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Summary. The effects of the differentiation-inducing polar 
solvent N-methylformamide (NMF) on the in vitro re- 
sponse of murine hepatocarcinoma (HCa-1) cells to 
1,3-bis(2-chloroethyl)-l-nitrosourea, cis-diamminedichloro- 
platinum (II), and melphalan were investigated using the 
sister chromatid exchange (SCE) and cell survival assays. 
When cells were exposed to 1.25% NMF, cell culture dou- 
bling time increased from 12 to 43 h and cell volume in- 
creased from 940 l.tm 3 to  1440 ~tm 3. Growth of HCa-1 cells 
in NMF for 96 h before drug treatment enhanced the 
SCEs induced by each of the three chemotherapeutic 
agents. For each drug, maximum enhancement occurred 
after 72 h of NMF pretreatment, and the enhancement was 
eliminated 48 h after NMF was removed. Pretreatment 
with 1.25% NMF for 96 h also enhanced the cell kill in- 
duced by each drug. NMF exposure modified primarily 
the low-dose shoulder region of each drug cell survival 
curve. The data indicate that NMF is an effective chemo- 
sensitizing agent for HCa-I cells in vitro and suggest that 
NMF may provide clinical benefits when 'administered in 
combination with antineoplastic drugs. 

Introduction 

Though the polar solvent N-methylformamide (NMF) was 
earlier shown to have cytotoxic activity against certain mu- 
rine tumors [2, 6], more recent interests have focused on its 
ability to induce cell differentiation [12]. Since a disorder 
in differentiation is considered a major component of can- 
cer pathogenesis, it was suggested that NMF may provide 
a new and potentially significant form of cancer treatment 
[12]. Exposure of rodent and human leukemic cells grown 
in vitro to NMF was reported to result in terminal differ- 
entiation [3]. However, cells from most solid tumors thus 
far investigated do not terminally differentiate upon NMF 
exposure, but only proceed to form so-called better differ- 
entiated or less malignant phenotypes [12]. Cellular altera- 
tions reported to be associated the NMF-mediated induc- 
tion of the putative better differentiated phenotype include 
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reduction in clonogenicity, changes in cell morphology, 
increase in cell culture doubling time, decrease in tumori- 
genicity, and production of specialized cell products. 
While benefits may still be obtained from such changes in 
tumor cell characteristics, such as a decrease in tumor ag- 
gressiveness, the problem is that upon NMF withdrawal, 
the cells revert to their original form. 

It has recently been found that differentiation-indu- 
cing polar solvents can augment the response of tumor 
cells to cytotoxic agents. Dimethylformamide, a differen- 
tiation-inducing polar solvent with activities similar to 
those of NMF, was shown to enhance radiation-induced 
cell kill in vitro when a clone isolated from a human colon 
carcinoma was used [7], and the administration of NMF 
for 19 consecutive days to nude mice was found to en- 
hance the growth-inhibitory action of radiation on a hu- 
man colon tumor xenograft [5]. In addition to radiosensiti- 
zation, the in vitro exposure of a human colon carcinoma 
cell line to NMF was reported to enhance the activity of 
mitomycin C and eis-platinum [4]. Although NMF may 
have potential use as a chemosensitizer, a detailed investi- 
gation of its effects on the activity of chemotherapeutic 
agents has not been reported. We have recently found that 
the differentiation-inducing polar solvent dimethylsulfox- 
ide (DMSO) enhances the drug response of a murine he- 
patocarcinoma (HCa-1) cell line [19]. However, DMSO 
has considerable toxicity and is not suitable for in vivo ad- 
ministration. Because NMF is relatively free of toxic side 
effects and can be used in a clinical setting [12], we have 
extended these studies to determine the effects of this dif- 
ferentiation-inducing polar solvent on the in vitro re- 
sponse of the HCa-1 cell line to three commonly used an- 
tineoplastic drugs: eis-platinum, BCNU, and melphalan. 

Changes in cell drug response were evaluated accord- 
ing to clonogenic cell survival and the induction of sister 
chromatid exchanges (SCE). The SCE assay is a sensitive, 
rapid method for detecting agents that damage DNA [20], 
and we have frequently used it in chemotherapy studies 
with the rat 9L brain tumor [16] and murine hepatocar- 
cinoma [18, 19] models. We found that SCE induction 
correlates with the in vitro cell kill induced by various 
chemotherapeutic agents [15, 16, 18]. This assay is useful 
also in detecting drug-resistant cells [17, 18], predicting the 
chemoresponse of in vivo primary tumors and metastases 
[18], and assessing the effect of agents that modify drug-in- 
duced cell kill [13, 14, 19]. Thus, the SCE assay appears to 
be a sensitive indicator of drug action. We now report that 
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NMF pretreatment of hepatocarcinoma (HCa-1) cells in- 
creased the number of SCEs induced by BCNU, 80 
cis-platinum, and melphalan, and that this increase in 70 
drug-induced SCEs was accompanied by an NMF-mediat- 
ed increase in drug-induced cell kill. ~ 60 

so 

Materials and methods 

Cell culture. The murine hepatocarcinoma cell line used in ~oo~ 40 
these studies was established from a spontaneously devel- 30 
oped hepatocarcinoma (HCa-1) syngeneic to C3Hf/Kam 20 
mice [18]. HCa-1 cells grow well in vitro, with a doubling 
time of about 12-14h  and a plating efficiency of lo 
50%-60%. Cells were routinely cultured in Hsu's medium 
containing 20% fetal calf serum at 37 °C in a humidified 0 
5% CO 2:95% air atmosphere. Before drug treatment, cells 
were seeded into 75-cm 2 flasks for at least 24 h to esta- 
blished log phase growth. Cell volume was determined 
electronically using a Coulter channelizer. 

Drug treatment. HCa-1 cells were exposed to 1.25% NMF 
in normal growth medium for 96 h, unless otherwise stat- 
ed. Stock solutions of 1,3-bis(2-chloroethyl)-l-nitrosourea 
(BCNU, NSC # 409962-T), cis-platinum (cis-diammine- 
dichloroplatinum, Sigma Chemical Co.), and melphalan 
(Sigma Chemical Co.) were made immediately before use. 
BCNU was dissolved in ethanol; melphalan dissolved in 
solution A (8.0 g NaCI, 0.4 g glucose, and 0.35 g NaHCO3 
per water) containing 3% 1 N HC1 (v/v); and cis-platinum 
dissolved in warm solution A. 

SCE assay. After treatment for 1 h with graded concentra- 
tions of BCNU, cis-platinum, or melphalan, cells were 
rinsed and 15 ml fresh, NMF-free medium containing 
10 IxM bromodeoxyuridine (BrdUrd) was added to each 
culture. Cells were allowed to replicate in the presence of 
BrdUrd for two cell cycles, which resulted in the incorpor- 
ation of BrdUrd into two DNA strands of one chromatid 
and only one strand of its sister chromatid. At 2 -3  h be- 
fore harvesting, cultures were treated with Colcemid 
(0.04 p,g/ml). Mitotic cells were shaken from the flasks and 
treated with 0.075 M KC1. Cells were fixed and washed in 
freshly prepared methanol: glacial acetic acid (3:1 v/v). 
Sister chromatids were differentially stained using the 
method of Perry and Wolff [10]. 

Cell survival assay. After treatment for 1 h with graded 
concentrations of BCNU, cis-platinum, or melphalan, 
cells were trypsinized, counted, diluted, and plated into 
dishes containing NMF-free medium and 5 x 1 0  4 heavily 
irradiated (40 Gy) HCa-1 feeder ceils. After 7 days of incu- 
bation, colonies in all groups were approximately the same 
size and were fixed, stained, and counted. Plating efficien- 
cy was determined from colony counts and surviving frac- 
tions were calculated. 

Results 

The presence of NMF in the growth medium altered the 
morphology and growth rate of HCa-1 cells. The volume 
of cells exposed to 1.25% NMF increased from a control 
value of 940 txm 3 to 1440 lxm 3, and cell doubling time in- 
creased from 12 to about 43 h. These changes were similar 

Drug Concentration ,FM 

Fig. 1. Effect of growing cells in the presence of NMF on SCEs 
induced with BCNU (z~), cis-platinum (n), and melphalan (O). 
Open symbols represent values for cells grown in NMF and closed 
symbols, those for cells grown in NMF-free medium. HCa-1 cells 
were grown in medium containing 1.25% NMF for 96 h and then 
treated for 1 h with graded concentrations of each drug. After 
treatment cells had been rinsed, NMF-free medium containing 
10 p,M BrdUrd was added. Cells were collected about 30 h, later, 
and SCE analysis was performed as described in Materials and 
methods. SCEs induced by NMF alone are subtracted from NMF- 
olus-drug results. Values represent the means + of SEM of 20 
well-spread metaphase cells 

to those reported for other types of cells exposed to NMF 
]121. 

As reported earlier [18], HCa-1 cells exhibit different 
sensitivities to SCE induction by melphalan, cis-platinum, 
and BCNU. The results present~-d in Fig. 1 confirmed that 
observation, showing that HCa-1 cells are most sensitive to 
melphalan, less sensitive to cis-platinum, and essentially 
resistant to BCNU. Figure 1 also shows that the growth of 
HCa-1 cells in 1.25% NMF for 96 h before drug treatment 
enhanced the SCEs induced by each of the three chemo- 
therapeutic agents. An enhancement factor was deter- 
mined for each drug by calculating the ratio of the slopes 
of the SCE dose responses for cells grown in NMF-con- 
taining and NMF-free medium. With respect to SCE in- 
duction, the NMF enhancement factors for melphalan and 
c/s-platinum were approximately 1.5 and for BCNU ap- 
proximately 3.4. In these experiments, NMF was present 
during the 1-h drug treatment period; after drug treatment, 
cells were allowed to replicate for two cycles in NMF-free 
medium containing BrdUrd. SCEs induced as a result of 
NMF exposure alone ranged from 1.9 to 3.7. 

As predicted by the SCE assay [15], HCa-1 cells were 
also most sensitive to the cell killing effects of melphalan, 
less sensitive to cis-platinum, and essentially resistant to 
BCNU. Figure 2 shows that the presence of 1.25% NMF 
enhanced the cytotoxicity induced by each of the three 
chemotherapeutic agents. NMF exposure modified pri- 
marily the shoulder region of the melphalan and cis-plati- 
num cell survival curves. This NMF effect on the shoulder 
region was reflected by the change in the dose enhance- 
ment factor (DEF) as the surviving fraction decreased. At 
a surviving fraction of 0.5 the DEFs for melphalan and c/s- 
platinum were 2.4 and 2.1, respecitvely, whereas at a sur- 
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Fig. 2A, B. Effect of growing cells in the presence of NMF on cell survival after treatment with A melphalan (O), B BCNU (A) and cis- 
platinum ([]) (open and closed symbols as in Fig. 1). HCa-1 cells were grown in the presence of 1.25% NMF for 96 h and then treated for 
1 h with graded concentrations of each drug. After treatment, cells were trypsinized and plated into NMF-free medium. Values represent- 
ed the means + SEM for 8-12 petri dishes, and curves were fitted by eye. Values were normalized to account for the difference in plating 
efficiencies between cells maintained in 1.25% NMF and those maintained in NMF-free medium 

vival of 0.1 the DEFs for both melphalan and cis-platinum 
decreased to 1.3. Although it is difficult to assign a shoul- 
der region to the BCNU cell survival curve, the largest 
NMF-media ted  enhancement  in cell kill was also found in 
the low-dose region. At a survival of 0.5, the DEF  for 
BCNU was 3.5. As in the SCE experiments, N M F  was 
present during drug treatment;  after treatment cells were 
plated into NMF-free medium. Plating efficiency of cells 
grown in 1.25% N M F  was 0.46, as against 0.53 for control 
cells, indicating a slight amount  of NMF- induced  cyto- 
toxicity. 

To determine the N M F  exposure period required to 
enhance the actions of BCNU, cis-platinum, and melphal- 
an, cells were exposed to 1.25% N M F  for 0, 48, or 72 h be- 

fore drug treatment and the SCE assay performed 
(Table 1). For each drug investigated, 48 h of N M F  expo- 
sure before treatment had essentially no effect on drug-in- 
duced SCEs, whereas 72 h in N M F  significantly increased 
the number  of SCEs induced by each drug. No further in- 
crease in drug-induced SCEs was detected for times longer 
than 72 h in NMF.  Since previous studies had noted the ef- 
fects of differentiat ion-inducing polar solvents on various 
cell growth characteristics to be reversible [12], we investi- 
gated the reversibility of the NMF-media ted  enhancement  
of cell chemosensitivity. Cells were grown in 1.25% N M F  
for 72h ;  N M F  was then removed and replaced with 
NMF-free medium 24 h or 48 h before drug treatment. As 
the results in Table 1 show, the increase in drug-induced 

Table 1. Effects of NMF pretreatment protocols on drug-induced SCEs a 

NMF (1.25%) pretreatment time 

72 h and removed 
No NMF 48 h 72 h 24 h before drug treatment 

72 h and removed 
48 h before drug treatment 

Melphalan 29.6+ 1.5 32.8+ 1.7 40.1 +2.1 b 38.6+ 1.3 b 30.9--+2.2 
(0.5 txM) 

cis-Platinum 36.7 + 1.9 35.1 -+ 2.5 57.8 -+ 2.4 b 55.4 -+ 3.8 b 37.8 ----- 1.7 
(2 i.tM) 

BCNU 16.2 +__ 1.4 17.9 + 1.0 28.9 -+ 3.6 b 25.5 -+ 2.3 b 19.3 -+ 1.0 
(6 ~tM) 

a See text for details of NMF pretreatment. After drug treatment cells were rinsed, and fresh NMF-free medium containing 10 ~tM 
BrdUrd was added. Cells were collected about 30 h later and SCE analysis was performed as described in Materials and methods. 
Values represent the means +__ SEM for 20 well-spread rnetaphases 

b Significantly greater than drug treatment alone (P<0.01) as determined by two-tailed t-test 
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SCEs mediated by NMF declined only slightly at 24 h and 
was essentially eliminated within 48 h of NMF removal. 
Thus, like other cellular changes, the NMF-mediated en- 
hancement of  chemosensitivity is reversible. 

Discussion 

The effects of  NMF on HCa-1 cells in vitro included an 
increase in cell doubling time and a change in cell mor- 
phology, findings that agree with previous investigations 
of  the effects of NMF or other polar solvents on in vitro 
cell lines obtained from solid tumors [12]. Although these 
changes in cell characteristics may suggest a progression to 
a better differentiated phenotype, it is not possible to draw 
firm conclusions from our observations with respect to the 
state of  cell differentiation of the HCa- 1 cells used in this 
study. However, our data do indicate that in vitro expo- 
sure of these cells to N M F  enhances cell sensitivity to 
three commonly used chemotherapeutic agents. The en- 
hancement occurred for drugs that were both effective and 
ineffective against HCa-1. The increase in drug activity 
was detected at the chromosome level based on SCE in- 
duction and was verified by the cell survival assay. As pre- 
viously mentioned, agents that modify drug-induced cell 
kill in the in vitro 9L system also modify drug-induced 
SCEs [13, 14]. A similar correlation was also shown for the 
modification of hepatocarcinoma drug response by 
DMSO [19]. Our present studies extended the relationship 
between SCEs and cell kill to NMF, another response- 
modifying agent. Thus, these data further support the use 
of  the SCE assay as an indicator of cell sensitivity to cer- 
tain antineoplastic drugs. 

Because NMF enhances the activity of three different 
types of  antineoplastic drugs, elucidation of the mechan- 
ism or mechanisms involved in NMF-mediated chemosen- 
sitization may, in addition to aiding in the clinical applica- 
tion of NMF, contribute to the general understanding of 
cytotoxic drug action. Since NMF was present during the 
time of drug treatment in our studies, it is possible that 
NMF acts directly on the drug, facilitating its uptake into 
the cell. This seems unlikely, however, because the en- 
hancement requires N M F  to be present for more than 48 h 
before drug treatment. This suggests that the effects of 
NMF are on the cell and not on the cytotoxic drugs them- 
selves. 

The cell membrane is one of the potential cellular sites 
at which NMF may act to modify drug action. NMF treat- 
ment results in an increase in cell volume, and DMSO, 
which is also a differentiation-inducing polar solvent, has 
been shown to alter the fluidity of cell membranes [9]. 
N M F  may therefore modify the cellular membrane in such 
a way as to increase the uptake of these cytotoxic drugs. I f  
this is the mechanism responsible of NMF-mediated en- 
hancement of  drug activity, any proposed membrane 
change must result in increased cellular uptake of three 
drugs that penetrate cells by three different processes; mel- 
phalan and cis-platinum are actively transported, each by 
a different mechanism [1], whereas BCNU is extremely 
lipid-soluble and passively diffuses into cells [8]. We did 
not measure drug uptake, and thus cannot at this time 
evaluate the role of  the cell membrane in the NMF-medi- 
ated enhancement of  drug action. 

The three antineoplastic drugs used in this study exert 
their cytotoxic effects through an initial alkylation of nuc- 

lear DNA with the subsequent formation of DNA - DNA 
and /o r  DNA - protein cross-links. Therefore, a potential 
mechanism for enhancement may include an NMF-medi- 
ated alteration in drug - DNA interactions. The effects of 
NMF on DNA have not to our knowledge been investigat- 
ed. However, DMSO, which also enhances the response of 
HCa-1 cells to cis-platinum, BCNU, and melphalan [13], 
has been shown to induce DNA damage in a dose-depend- 
ent manner, primarily in the form of single-strand breaks 
[I 1]. In our experiments, the growth of cells in NMF-con- 
taining medium resulted in a slight increase in SCEs, sug- 
gesting that NMF also induces DNA damage, which may 
be similar to that induced by DMSO. The induction of 
DNA strand breaks has been hypothesized to induce the 
unwinding of complimentary DNA strands and /or  a 
change in general chromatin structure [11]. It was previ- 
ously postulated that a change in DNA tertiary structure 
might be responsible for the modification of cis-platinum 
activity by polyamine depletion [14] and of BCNU activity 
by polyamine depletion [14] and low doses of X-irradia- 
tion [13]. Thus, it is possible that an alteration in the struc- 
ture or conformation of DNA resulting from NMF expo- 
sure affects the drug - DNA interactions and consequently 
influences the effectiveness of  these cytotoxic agents. Fur- 
ther experiments are required to evaluate the effects, if 
any, of NMF on the interactions between these chemo- 
therapeutic agents and DNA. 

In addition to its potential alteration of initial drug-in- 
duced damage, NMF may also modify the repair of da- 
mage. Leith et al. [7] found that DMF, of which NMF is a 
metabolite, affected the low-dose shoulder region of the X- 
ray cell survival curve of a human colon carcinoma cell 
line. Since a decrease in the size of  the shoulder is indica- 
tive of an inhibition of the repair of radiation-induced sub- 
lethal damage, they suggested that DMF might interfere 
with cellular repair capbilities. Our data showed that NMF 
modifies the low-dose shoulder regions of the melphalan, 
cis-platinum, and BCNU cell survival curves. The decrease 
in the size of these shoulders may thus suggest that NMF 
interferes with the cell's ability to repair drug-induced da- 
mage. However, the interpretation of cell survival curves 
generated after drug treatment are not as well character- 
ized as for those obtained after ionizing radiation. A 
change in the shoulder region of the drug cell survival 
curve may also be indicative of an alteration in transport 
into the cell at low drug doses or perhaps a change in the 
interaction between the drug and its critical target. Since 
nuclear DNA is the critical target of the three chemother- 
apeutic agents used in this study, it will be necessary to use 
DNA-level assays to clearly define the effects, if any, of 
NMF on the repair of  drug-induced damage. 

Animal studies showed that NMF toxicity is limited 
primarily to the liver [12]. The absence of NMF hemato- 
poietic toxicity combined with its chemosensitizing effects 
reported here and its radiosensitizing ability reported by 
others [5, 7] suggest that NMF may be an appropirate 
agent for use in combination protocols with other standard 
modalities. Obviously, before the optimal clinical applica- 
tion of NMF as a response modifier can be developed, the 
selectivity of the chemosensitizing actions of NMF for tu- 
mor cells over normal cells must be demonstrated in 
experimental in vivo tumor systems. Experiments are cur- 
rently in progress to evaluate the effects of combinations 
of  NMF and cytoxic agents on normal tissue, and the 
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mechanisms involved in the observed NMF-media t ed  
chemosensit ization are also being investigated. Studies of  
this nature should aid in the successful assimilation of  
N M F  into cancer treatment strategies. 
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