as impurities to account 
for the apparent utilization of these analogs by S. faecalis and Tetra
hymena, and that the explanations given above are not valid. 

In considering explanations for the dependence characteristic, it 
is apparent that many of the suggestions pertaining to resistance are 
unlikely. For example, the ability of leukemic cells to detoxify the an
tagonist or to convert antagonist to PGA or CF would explain the phe
nomenon of resistance but not dependence. Preliminary trials by Nichol 
(1953) on the ability of our L1210 A-methopterin-dependent (AM-D) 
leukemic cells to convert PGA to CF indicate that the dependent leu
kemic cells are less active than sensitive cells in this respect, in contrast 
to the results obtained with S. faecalis. 

However, it is indicated in preliminary work by Hutchison et al. 
(1954) that the conversion of PGA to CF by resistant leukemic cells 
(Line I) was about twice as active as resistant cells (Line I /A). 

Also, it is quite likely that differential absorption of folic analog 
or PGA is not related to the dependence phenomenon. Preliminary trials 
by Skipper et al. (1953) using C14-labeled PGA and A-methopterin 
show C 1 4 contents of sensitive and dependent L1210 leukemic cells to 
be of the same order. Recent evidence by Kieler and Kieler (1954) on 
the action of A-methopterin on leukemic cells in vitro indicates the 
possibility of differences in intracellular distribution of PGA and its 
antagonists. There are no definite data available at present relating to 
such distribution. 

It is possible that the dependent leukemic cells described here have 
acquired the ability to use folic analogs without conversion to PGA or 
CF, employing a different mechanism for the synthesis of nucleic acids 
than that suggested as occurring normally. Certain preliminary data 
are available relating to this interpretation. As mentioned previously, 
it is evident that the 4-aminopteroylglutamic acids act by competing 
with PGA or CF. It appears that PGA is converted to CF, which is 
associated with enzymes concerned with transfer of single carbon units. 
Folic antagonists compete with formed CF; the end result of this an
tagonism is an inhibition of nucleic acid synthesis as well as other bio
chemical processes. It has been found (Skipper, Bennett, and Law? 



276 L . W. LAW 

1952), in experiments with Naformate-C14 (a precursor of the 2- and 
8- carbon atoms of nucleic acid purines) that the folic acid antagonist, 
A-methopterin, inhibits de novo synthesis of DNA and RNA purines 
of the sensitive cells and viscera of mice bearing these cells, and the 
analog more than doubles the rate of de novo DNA and RNA synthesis 
in the dependent leukemic cells, profoundly inhibiting the nucleic acid 
synthesis in the viscera of mice bearing these transplanted cells. These 
results are shown in Table 6. 

TABLE 6. Incorporation of C14-Formate into Nucleic Acid Moieties of Viscera and 
A-methopterin-Sensitive and Dependent (AM-D) Tumor Masses of Leukemia L1210 

Specific activities (/ic/mole C) 
RNA 

i a - Αι 2roup nal Gua Ade Thy Gua Ade
No. Leukemia Tissue Treatment tissue nine nine mine nine nine 

1. Sensitive Viscera None 6.9 171 280 — 199 248 
Sensitive Tumor None 4.2 206 227 100 309 308 

2. Sensitive Viscera A-methopterin* 5.6 26 16 4 70 90 
Sensitive Tumor A-methopterin* 1.8 34 39 10 54 112 

3. Dependent Viscera None 7.3 113 99 — 156 140 
Dependent Tumor None 1.8 55 51 24 85 86 

4. Dependent Viscera A-methopterin f 4.9 15 10 3 37 35 
Dependent Tumor A-methopterin f 4.8 127 115 51 162 156 

* A-methopterin (3mg/kg) immediately before HC
14
00Na injection on seventh postinocula-

tion days. 
t A-methopterin (3mg/kg) on 3rd, 5th, and 7th days. HC

14
00Na on 7th day. 

Similar results were obtained from in vitro studies of sensitive and 
dependent leukemic cells from the same sources. A-methopterin at con
centrations of 0.01 mg/ml strongly inhibited the incorporation of C 1 4 

formate, into the protein and purine pentose nucleotides of sensitive 
cells. A-methopterin at much higher levels was found to be ineffective 
on the in vitro incorporation of P 3 2 0 4 in sensitive and transformed 
cells. These results indicate that the effect of folic analogs is not an 
over-all inhibition of tissue metabolism (Williams et al., 1953), but is 
probably directed against limited enzyme systems. 

It should be pointed out that, although the available folic antago
nists contain certain contaminants that are growth factors, it need not 
be a complicating factor in the production and development of trans
formations to resistance and dependence. Contrariwise, it would ap
pear that the presence of PGA in the antagonist used in S. faecalis ex
periments aided in the selection of resistant mutants. It should be rec-
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ognized, however, that some confusion in the interpretation of results 
has arisen. 

Though the mechanism of dependence, in biochemical or physico-
chemical terms, is far from a solution, some definite leads have been 
established. Additional evidence that tends to support the thesis that 
dependent leukemic cells employ a different mechanism for the syn
thesis of nucleic acids than that suggested as occurring normally is to 
be found in the use of weak folic antagonists. Although N10-methyl 
PGA is found not to inhibit the growth of sensitive leukemic cells it 
does provide for approximately 50% optimal growth of dependent cells 
(L1210 AM-D). It has been determined that lymphomatous tissue and 
spleen obtained from (L1210 AM-D) mice do not utilize this com
pound as a precursor for CF (Nichol 1953). 

I I I . Purine a n a l o g s 

Since the report of Kidder et al. in 1949 showing the cancerostatic 
effect of a triazolopyrimidine analog of guanine, 8-azaguanine, on cer
tain adenocarcinomas and a leukemia in mice, this compound has been 
studied rather extensively. It has proved to be a useful and interesting 
tool in investigations of cellular biochemical reactions. Although spe
cific and definite inhibitory action has been noted for a fairly wide 
range of morphologic forms of neoplasm (Gellhorn et dl., 1950; Sugiura 
et al., 1950; Law, 1950), it is equally clear that it is entirely inactive 
against other neoplasms in the mouse and rat (Gellhorn et al., 1950; 
Sugiura et al., 1950). 

In certain acute lymphocytic leukemias of the mouse (Law, 1950), 
particularly the transplantable leukemia L1210, a definite, regular, and 
reproducible inhibition of growth results following parenteral adminis-

TABLE 7. Effect of 8-Azaguanine on Sensitive and 8-Azaguanine-Dependent 
(8AG-D) Lines of Leukemia L1210 

Tumor wt 
Transfer Number Dosage (mg/kg) at 9 days 

line of mice Daily Total (mg) 

24* 150 1,200 591.1 
Dependent 183 75 600 538.6 ± 42.1 

89 None 240.4 ± 21.8 
10 150 1,200 0 

Sensitive 53 75 600 16.8 ± 2.2 
54 None 775.6 ± 30.2 

* Transfer generations 107-144 of the sensitive line and 7-44 of the dependent line used. 
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tration of the guanine antagonist at nontoxic levels far below the 
maximum tolerable dose. 

Transformations to resistance and to dependence have been ob
tained in leukemic cells of Line L1210 by consecutive serial passage in 
DBA/2 mice receiving near-MTD levels of 8-azaguanine. (See Fig. 1) . 
The dependent line (8AG-D) was developed from the 100th transfer 
of sensitive cells and a resistant line from the 175th transfer (Law, 
1951c). 

A. TRANSFORMATIONS TO RESISTANCE AND DEPENDENCE 
USING 8-AZAGUANINE 

Table 7 shows the characteristic of dependence in the transformed 
cells. Optimal growth, as determined by localized growth of lympho
matous tissue, was obtained at dosage levels of 8-azaguanine as high 
as 150 mg/kg (total dose, 1,200 mg/kg). At this level complete inhibi
tion of growth is observed in the sensitive line. Leukemic death, fol
lowing intraperitoneal transfer of cells, also reflects strikingly the de
pendence characteristic. The mean survival time of mice bearing the 
dependent subline was 15.8 ± 0.45 days. If these mice are given 8-
azaguanine (75 mg/kg χ 8) they die earlier, 12.1 ± 0.23 days, with a 
florid leukemia (see Table 9) . In contrast, DBA/2 mice bearing the con
trol, sensitive subline die at 7.9 ± 0.06 days, and when given 8-
azaguanine parenterally, at 12.4 ± 0.20 days. 

This dependent subline has now been carried through 90 transfer 
generations since emergence of the trait and has retained its character
istic response without evidence of reversion. 

Cross-dependence on other purine analogs has been demonstrated 
in this 8-azaguanine-dependent line. 6-Mercaptopurine and thiogua-
nine, both moderately carcinostatic, 8-azaxanthine and 2, 6-diamino-
purine, ineffective for sensitive leukemic cells, all provide for 50% or 
more optimal growth of the dependent line. The folic antagonist, 
A-methopterin, and TEM are inhibitory for the dependent cells as well 
as the sensitive. A striking sensitivity to folic analogs of the dependent 
cells, as well as of other transformations produced by purine analogs, 
has been noted and will be discussed later. 

L1210 leukemic cells transformed to resistance by 8-azaguanine 
grow optimally in DBA/2 mice with or without this antagonist, suc
cumbing from leukemia at 10.1 ± 0.15 days. Cross-resistance to all 
other purine analogs has been demonstrated (see Table 8) but these 
resistant cells remain sensitive to other unrelated compounds, such as 
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TABLE 8. Influence of Several Purine Antagonists on Variant Sublines of 
Leukemia L1210 

Antagonist Sensitive 8AG-D 8AG-R 6M-R 
8-Azaguanine + (100%) - ( 1 0 0 % ) 0 0 
6-Mercaptopurine + ( 80%) . - ( 60%) 0 0 
2,6-Diaminopurine 0 —( 50%) 0 0 
8-Azaxanthine 0 - ( 50%) 0 0 
Thioguanine + ( 80%) - ( 40%) 0 0 

8AG-D = 8-Azaguanine-dependent; 8AG-R (8-Azaguanine-resistant) and 6M-R (6-Mercapto-
purine-resistant) 

+ = inhibition; — = support of growth (cross-dependence) 
0 = no influence (cross-resistance) 

folic analogs and TEM. This line has now been carried through 65 
consecutive serial passages in DBA/2 mice, retaining its characteristics. 

B. RESISTANCE TO AN ADENINE ANTAGONIST, 6-MERCAPTOPURINE 
The adenine analog, 6-mercaptopurine, has been shown to act as 

a purine anatagonist in the metabolism of Lactobacillus casei (Elion 
and Hitchings, 1953). It has also been shown to be a unique inhibitor 
of Sarcoma (Clark et ah, 1953) and of certain mammary adenocarci
nomas (Skipper, 1953). Limited clinical trials of this compound in 
advanced leukemia of children have been encouraging (Burchenal et ah, 
1953). As with 8-azaguanine, this compound has been shown to give 
definite, regular and reproducible inhibition of leukemic cell growth 
in certain lymphocytic leukemias but not others (Law, 1953). Striking 
increases in survival time in leukemia L1210 occur. The mean survival 
time of mice bearing the sensitive subline of leukemic L1210 was 
7.9 db 0.06 days, and an increase in survival of 87.3%, to 14.8 ± 0.18 
days was obtained using this antagonist within the total dosage range 
of 250 to 1,200 mg/kg. The effects obtained at the higher dosage levels 
(near MTD) were within the same range as those obtained at lower 
levels, 300 to 600 mg/kg. 

A resistant line was procured starting with the 200th transfer of 
the sensitive line. The resistance characteristic was apparent after five 
consecutive transfers in DBA/2 mice receiving 75 mg/kg X 7 dosage 
levels. No influence of 6-mercaptopurine could then be demonstrated 
in this line, test mice with and without antagonist dying at 9.9 ± 0.10 
days. Cross-resistance, similar to that observed in the 8-azaguanine-
resistant line, was found using other purine analogs (Table 8) , but sen
sitivity to TEM and A-methopterin was evident. A considerably in
creased sensitivity to the folic antagonist was characteristic. 
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C. MODE OF ACTION OF PURINE ANTAGONISTS 
There appears to be little doubt that the purine antagonist 8-aza

guanine is incorporated into nucleic acids. This has been demonstrated 
by Heinrich et al. (1952) in the protozoon Tetrahymena, by Mitchell 
et al. (1950) for viscera of mice, and more recently, using finer tech
niques, for mouse viscera and tumor tissue by Skipper (1953). The in
corporation is for the most part in RNA and in relatively small amounts. 
There appears to be little doubt also in Tetrahymena, which requires 
preformed guanine, that the guanine antagonist acts strictly as an anti
metabolite; physiologic guanine or its nucleotide, reversing in com
petitive fashion, the growth-inhibiting capacity of 8-azaguanine. Evi
dence for a clear-cut metabolite-antimetabolite relationship in mice or 
other mammals is not yet at hand. Guanine or guanylic acid have been 
shown to reverse the carcinostatic effect of 8-azaguanine, as determined 
by leukemic deaths in mice (Law, 1950; Goldin et al., 1950). In our 
own observations with the 8-azaguanine-dependent leukemia, guanylic 
acid regularly interferes with the growth-promoting capacity of 8-aza
guanine (Law et al., 1953), more effectively than another ribotide, 
adenylic acid. It has not been determined if this is done competitively. 
On the other hand, Gellhorn et al. (1953) have observed in rabbits bear
ing the Brown-Pearce carcinoma that the carcinostatic effects of 8-aza
guanine are more easily reversed by the nucleosides and nucleotides 
of adenine, suggesting that 8-azaguanine is converted first to adenine 
prior to conversion to a riboside. 

Extensive attempts in our laboratory (Law, 1953) to reverse the 
carcinostatic activity of 6-mercaptopurine by physiologic purine bases 
have been relatively unsuccessful, although on occasion reversals have 
been obtained particularly with adenosine. In Lactobacillus casei any 
of the four physiologic purines will prevent the inhibition produced by 
this compound, easily and competitively (Elion et al., 1951). The nega
tive outcome of reversal experiments, using 6-mercaptopurine, does not 
mean necessarily that its mode of action is different in these experimen
tal animals compared with Lactobacillus, but that the techniques em
ployed in the complicated system in experimental animals are not ade
quate or that some metabolite other than the four physiologic purines 
must be supplied. 

Some suggestive preliminary data obtained through a study of nu
cleic acid metabolism of sensitive and dependent (8-azaguanine) leu
kemic cells of leukemia L1210 are at hand. 8-azaguanine 2-C 14 has 
been found to be incorporated into the RNA of sensitive leukemic cells 
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at levels 100 times the incorporation of this purine antagonist into de
pendent cells (Bennett, Skipper, and Law, 1953). This may be consid
ered as evidence that fixation of 8-azaguanine in nucleic acids may be 
related to the carcinostatic activity of the compound. Low levels of in
corporation of the purine antagonist 2, 6-diaminopurine (as 2, 6-DAP-
2-C 1 4) in dependent cells has also been found (Skipper, 1953), paral
leling the,results with 8-azaguanine, whereas the utilization of thymine 
and guanine (as-2-C 14 products) are of the same order of magnitude 
in sensitive and dependent cells, a relatively low incorporation of gua
nine being observed. Since 2, 6-diaminopurine is known to be readily 
converted to nucleic acid guanine (Bendich et al., 1950), these results 
indicate a difference in capacity of the two types of cells to utilize this 
compound as a source of guanine. 

The observations discussed here concerning metabolism of sensitive 
and transformed leukemic cells suggest that differences in nucleic acid 
metabolism may exist. Attempts at characterization of the differences 
are now being made. 

It has been reported by Hirschberg et al. (1952) and by Gellhorn 
(1953) that experimental tumors most sensitive to 8-azaguanine have 
a low concentration of an enzyme (deaminase) capable of converting 
8-azaguanine to 8-azaxanthine (a noncarcinostatic agent), in contra
distinction to those tumors not influenced by the compound. Thus, it is 
suggested that variation in response of neoplastic tissues results from 
their ability to metabolize 8-azaguanine to an inactive form. In pre
liminary studies comparing deaminase concentrations of L1210-sensitive 
and 8-azaguanine-dependent cells this appears not to be the case since 
enzyme levels obtained, although relatively high, were the same level 
in both types of cell (Gellhorn, 1953). 

IV. Or ig in of resistance in leukemic cells to antimetabolites 

It appears extremely likely that the transformations observed in 
leukemic cells of the mouse, to resistance or dependence, occur sponta
neously and rather generally among populations of leukemic cells; the 
role of the antimetabolite is merely that of a selective agent (Law, 
1952). Increases in resistance have been shown to occur in a discrete 
stepwise fashion (Law, 1952), resembling in this respect the develop
ment of resistance in bacteria to penicillin (Demerec, 1948). It is im
possible to determine, with these somatic cells, whether the observed 
transformations are genetic. In Escherichia coli, strain K12, a sexually 



282 L . W. LAW 

fertile strain, it has been shown that the numerous changes to resistance 
and dependence with streptomycin appear to have arisen by change at 
a single gene locus (Newcombe and Nyholm, 1950). Thus, these traits 
in bacteria behave as if controlled by allelic forms of the same gene locus. 

V . Therapeutic considerations 

Two different approaches to the chemotherapy of leukemia that ap
pear to be of considerable significance are suggested by these studies. 
The first relates to changes in sensitivity to folic analogs of leukemic 
cells transformed through the use of purine antagonists; the second 
relates to a use of combinations of antileukemic agents in an attempt 
to suppress the selection of spontaneous mutations to resistance and 
dependence. 

All 3 variants sublines of leukemia L1210—dependent upon 8-aza
guanine (8-AG-D), resistant to 8-azaguanine (8-AG-R), and resistant 
to 6-mercaptopurine (6-M-R)— show a striking increase in sensitivity 
to the folic antagonist A-methopterin. This change in response is similar 
to that recorded by Elion and Hitchings (1953) in a 6-mercaptopurine-
resistant strain of Lactobacillus casei, which shows a significantly in
creased requirement for folic acid. 

TABLE 9. 8-Azaguanine-Dependent Leukemia L1210 and A-methopterin 

Compound 
Dosage 
mgAg 

No. 
mice 

Survival in 
days 

None 
8-Azaguanine 
A-methopterin 

None 
8-Azaguanine 
A-methopterin 

8-Azaguanine-äependent 
- 68 

75 χ 8 74 
3 x 4 - 9 81 

75 χ 8 
3 X 4 - 9 

Sensitive 
145 

56 
115 

15.8 ± 0.45 
12.1 ± 0.23 
63.1 ± 3.17* 

7.9 ± 0.06 
12.4 ± 0.20 
17.1 ± 0.69 

* 39 mice (48.2%) negative at 90 days. Half of these mice were reinoculated with the 
8AG-D line and died of leukemia at 12 days. Others were sacrificed at 100-150 days for histologic 
study. No evidence of leukemia found. 

Table 9 shows this striking difference in response of the dependent 
leukemic cells (8-azaguanine), contrasted with the usual response of 
the sensitive leukemia (Law et al., 1953). 

The data of Table 10 appear to provide a clear rationale for the use 
of two or more antileukemic agents acting independently. The two 
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TABLE 10. Effect of A-methopterin and 8-Azaguanine Given in Combination, Either 
Singly or Simultaneously, on Survival Time of Test Mice Bearing Acute Lymphocytic 

Leukemia L1210 

Percent
Dosage (mg/kg) Survival time age in

No. in days crease in 
Experiment mice Am 8 Ag (range) survival Remarks 

Control 10 None 8.1 ( 8 - 9) 
Am-8 Ag 10 3 χ 5 75 χ 9 17.0 (12-22) 112.5 
8 Ag-Am 10 3 χ 5 75 χ 9 18.6 (18-19) 129.6 
Am + 8 Ag(Simult.) 10 3 x 5 75 χ 9 36.5 (20-90) 350.0 2 90-day 

survivors* 
Control 16 None 7.6 ( 7 - 9) 
Am-8 Ag 9 3 χ 4 75 χ 8 19.2 (18-20) 152.7 
8 Ag-Am 9 3 χ 4 75 χ 8 20.1 (18-22) 164.5 
Am + 8 Ag (Simult.) 9 3 X 4 75 X 8 28.4 (19-90) 273.6 1 90-day 

survivor* 
Control 16 None 8.1 ( 7 - 1 0 ) 
Am-8 Ag 8 3 x 4 75 X 8 20.0 (19-21) 146.9 
8 Ag-Am 8 3 X 4 75 χ 8 16.1 (15-17) 98.7 
Am + 8 Ag (Simult.) 16 3 χ 4 75 χ 8 25.7 (11-90) 217.3 2 90-day 

survivors f 
( 1 ) Control 42 7.9 ± 0.01 
( 2 ) Am-8 Ag 134.2 Diff. ( 1 ) and 

Totals and 54 (see above) 18.5 ± 0.33 ( 3 ) = 21.6 ± 
8 Ag-Am 4.0 Ρ < 0.001 

(3 ) Am + 8 Ag 35 29.5 ± 4.0 273.4 Diff. ( 2 )and 
(Simult.) 

131 
(3 ) = 11.0 ± 
4.1 Ρ < 0.01 

* All reinoculated at 100 days with leukemia L1210; died leukemic at 8, 10 and 10 days, 
t Negative leukemia, histologically, at 180 days. 

most effective compounds used in the laboratory, A-methopterin and 
8-azaguanine, have been shown to act as selective agents in the iso
lation of resistant and dependent mutants. Each also has been shown 
to act independently of the other. Since there appears to be no known 
method for decreasing mutation rates, and it is unlikely that the host 
can alter the process of spontaneous mutation, the approach appears to 
be an attempt to suppress the selection of spontaneously occurring 
transformations to resistance or dependence. The principle of com
bined therapy with two or more agents acting independently has been 
used successfully in infectious diseases, particularly in the treatment of 
tuberculosis. If the frequency of mutation to resistance of a cell, bac
terial or cancerous, to drug A is 1 X 10"6 and a frequency of mutation 
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to drug Β is 1 χ 10"5, only one cell in 1 0 1 1 will simultaneously develop 
both mutations. Thus, doubly resistant mutants have a negligible prob
ability of emerging in a sensitive tumor or bacterial population in the 
presence of two or more effective agents that exhibit different mechan
isms of action. It may be seen from the table that although these two 
antimetabolites given singly in combination (one followed by the 
other), at dosage levels below the MTD are effective in increasing sur
vival, when given simultaneously in combination, they exhibit a strik
ing potentiation of effect. Many of these mice, though receiving a stand
ard dose (8 χ 10 5 cells) of leukemic cells, live beyond a 90-day period 
and show no evidence of leukemia. These survivors, in all probability, 
represent cases in which all or most leukemic cells were killed and 
doubly resistant forms completely suppressed (Law, 1952b). 

The examples discussed here of transformations to resistance and 
dependence involve changes in the cells of the neoplasm. It is conceiv
able that adaptation could occur in cells of the host so that a drug is 
rendered ineffective. The development of an efficient hepatic detoxica
tion mechanism or an efficient urinary excretion may render a compound 
ineffective against neoplastic cells. The only known example is that by 
Pollak et ah (1953) who presented evidence that indicates that refrac
toriness of leukemia in mice to potassium arsenite has been contributed 
by the host, although other mechanisms appear quite likely in this case. 

Recent observations indicate the development of resistance in neo
plasms other than leukemia: Sarcoma 180 to 6-mercaptopurine (Clarke 
et ah, 1953), the Ehrlich carcinoma to a colchicine derivative (Lettre, 
1952) and the Walker rat sarcoma to an acetyl-nitrogen-mustard com
pound (Danielli, 1954). In this latter case resistance is accompanied by 
a lowered peptidase level. The compound investigated is believed to 
act after hydrolysis by a peptidase. 

V I . Summary 

Transformations to resistance and to dependence are found to occur 
rather generally among acute lymphocytic leukemias of the mouse. Two 
types of antimetabolites have been used in the development of these 
variant forms: folic acid antagonists and purine antagonists. 

Leukemic cells resistant to or dependent on folic analogs are in
hibited by other nonrelated antileukemic agents, but show a character
istic cross-resistance (or cross-dependence) to all other 4-amino-sub-
stituted folic antagonists. Folic acid and citrovorum factor were found 



TRANSFORMATIONS IN LEUKEMIC CELLS 285 

not ro influence the growth of variant cells, but both compounds re
versed the growth-promoting action of A-methopterin in dependent 
leukemic cells. 

Leukemic cells resistant to or dependent on purine antagonist (8-aza
guanine and 6-mercaptopurine) show cross-resistance (or cross-de
pendence) to all other purine analogs tested, but other nonrelated 
compounds remain carcinostatic. A striking increase in sensitivity to 
folic analogs of all antipurine variants was observed. 

The changes discussed are shown to be stable, irreversible and her
itable. No reversions to sensitivity, or from one form to another, have 
occurred among the various lines carried in transplant. 

Experimental evidence favors the assumption that the variant cells 
arise by spontaneous mutation, which occurs constantly in populations 
of leukemic cells, the antimetabolites acting as selective agents in the 
isolation and propagation of the variant forms. 

Certain preliminary metabolic studies relating to mechanisms of 
resistance and dependence have been given. 

Some practical considerations relating to suppression of resistant 
leukemic cells and the use of altered sensitivity to folic analogs have 
been discussed. 
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