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Abstract---4-Hydroperoxycyclophosphamide, a synthetic, activated form of cyclophosphamide, has been 
used to study DNA crosslinking in L1210 cell lines sensitive and resistant to cyclophosphamide. The 
time course of crosslink appearance and the proportion of inter-strand to DNA-protein crosslinks 
support the belief that phosphoramide mustard is the ultimate alkylating agent derived from cyclophos- 
phamide. Cell survival and DNA crosslinking studies with a cyclophosphamide-resistant L1210 cell line 
indicate that resistance is associated with a failure of 4-hydroperoxycyclophosphamide to produce DNA 
crosslinks. The ability to reverse this situation by exposure of resistant cells to disulfiram points to a 
role of aldehyde dehydrogenase in this mechanism of cyclophosphamide resistance. 

Our knowledge of the enzymic and chemical conver- 
sions of cyclophosphamide indicate that the ultimate 
alkylating species is predominantly phosphoramide 
mustard [1]. A number of observations imply, how- 
ever, that the antitumor properties and tissues selec- 
tivity of cyclophosphamide cannot be accounted for 
solely by the production of phosphoramide mustard. 
Cyclophosphamide has a much higher therapeutic 
index than phosphoramide mustard in a number of 
tumor systems [2, 3] and has more marked immuno- 
suppressive activity than phosphoramide mustard 
[4]. 

Similarly, "activated cyclophosphamide", gen- 
erated by in vitro incubation with mixed function 
oxidase, is many times more cytotoxic than an equiv- 
alent amount (chemical alkylating units) of phos- 
phoramide mustard [2,5]. The observations by 
Takamizawa et al. [6], Colvin [5] and Brock [2] that 
"activated cyclophosphamide" and 4-hydroxycyclo- 
phosphamide are approximately equitoxic are con- 
sistent with the hypothesis that 4-hydroxycyclophos- 
phamide or a closely related compound may have 
superior transport properties over phosphoramide 
mustard, the latter being released intracellularly. 
Others have implicated that 4-hydroxycyclophos- 
phamide and its open ring tautomer aldophospham- 
ide occupy a pivotal position in the therapeutic action 
of cyclophosphamide. Although Sladek [7] and Cox 
et al. [3] have proposed that the facile enzymic oxida- 
tive detoxification of 4-hydroxycyclophosphamide 
and aldophosphamide leads to the tissue selectively 
of cyclophosphamide, the hypothesis has not been 
satisfactorily substantiated and has produced con- 
flicting evidence [8]. Basic to the above consider- 
ations is the belief that the ultimate cytotoxic action 
of cyclophosphamide resides in the introduction of 
crosslinks into cellular DNA.  

* Supported by National Cancer Institute Grants CA- 
28765, CA-16783, and CA-06973. 

Cyclophosphamide is one of the most frequently 
used antitumor agents in man. There is an increasing 
number of circumstances emerging, both experi- 
mental and clinical, where the necessity of hepatic 
activation is undesirable. To circumvent this require- 
ment a small number of activated forms of cyclophos- 
phamide have been synthesized and evaluated [9- 
13]. The agent in greatest use at this time is 4- 
hydroperoxycyclophosphamide. 

Cellular resistance to antitumor agents is believed 
to be a major cause of failure in cancer chemotherapy 
[14]. Resistance to cyclophosphamide in mouse 
L1210 leukemia cells was described in 1973 by 
DeWys [15] who isolated lines of L1210 cells which 
survived escalating cyclophosphamide challenge in 
vivo. The nature of this resistance has remained 
obscure but was investigated here in order to more 
easily approach the more significant problem of 
cyclophosphamide resistance in human tumors. 

The present study sets out to describe the DNA 
crosslinking properties of 4-hydroperoxycyclophos- 
phamide and related agents in L1210 cells and pre- 
sents evidence for a mechanism of cyclophosphamide 
resistance. 

MATERIALS AND METHODS 

The cyclophosphamide-resistant line can be traced 
to an original cyclophosphamide-resistant line pro- 
duced by DeWys [15]. The L1210 cells were estab- 
lished in culture in RPMI Medium 1640 supple- 
mented with 10% fetal bovine serum and 50 gM 2- 
mercaptoethanol. The cell lines grow with a doubling 
time of 12 hr and are lethal when re-introduced into 
BDF1 mice. 

In preparation for alkaline elution studies, the 
cells were grown in the presence of [14C]thymidine 
(0.05/.tCi/ml, 10-6M) for 24 hr and transferred to 
isotope-free medium for at least 1 hr before treat- 
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ment with chemical agentsl Exposure to crosslinking 
agents was for 30 min at 37 ° followed by incubation 
in drug-free medium for a period of time (usually 
3.5 hr) during which DNA crosslinking was maxim- 
ally expressed. The alkaline elution procedure was 
based closely on that described by Kohn et al. [16]. 
The cells were prepared for alkaline elution by 
transferring them to sa l ine-EDTA (0.075 M NaC1, 
0.024 M EDTA,  pH 7.4) at 0 °. Each cell suspension 
was split into four equal portions which received 
100, 200,300, and 400 rad gamma irradiation (137Cs 
source) at 0 °. The irradiated cells were kept at 0 ° until 
their loading onto 2/~m porosity filters (Acropor; 
Gelman Sciences, Inc., Ann Arbor ,  MI). The cells 
were lysed with 0.2% Sarkosyl in 2 M NaC1, 0.02 M 
EDTA,  pH 10 (30 min), the filters were washed with 
0.02 M EDTA,  pH 10 (30 min), and the DNA was 
eluted with tetrapropylammonium hydroxide, 
0.02M EDTA,  p i l l 2 . 1  (7.5hr) at a flow rate of 
0.04 ml/min. The eluate was collected as one frac- 
tion. The radioactivity remained on the filter and that 
in the eluate were determined by liquid scintillation 
counting and used to calculate the fraction of DNA 
retained on the filter. 

Treatment of cells with disulfiram (dissolved in 
ethanol or dimethyl sulfoxide) was carried out for 
60 min prior to the addition of, and during the ex- 
posure to, the alkylating agents. 4-Hydroperoxy- 
cyclophosphamide was synthesized by the ozonation 
of cyclophosphamide in the presence of hydrogen 
peroxide by the method described by Hohorst et al. 
[9]. 4-Hydroxycyclophosphamide was prepared from 
4-hydroperoxycyclophosphamide by reduction with 
sodium thiosulfate [17]. Phosphoramide mustard 
(NSC-69945) was obtained through the Drug Syn- 
thesis and Chemistry Branch, National Cancer 
Institute.!Nornitrogen mustard [bis(2-chloroethyl)- 
amine] was of reagent g r a d e .  

The dilute agar colony method of Chu and Fischer 
[18] was used to determine cell viability following 
exposure to chemical agents. 

RESULTS 
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Fig. 1. Alkaline elution of DNA from L1210 cells exposed 
to various concentrations of 4-hydroperoxycyclophos- 
phamide, for 30 min followed by 3.5 hr in fresh medium. 
Numbers adjacent to each curve indicate the concentration 

(/~M) to which the cells were exposed. 

crosslinking agent and the resultant crosslink factor 
is approximately linear. 

Figure 1 depicts data typical of the alkaline elution 
analysis. Exposure of cells to increasing concentra- 
tions of 4-hydroperoxycyclophosphamide makes the 
DNA more refractory to elution, while increasing 
strand breakage through exposure to gamma radia- 
tion increases the elution. The elution of DNA from 
treated cells is conveniently expressed as a crosslink 
factor which is the ratio of D N A  elution in untreated 
cells to elution in treated cells. Untreated cells thus 
have a nominal crosslink factor of 1.0. 

Data from Fig. 1 expressed in terms of a crosslink 
factor (Fig. 2) demonstrate the near linearity of the 
response to increasing exposure to 4-hydroperoxy- 
cyclophosphamide over a 30-min period. 

The alkaline elution analysis of DNA crosslinking 
was performed according to the method of Kohn 
et al. [16] with some modifications. With presently 
available peristaltic pumps (Gilson Medical Elec- 
tronics Inc., Middleton, WI; Ismatec/Brinkmann In- 
struments, Westburg, NY) which produce highly 
reproducible flow rates in each channel, the require- 
ment for internal standardization with 3H-labeled 
cells is eliminated. Additionally, rather than con- 
structing a detailed time course of DNA elution at a 
given titrating radiation dose, we have made one 
measurement at 7.5 hr elution in cells exposed to 
four doses of titrating radiation and have expressed 
the results in a manner similar to that described by 
Kohn et al. [19] where the fraction of D N A  retained 
was plotted versus the titrating radiation. The ratio of 
the slopes of these lines for untreated and crosslinked 
DNA is used to generate a crosslink factor identical 
to that described by Ross et al. [20]. At  concentra- 
tions of alkylating agent which produce up to 3 to 4 
logs cell kill, the relationship between exposure to 
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Fig. 2. Alkaline elution data from Fig. 1 expressed as 
crosslink factors produced at each concentration of 
4-hydroperoxycyclophosphamide to which cells were 

exposed. 
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Fig. 3. Time course of appearance of crosslinks in DNA of 
L1210 cells exposed to 50 pM 4-hydroperoxycyclophos- 
phamide (A), 200 gtM phosphoramide mustard (~7), and 
200/~M nornitrogen mustard (D) for 30 min. Cells were 
transferred to fresh medium and their DNA was analyzed 

for crosslinks after various time intervals. 
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The time course of appearance of DNA crosslinks 
in L1210 cells exposed to a number of agents related 
to cyclophosphamide is shown in Fig. 3. In each case 
the cells were sampled at increasing time after a 30- 
min exposure to the alkylating agent. While cells 
exposed to phosphoramide mustard, 4-hydroperoxy- 
and 4-hydroxycyclophosphamide reached their maxi- 
mal D N A  crosslinking at 3 hr after removal of the 
agent, the cells exposed to nornitrogen mustard 
showed a conspicuously earlier maximum at about 
2 hr. At  longer times following a brief exposure to 4- 
hydroperoxycyclophosphamide, there was a gradual 
decline in D N A  crosslinks (data not shown). Thus, 
cells exposed to 50/~M 4-hydroperoxycyclophos- 
phamide for 30 min lose the greater part of their 
DNA crosslinks during the next 24 hr. 

The introduction of a protease digestion step into 
the alkaline elution analysis allows the determination 
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Fig. 4. Survival of L1210 (growth in soft agar) following a 
30-min exposure to 4-hydroperoxycyclophosphamide (A), 
4-hydroxycyclophosphamide (O), phosphoramide mustard 

(V), or nornitrogen mustard (11). 

of the portion of D N A  which is retained on the filter 
as a consequence of p ro te in -DNA crosslinks. DNA 
which carriers covalently attached protein binds 
tenaciously to most filters used in the elution assay 
and is not eluted by the pH 12.1 buffer. 

Table 1 contains crosslinking data from cells ex- 
posed to a variety of agents and analyzed by alkaline 
elution which include a protease K digestion step. 
The same cells were also analyzed without protease 
treatment. The D N A  of cells pretreated with phos- 
phoramide mustard, 4-hydroperoxy- and 4-hydroxy- 
cyclophosphamide exhibited similar behavior in the 
elution assay in that, when the protease digestion 
step was included, the crosslink factor fell to approxi- 
mately half its original value, indicating that these 
agents produce a mixture of p ro te in -DNA crosslinks 
and protease-insensitive interstrand crosslinks. In 
contrast, cells exposed to nornitrogen mustard exhi- 
bited no crosslinks when analyzed plus protease, 
indicating that all the nornitrogen mustard-induced 
crosslinks were of the p ro te in-DNA variety. 

In vitro cytotoxicity data for the crosslinking 
agents are shown in Fig. 4. The two activated 

Table 1. Effect of digestion with protease K on alkaline elution of L1210 
DNA from cells exposed to various alkylating agents* 

Crosslink factor 

Treatment - Protease K + 

None 1.0 
4-Hydroperoxycyclophosphamide (50 gM) 5.0 
4-Hydroxycyclophosphamide (50/~M) 4.8 
Phosphoramide mustard (200/~M) 5.3 
Nornitrogen mustard (200 gM) 5.8 

1.0 
2.2 
2.2 
2.5 
1.1 

* L1210 cells were exposed to the agents at the concentrations shown for 
30 min at 37 ° after which time they were transferred to drug-free medium at 
37 ° for 3.5 hr. The extent of DNA crosslinking was determined by alkaline 
elution either with or without a 30-min digestion with protease K (0.5 mg/ 
ml). 
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cyclophosphamide derivatives, 4-hydroperoxy- 
and 4-hydroxycyclophosphamide, had very similar 
toxicities and were about four times more cytotoxic 
than phosphoramide mustard. Nornitrogen mustard 
was the least toxic of the agents tested. 

Up to this point the results describe crosslinking in 
L1210 cells sensitive to cyclophosphamide. Animals 
given 106 cyclophosphamide-resistant cells are incur- 
able under any cyclophosphamide treatment sched- 
ule and die at the same time, or slightly before, 
tumor bearing animals which did not receive cyclo- 
phosphamide. For in vitro studies, resistant cells 
were established in long-term culture from cells pas- 
saged in mice. Survival studies in vitro reproduce the 
in vivo situation. Figure 5A which describes survival 
data for cyclophosphamide-sensitive and -resistant 
cells exposed to 4-hydroperoxycyclophosphamide in- 
dicates the sizeable difference in response of these 
two cell lines. The resistant cells required approxi- 
mately four times the 4-hydroperoxycyclophospha- 
mide exposure to produce equivalent toxicity found 
in sensitive cells. In the companion experiment to 
measure D N A  crosslinking (Fig. 5B), the D N A  of 
resistant cells showed little crosslinking even after a 
30-min exposure to 200#M 4-hydroperoxycyclo- 
phosphamide. The loss of viability in the resistant 
cells in the absence of extensive DNA crosslinking 
indicates the appearance of new toxicities unrelated 
to crosslinking at these unusually high exposures 
to 4-hydroperoxycyclophosphamide. In experiments 
similar to those in panels A and B of Fig. 5, 4- 
hydroxycyclophosphamide behaved similarly to the 
4-hydroperoxy derivative in being much less toxic to 
cyclophosphamide-resistant cells than -sensitive cells 
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Fig. 5. Survival (A) and DNA crosslinking (B) in LI210 
cells sensitive (&) or resistant (V) to cyclophosphamide 
following a 30-min treatment with 4-hydroperoxycyclo- 
phosphamide. Cells for crosslinking studies were returned 
to fresh medium for 3.5 hr before analysis by alkaline 

elution. 
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Fig. 6. Survival of cyclophosphamide-resistant L1210 cells 
following exposure to 4-hydroperoxycyclophosphamide 
(&) for 30 min. One portion of the culture was pretreated 
with 10 pM disulfiram in dimethyl sulfoxide (DMSO) for 
60 min before 4-hydroperoxycyclophosphamide treatment 
(A). The remaining half received an equal amount of 

DMSO. 

and failing to produce DNA crosslinks in the DNA 
of resistant cells (data not shown). 

A final series of experiments investigated the effect 
of the aldehyde dehydrogenase inhibitor disulfiram 
on the sensitivity of L1210 cells to activated cyclo- 
phosphamide (Fig. 6). Disulfiram was added to cul- 
tures for 60min before 4-hydroperoxycyclophos- 
phamide exposure (30 min) after which both agents 
were removed by washing and replacing the cells in 
fresh medium. Survival data revealed that a pretreat- 
ment of cyclophosphamide-resistant cells with 10 #M 
disulfiram was sufficient to render these cells sensi- 
tive to 4-hydroperoxycyclophosphamide. At  this 
concentration, disulfiram alone showed no toxicity 
to either sensitive or resistant cells. Further control 
studies revealed no effect of this or higher concentra- 
tions of disulfiram on the response of cyclophos- 
phamide-sensitive cells to 4-hydroperoxycyclophos- 
phamide. Figure 6 indicates that disulfiram-treated 
cyclophosphamide-resistant cells are essentially in- 
distinguishable from the sensitive cells. 

D I SCU SSI O N  

The cyclophosphamide derivative 4-hydroperoxy- 
cyclophosphamide is in increasing use both experi- 
mentally and in a number of experimental clinical 
areas, especially in the purging of leukemic marrow 
prior to autologous marrow transplant [21]. A num- 
ber of "activated cyclophosphamide" compounds 
based on 4-thioalkyl derivatives of cyclophospha- 
mide have also been reported [10]. While these 
agents exhibit the major properties of activated 
cyclophosphamide in tissue culture cells, they are 
unusually toxic in vivo [11, 12]. 4-Hydroperoxycyclo- 
phosphamide is a relatively stable, non-alkylating, 
derivative of cyclophosphamide with a half-life in 
tissue culture medium at 37 ° of about 2 hr. It is 
actively transported into L1210 cells [22] and may be 
converted to 4-hydroxycyclophosphamide either by 
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chemical reduction with sodium thiosulfate or tri- 
phenylphosphine or enzymically (unpublished obser- 
vations). The product, 4-hydroxycyclophosphamide, 
is an aldehyde-positive compound with DNA cross- 
linking and cytotoxic properties indistinguishable 
from the 4-hydroperoxy derivative. 4-Hydroxycyclo- 
phosphamide is in equilibrium with the ring-opened 
aldophosphamide which spontaneously undergoes/3- 
elimination to yield acrolein and phosphoramide 
mustard. Phosphoramide mustard is the only agent 
in this series with significant alkylating activity at 
physiological pH [1]. The role of nornitrogen mus- 
tard in the cytotoxic properties of cyclophosphamide 
is uncertain; it may be formed either by the hydrolysis 
of phosphoramide mustard or from 4-carboxyphos- 
phamide [23]. 

The results in the present study describe DNA 
crosslinking and cell survival studies in mouse L1210 
leukemia cells exposed to compounds related to acti- 
vated cyclophosphamide. In general, there exists 
a correlation between the accumulation of DNA 
crosslinks and loss of cell viability. With occasional 
exceptions this correlation is typical of other studies 
with bifunctional alkylating agents [24]. Since the 
ultimate alkylating agent in the present experiments 
is believed to be phosphoramide mustard, the results 
may be interpreted in terms of factors affecting its 
intracellular levels. 

Phosphoramide mustard itself, being charged at 
physiological pH, is likely to penetrate cell poorly 
and must thus be used in relatively high concentra- 
tions in order to produce DNA crosslinks or cell 
toxicity. 4-Hydroperoxycyclophosphamide, on the 
other hand, is actively transported into L1210 cells 
[22] and, compared to phosphoramide mustard, pro- 
duces crosslinking and cell death at approximately 
one-fifth the concentration. Although the generation 
of an equal degree of DNA crosslinking requires a 
higher exposure to phosphoramide mustard than to 
4-hydroperoxycyclophosphamide, the time course of 
crosslinking is the same for both agents. Similar 
responses to phosphoramide mustard and 4-sulfido- 
cyclophosphamides have been reported [11] where 
maximum crosslinking was observed at about 4 hr 
following a brief exposure to the agents. It seems 
likely that the combination of active transport and 
facile conversion of 4-hydroperoxycyclophospha- 
mide to the 4-hydroxy derivative by L1210 cells on 
the one hand, and the poor cellular entry of ionized 
phosphoramide mustard on the other, accounts for 
the 5-fold higher phosphoramide mustard concentra- 
tions required to produce a similar extent of 
crosslinking. 

The origin of nornitrogen mustard is ill defined. It 
is found in small amounts in the plasma of patients 
receiving cyclophosphamide and is believed to be a 
product of hydrolysis of phosphoramide mustard and 
carboxyphosphamide. Its DNA crosslinking proper- 
ties are unique amongst the nitrogen mustards thus 
far investigated in that it produces no interstrand 
DNA crosslinks. This inability is probably related 
to its low reactivity rather than to stereochemical 
limitations. 

The equilibrium between 4-hydroxycyclophos- 
phamide and aldophosphamide provides further op- 
portunity to modulate intracellular phosphoramide 

mustard levels through the enzymic oxidation of 
potentially toxic aldophosphamide to inactive car- 
boxyphosphamide. This mechanism has been pro- 
posed by Sladek [7] and Cox et al. [3] but has 
never been substantiated satisfactorily and has pro- 
duced conflicting evidence for the role of aldehyde 
metabolism in the cellular toxicity of cyclophospha- 
mide [8]. Our studies with the cyclophosphamide- 
resistant L1210 cells appear to be the first clear 
example of the role of aldehyde metabolism in the 
toxicity of cyclophosphamide. 

Two features of the cyclophosphamide resistance 
in L1210 cells are noteworthy: the dimensions of the 
resistance and the low level of cross resistance with 
other alkylating agents [25]. In oitro the resistant 
cells require a 5-fold increase in 4-hydroperoxycyclo- 
phosphamide exposure to cause cell death equivalent 
to that in cyclophosphamide-sensitive cells. Further- 
more, the shape of the survival curve is reminiscent 
of a titration phenomenon in that there exists a very 
large shoulder which, for the resistant cells, extends 
beyond the point where 5 logs of sensitive cells have 
been killed. Additionally, the low level of cross 
resistance with other alkylating agents suggests that 
neither transport, deactivation of the mustard moiety 
nor repair of DNA damage is likely to be a major 
determinant of cyclophosphamide resistance in these 
cells. 

The studies with cells exposed to the aldehyde 
dehydrogenase inhibitor disulfiram suggest that the 
activity of aldehyde dehydrogenase between the 
cyclophosphamide-sensitive and -resistant cell lines 
is related to the cyclophosphamide resistance. In the 
absence of disulfiram it is proposed that the cyclo- 
phosphamide-resistant cells contain sufficient al- 
dehyde dehydrogenase activity to continually chan- 
nel aldophosphamide to carboxyphosphamide which 
is non-toxic. Only at very high aldophosphamide 
levels (high 4-hydroperoxycyclophosphamide expos- 
ures) would the capacity of the enzyme be exceeded 
and allow some aldophosphamide to fl-eliminate to 
produce phosphoramide mustard. The sensitive cells 
which are proposed to have low aldehyde dehydro- 
genase activity are unable to divert aldophosphamide 
and thus suffer the consequences of phosphoramide 
mustard production. Inhibition of the aldehyde dehy- 
drogenase by disulfiram makes the resistant cells 
become sensitive to 4-hydroperoxycyclophospha- 
mide. While disulfiram and its reductive product 
diethyldithiocarbamate have a variety of effects re- 
lated to their abilities to chelate transition metals 
and including their inhibition of carcinogenesis [26], 
the inhibition of aldehyde dehydrogenase remains 
the most likely mode of action relevant to the present 
studies. 

Additional studies to determine the nature and 
activity of aldehyde metabolizing enzymes in cyclo- 
phosphamide-sensitive and -resistant tissues are in 
progress. 
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