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Summary. We compared  the kinetics of  the repair  of  total 
(ISC plus DPC) cross-links and of  proteinase-resis tant  
(ISC) cross-links in cultured cells derived from two murine  
f ibrosarcoma tumors,  FSA and NFSA,  after t reatment  
with cis-platinum (cis-DDP),  using a modif ica t ion  of  the 
alkal ine elution technique. The two tumors  had previously  
been character ized for their  response to cis-DDP in vivo;  
FSA cells gradual ly  removed cross-links from their ge- 
nome,  whereas the N F S A  cells showed no capaci ty  to re- 
pair  these lesions. The aim of  the present  s tudy was to esta- 
blish whether t reatment  of  cells from these same two tu- 
mors grown under  control led  culture condi t ions would af- 
fect either the nature of  the lesions induced by cis-DDP or 
the kinetics of  repair  of  these lesions when compared  with 
tumors  treated with cis-DDP in vivo. The culture condi-  
t ions represent  two si tuations:  in the first, the cells in cul- 
ture approx imated  the p ropor t ion  of  tumor  and normal  
host cells present  in vivo, and  in the second, the normal  
host cells had been e l iminated by subculturing to p roduce  
cultures composed  entirely of  tumor  cells. All cells were 
exposed to cis-DDP (either 10 or 20 [zg/ml) for 1 h. The 
relative amounts  of  total  cis-DDP-induced D N A  cross- 
links and of  ISCs were then de termined at various times 
after treatment.  The results show that  there was little dif- 
ference in the behavior  of  these cultured cells compared  to 
the in vivo response of  the tumor  from which they were de- 
rived. For  FSA, each cell culture exhibi ted a capaci ty  to re- 
pair  D N A  cross-links comparab le  to that  of  the tumor  in 
vivo. For  NFSA,  the passaged cells again para l le led  the 
behavior  of  that tumor  in vivo, al though in this case by 
showing no measurable  capaci ty  to repair  cross-links. The 
absence of  a significant repair  response in the N F S A  tu- 
mor  therefore appears  to be an intrinsic characteris t ic  of  
these tumor  cells. 
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Introduction 

In a recent study [11], we examined the D N A - d a m a g i n g  
effects of  cis-DDP in mice, and we showed that cells from 
a variety of normal  tissues exhibited no capaci ty  to repair  
cis-DDP-induced ISCs or DPCs within 24 h after treat- 
ment. We also compared  the kinetics of  the repair  of  ISCs 
and DPCs in two mouse f ibrosarcomas,  FSA and NFSA,  
after t reatment  with cis-DDP in vivo [11]. The two tumors 
exhibi ted a very different pat tern of  response to cis-DDP. 
While N F S A  cells showed no capaci ty  to repair  these le- 
sions, the FSA cells more closely resembled cultured cell 
lines in that they gradual ly  removed cross-links from their 
genome. Various intr insic and environmenta l  factors 
could contr ibute to this difference between the tumors,  
such as the extent of  their infi l t rat ion by normal  host cells 
or contaminat ion  with s tromal  cells. The N F S A  tumor  
contains a remarkably  high propor t ion  of  normal  host 
cells, approximate ly  80% of  the cells being macrophages ,  
whereas the FSA tumor  contains a much lower p ropor t ion  
(20%-30%) of  macrophages  [6, 10]. Since our previous 
studies [11] have shown that normal  tissues, including lym- 
phoid  and bone  marrow,  could not  repai r  such D N A  
cross-links, one possible  explanat ion  for the lack of  a re- 
pa i r  response in eis-DDP-treated N F S A  tumors  in vivo 
may  therefore be a masking of repai r  in N F S A  tumor  cells 
by this larger componen t  of  normal  host cells. 

The purpose  of  the present  study was to investigate the 
possible role of  host cell content  in the response of  these 
two f ibrosarcomas in vivo by determining D N A  cross- 
l inking at various times after exposure of  the cells to cis- 
D D P  in vitro. Two different  si tuations were investigated 
using cell cultures derived from each tumor,  one which ap- 
p rox imated  the p ropor t ion  of cells present  in vivo, and a 
second in which the host cells were el iminated to produce  
cultures composed  entirely of  tumor  cells. The behavior  of  
these cells in culture is compared  with that observed previ- 
ously for the tumors  treated with cis-DDP in vivo [11]. 

Materials and methods 

Cell culture methods. FSA [17] and N F S A  [1] tumors  were 
generated by s.c. injection of  5 × 105 tumor  cells into the 
hind legs of  recipient  mice. The tumors  growing and treat- 
ed in situ will henceforth be referred to as FSA-0 and 
NFSA-0.  Pr imary cultures (referred to as FSA-1 and 
NFSA-1 respectively) were established from these two tu- 
mors as described by Basic et al. [2]. Single-cell suspen- 
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sions from each tumor were prepared as described pre- 
viously [8]. Cell numbers were counted with a hemacyto- 
meter. 

Tumor cells (5x 10 6 FSA-0 and 10 7 NFSA-0) su- 
spended in 10 ml McCoy's 5A medium (Hsu's modifica- 
tion) supplemented with 20% FBS (both Gibco, Grand Is- 
land, NY) were seeded into 10-cm tissue culture dishes. 
Following overnight incubation at 37 ° C, the medium was 
decanted, and the attached cells were washed twice with 
PSA. At this point, cells were removed by scraping with a 
rubber policeman and were used to determine the percen- 
tage of macrophages using the Fc-receptor technique [6]. 
The cellular composition of FSA-1 and NFSA-1 cultures 
closely resembled that of the respective tumors measured 
in situ [6, 10]; FSA-1 cells contained 27% macrophages and 
NFSA-1 cells 83% macrophages. 

The cells were subcultured by trypsinization (0.025% 
trypsin) for 5 rain at 37 ° C. Detached cells were washed by 
centrifugation, and new cultures (referred to as FSA-2 and 
NFSA-2) were grown for 4 -6  days until they reached a 
density of about 10 7 cells/dish. The FSA-2 cultures con- 
tained no macrophages at this stage. For NFSA, subcultur- 
ing was continued up to the fourth passage to produce 
NFSA-4 cells, at which point there was no measurable 
macrophage population in the culture. FSA-2 and NFSA-4 
generations were used in the experiments described below 
because they represented cell cultures composed entirely 
of tumor cells. 

Drug treatments, cis-DDP (Bristol Laboratories, Syracuse, 
NY) was dissolved in serum-free alpha-minimum essential 
medium (Gibco, Grand Island, NY) to give a final con- 
centration of either 10 or 20 ~tg/ml. Before treatment, the 
growth medium was removed from the cells, followed by 
two washes with PSA; 10 ml of the appropriate cis-DDP 
solution was then added, and the cells were incubated at 
37°C for 1 h. After 1 h, the drug was removed, the cells 
were washed twice with PSA, 10 ml of growth medium 
containing 20% FBS was added, and the cultures were re- 
turned to the incubator at 37°C for various time periods 
up to 24 h. After this incubation, the medium was removed 
and the cells were harvested by scraping with a rubber po- 
liceman and worked into a single-cell suspension (in ice- 
cold PSA containing 5 mM EDTA) for the determination 
of DNA damage. 

Alkaline elution. The alkaline elution technique originally 
developed for use with radioactively-labeled cells [5] has 
been adapted for use with unlabeled cells by using the 
fluorescent dye Hoechst 33258 to assay the eluted DNA; 
this method for the determination of cis-DDP-induced 
DNA cross-links, and the calculation of CLFs from the re- 
suiting DNA elution profiles, have been described in de- 
tail elsewhere [11, 12]. All data are the average (+ S. E.) of 
three or more separate experiments. Previous in vitro [7, 
15, 19] and in vivo [11] studies have shown that the rate of 
elution of DNA from cis-DDP-treated cells can be influ- 
enced by both ISCs and DPCs. The contribution of the lat- 
ter lesions to the overall retardation of the D N A  elution 
rate was estimated by proteinase K digestion [12]. Those 
cross-links that were sensitive to digestion by proteinase K 
are believed to represent covalent attachment of the DNA 
to proteins (DPCs), whereas the residual proteinase-resis- 

tant lesions are presumed to represent cross-linking of op- 
posite DNA strands (ISCs). 

Tumor regrowth delay assay. When the tumors reached a 
mean diameter of 8 mm, the mice (between 6 and 10 per 
group) were injected i.p. either with saline or with cis-DDP 
(12 mg/kg). Three mutually orthogonal diameters of the 
tumors were measured at 2-day intervals using a vernier 
caliper, and the means were calculated. Measurements 
were made either until the animals died or until the mean 
tumor diameter reached approximately 20 mm. 

Results 

Immediately after treatment with cis-DDP (either 10 or 
20 ~g/ml), the level of cross-linking in each of the four tu- 
mor-cell cultures (FSA-1, FSA-2, NFSA-1, and NFSA-4) 
was relatively low; however, in each case, the level of 
cross-linking increased gradually with time until a maxi- 
mum effect was observed at about 6 h after removal of the 
drug. On the basis of preliminary experiments, cross-links 
were measured at 6 h and 24 h after treatment, both with 
and without digestion with proteinase K. The 6-h measure- 
ments provide an estimate of the maximum amount of 
cross-linking reached in each cell culture, while the change 
in cross-linking that occurs during the 6-24 h period can 
be taken as an indication of the repair proficiency of the 
cells. For each of the four tumor-cell lines, the dose re- 
sponses relating the degree of DNA cross-linking to the 
concentration of cis-DDP, measured at either 6 h or 24 h 
after treatment, were linear within the eis-DDP-dose range 
studied (data not shown). The slopes of these drug dose 
dependence curves were determined by linear regression 
analysis (Table 1). There are several points to note from 
these data: 

First, for the FSA cells, the maximum (i. e., 6-h)ievels 
of both total cross-links and ISCs achieved were similar in 
FSA-1 and FSA-2. Furthermore, in both FSA-1 and FSA-2 
cells the level of total cross-linking at 24 h had decreased 
significantly compared to that at 6 h. Because these doses 
of eis-DDP produced no detectable DNA strand breaks at 
either 6 h or 24 h after treatment (data not shown), and be- 
cause we have previously shown that this effect could not 
be due to DNA replication during the repair incubation 
"diluting" the level of DNA lesions [12], these data sug- 
gest that 30%-40% of the total DNA cross-links had been 
repaired during the 6-24 h period in each of the cultures. 
ISCs accounted for about 30% of the total retardation of 
the DNA elution rate at either 6 h or 24 h, and these le- 
sions were repaired with similar kinetics to the total cross- 
linking effect, about 30% also being repaired by 24 h in 
both FSA-1 and FSA-2. 

Second, for NFSA-1 and NFSA-4, the maximum levels 
of DNA damage achieved were again similar to each 
other, although somewhat lower than those achieved in the 
equivalent FSA culture. However, in contrast to the FSA 
cultures, there was little subsequent change in the CLF be- 
tween 6 and 24 h, suggesting that few of the DNA cross- 
links present at 6 h were being repaired. ISCs accounted 
for about 19% of the total retardation of the DNA elution 
rate in both NFSA-1 and NFSA-4 cells, and these lesions 
were not appreciably repaired up to 24 h after treatment. 

The response of these tumors treated with cis-DDP in 
vivo, measured using the tumor regrowth delay assay, is 
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Table 1. Slopes of dose-response curves relating the degree of cis-DDP-induced DNA cross-linking to the concentration of cis-DDP in 
cultured mouse tumor cells 

Cell type 6-h CLF 24-h CLF % change in CLF 
(6 to 24 h) 

Total Pro-K- % Pro-K- Total Pro-K- % Pro-K- Total Pro-K- 
-resistant -resistant -resistant -resistant -resistant 

FSA-0 . . . .  22 - - 20 - 51 - 
FSA-1 3.33+0.8 1.08+0.13 32 2.36+0.44 0.74_+0.14 31 - 2 9  -31 
FSA-2 4.13_+1.12 1.06_+0.22 26 2.45_+0.43 0.76_+0.08 31 -41 - 2 8  

NFSA-0 ~, - - 19 - - 16 0 - 
NFSA-1 2 .43_+0 .51  0.47_+0.12 19 2.49_+0.52 0.60+0.17 24 +2 +28 
NFSA-4 3.23_+0.80 0.63_+0.23 20 2.94_+0.94 0.67±0.11 23 - 9  +6 

Units of slope are CLF per unit 10 ,ug/ml dose of cis-DDP, determined by linear regression analysis 
a Data from [11] 
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Fig. 1. Growth of NFSA-0 (1::3, II) and FSA-0 (O, 0 )  leg tumors 
in untreated control animals (r-q, O) and after administration of 
cis-DDP, 12 mg/kg i.p. (11, O) 

shown in Fig. 1. The growth rates for the unt rea ted  tumors 
were quite similar. Treatment  of  the animals  with cis-DDP 
(12 mg/kg)  delayed the growth of  both tumors,  al though 
the growth of  the FSA-0 tumor  was delayed to a signifi- 
cant ly greater extent than that of  the NFSA-0  tumor,  par-  
alleling the observat ion that  the NFSA-0  tumor  is resistant 
to a variety of  ant i tumor  agents, including cyclophospha-  
mide  [9], melpha lan  (unpubl ished data),  and X-rays [10], 
compared  with FSA-0. 

D i s c u s s i o n  

In cultured mammal i an  cells, cis-DDP produces  various 
D N A  lesions such as monofunc t iona l  adducts ,  bifunct ion-  
al b inding to a single base moiety,  and D N A  cross-links of  
several types (DNA-in t ras t r and  cross-links, ISCs or DPCs) 
[14, 18]. Al though the impor tance  of  D N A  damage in the 
cytotoxic action of  cis-DDP in vitro has frequently been 
demonstra ted ,  the relative contr ibut ion of  these lesions to 
cytotoxici ty is not  well unders tood  [13, 14, 16]. Cytotoxici-  

ty appears  to be related both to the initial levels of  D N A  
damage and to the efficiency of  repair  processes in remov- 
ing these lesions from the D N A  [e.g., see 3, 4, 7]. While it 
appears  that bi funct ional  adducts  may  be responsible  for 
cell inactivat ion,  the earl ier  evidence that ISCs were prob-  
ably the lethal lesions [19] has been questioned,  and a more 
impor tan t  role for N7-N7 in t ra t rand cross-links between 
adjacent  guanine residues has been suggested [14]. Al- 
though DPCs have been envisaged as relatively un impor-  
tant,  since trans-DDP produces  DPCs efficiently but  is 
much less toxic than cis-DDP [18], those DPCs p roduced  
by cis-DDP appear  to persist much longer in the cells [13, 
15]. Recent in vivo studies using a rat hepa toma indicate 
that  cis- and trans-DDP selectively cross-l ink specific pro-  
teins, par t icular ly  cytokeratins,  to D N A  [13], suggesting a 
possible biological  relevance for these adducts.  

Irrespective of  their role in cytotoxicity,  these different  
D N A  lesions may provide  a useful endpoin t  for examining 
the effects at the D N A - d a m a g e  level of  chemotherapy  
agents, such as cis-DDP, that have D N A  as their target, 
and  par t icular ly  the opera t ion  of  D N A  repai r  mechanisms 
in response to these lesions. In this study, we have ex- 
amined  the induct ion and repair  of  cis-DDP-induced ISCs 
and DPCs in cell cultures derived from two mouse fibro- 
sarcoma tumors,  FSA-0 and NFSA-0 ,  which we previously 
showed to behave very differently from each other in vivo 
[11]. Our approach  involved compar ing  the two tumors  un- 
der  control led culture condi t ions  designed to represent  
two situations, one in which the culture approx imated  the 
p ropor t ion  of  cells present  in vivo (FSA-1 and NFSA-1)  
and a second in which normal  host-der ived cells, which re- 
present  a large propor t ion  of  the cells in vivo [6, 10], had 
been el iminated by subculturing to produce  cultures com- 
posed almost exclusively of  tumor  cells (FSA-2 and 
NFSA-4).  By using these systems, the influence of  phar-  
macokinetic ,  immunologica l  and other hos t -media ted  ef- 
fects on the response of  the cells to cis-DDP has been eli- 
minated,  while further subculturing of  the cells has en- 
abled selective examinat ion of  the D N A  damage and re- 
pa i r  characteristics of  the tumor  cells independent ly  of  the 
host-cell popula t ion .  

The most striking observat ion from these da ta  was that 
the cultures derived from each of  the tumors  retained es- 
sentially the same D N A  damage characterist ics exhibited 
by the tumors after t reatment  in vivo [11] with respect to 
both the type (i. e., the ratio of  ISCs to DPCs) and rate of  



136 

repair of the lesions induced (see Table 1). Furthermore, 
each of the FSA cell populat ions treated either in vivo or 
in vitro had somewhat higher initial levels of both ISCs 
and DPCs than the equivalent NFSA population. These 
observations suggest that the processes that control both 
the formation and repair of such lesions in vivo are re- 
tained when the tumor cells are placed in short-term cul- 
ture. In the case of FSA, this is not too surprising consider- 
ing that the majority of the cells that make up the volume 
of the tumor in vivo (FSA-0) are themselves tumor cells. 
For NFSA, on the other hand,  the finding that the tempor- 
al characteristics of the D N A  cross-linking effect of both 
NFSA-1 and NFSA-4 cells closely resembled those of the 
NFSA-0 tumor was more unexpected. In particular, in the 
case of NFSA-4 cells, for which any contr ibution from 
normal  host cells had been eliminated, it was somewhat 
surprising that these cells still showed no measurable ca- 
pacity to repair any of their ISCs or DPCs. The absence of 
a measurable repair response to cis-DDP-induced D N A  
cross-links in NFSA-0 therefore appears to be a character- 
istic of the whole populat ion of cells in the tumor, i.e., 
both normal  and neoplastic cells. This suggests that the 
ability to repair cis-DDP-induced D N A  damage is not 
ubiquitous among tumor cells. 

Finally, it is interesting to examine the possible rela- 
t ionship between these measurements of D N A  cross-link- 
ing and the biological response of these two tumors after 
treatment with eis-DDP in vivo. This analysis is, however, 
complicated by several factors. First, the cytotoxic effects 
of cis-DDP appear to be related both to the initial levels of 
D N A  damage induced and to the efficiency of repair pro- 
cesses in removing these lesions from the DNA, although 
there is no clearly defined means of quantitatively relating 
differences in repair rate and sensitivity [7]. Second, these 
particular lesions may not be cytotoxic [14] and as such 
may elicit a different repair response to those lesions that 
are lethal. Furthermore, a variety of addit ional  factors, 
such as cell heterogeneity or immunological  effects, m a y  
play an important  role in determining tumor response. 
These two tumors do, in fact, represent extremes in terms 
of host-cell infiltration and immunogenici ty [6]. 

FSA-0 cells treated in vivo had somewhat higher initial 
levels of both ISCs or DPCs than NFSA-0 [11]; however, 
FSA cells invariably showed a greater capacity to repair 
these lesions than their NFSA counterparts. On the basis 
of these two tumors, then, it is difficult to predict the re- 
sponse of tumors to cis-DDP from their DNA-cross-link- 
ing characteristics. The tumor regrowth delay assay (Fig. 1) 
showed that in fact the NFSA was the less responsive of 
the two tumors after a single dose of 12 mg/kg  cis-DDP. 
Obviously, two tumors represent a very limited sampling, 
and a wider range of tumor types would have to be investi- 
gated in order to determine whether the DNA damage and 
repair characteristics can be related to tumor responsive- 
ness. 

Despite the difficulties inherent in attempting such 
correlations, the possibility that tumor cells may have in- 
trinsic differences in D N A  repair capacity is nonetheless 
intriguing, because the excision repair pathway is known 
to play an important  role in modulat ing cell sensitivity to 
cis-DDP [3, 4, 7]. Thus, even small differences in repair 
could have a significant impact on tumor cure, especially 
when the drug treatments are fractionated. 
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