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Abstract--Four compounds (MCA, 1, 2, 3, 4 DBA, ICdR, and EtBr) were 
examined for their effect on SA7 induced transformation of hamster embryo fibroblasts. 
MCA enhanced transformation, its effect increasing with increasing dose to the 
optimum, beyond which a relative decrease in enhancement was found. 1, 2, 3, 4 DBA 
also enhanced transformation and its effect was dose related, but no relative decrease in 
enhancement was found at high doses. The DNA base analogue ICdR also 
signifcantly enhanced transformation at two of the doses tested and the intercalating 
agent EtBr was also found to enhance transformation. It is postulated that these 
compounds exert their effect by interacting with host cell DNA causing gaps which lead 
to increased integration of SA7 DNA into the host cell genome. 

I N T R O D U C T I O N  

T~E in vitro treatment of cells with agents such 
as X-rays [1] and ultraviolet light [2-4], has 
been shown to alter the frequency of cell 
transformation by oncogenic DNA viruses. 
The suggested mechanism for these obser- 
vations is that cell transformation by DNA 
viruses requires integration of at least part of 
the viral genome into the host cell genome 
[5], and such integration has been demon- 
strated [6]; and compounds which are able 
to cause gaps in the cellular DNA would 
increase the frequency of viral transformation 
by providing additional areas for integration 
of viral DNA [7]. Quantitative data have 
always been obtained with DNA viruses [1-5]. 

In the present investigations, we have stu- 
died the transformation of hamster embryo 
fibroblasts by simian adenovirus 7 (SA7), as 
developed by Casto [3] to examine the effects 
of various compounds on virus transformation. 
Unlike many other systems transformation is 
both reproducible and quantitative; transfor- 
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med foci can be counted 25-30 days following 
cell transfer and virus inoculation. 

The effects on SA7 transformation of four 
different compounds which have different in- 
teractions with host DNA are reported. These 
were the polycyclic hydrocarbons 20 methyl- 
cholanthrene (MCA) and 1, 2, 3, 4 dibenz- 
anthracene (DBA); the DNA base analogue 
5-iodo2'-deoxycytidine (ICdR); ethidium 
bromide (2,3 diamino-5-ethyl-6-phenyl- 
phenanthridium bromide, EtBr). 

M A T E R I A L S  A N D  M E T H O D S  

Cell cultures 

Tissue cultures of primary hamster embryo 
fibroblasts (HEF) were prepared by trypsini- 
zation of eviscerated and decapitated embryos 
after approximately 14 days gestation, as de- 
scribed by Casto [9]. Ten millilitres of 
Dulbecco's modifed Eagle's medium 
(DMEM) [10] containing 5 x 106 trypsinized 
cells were inoculated into 4 oz medical flats 
and incubated statically at 37°C; after 3 days 
incubation, the bottles contained 3.5-6.0 x 106 
cells. 
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A continuous cell line of African Green 
monkey kidney cells (VERO)  were obtained 
from Flow Laboratories, Irvine, Scotland; 
these cells were cultured in medium 199 with 
antibiotics containing 5c!o inactivated foetal 
calf sera (Flow Labs. Inc.) and passaged at 5-  
6 day intervals. 

Simian adenovirus 7 

Virus (SAT), obtained from Dr. B. C. Casto 
(Institute for Biochemical Research, American 
Medical Association, Chicago, IL) was in- 
oculated on to confluent V E R O  cells grown 
in 20 oz bottles at an input nmltiplicity of 2-5 
TCIDs0/cell .  After adsorption for 2 hr, at 
37°C, 50 ml of Eagle's minimal essential me- 
dium containing 2~!i~ foetal calf serum and 
antibiotics were added to each bottle, and the 
bottles incubated at 37°C. Cytopathic effects 
were normally complete after 72 hr incu- 
bation, when the infected cells were harvested 
by four cycles of freeze-thawing ( - 8 0 ° C  
/25°C). Virus was separated from cell 
debris by low speed centrifugation, and stored 
in 1-2 ml aliquots at - 7 0 o c .  The pool of 
virus used in these studies had a titre of 107.o 
TCIDs0/ml  in V E R O  cells (21-day reading). 

Chemicals 

Stock solutions of 1, 2, 3, 4 dibenzanth- 
racene (DBA) obtained from Koch Light 
Laboratories, Colinbrooke, Buckinghamshire, 
and 20 methylcholanthrene (MCA) obtained 
from Sigma Chemicals Co. Ltd. (London), 
Poole, Dorset, were prepared fresh by dissolv- 
ing the chemical in ice-cold acetone. For each 
experiment, a bottle of confluent HEF cells 
was treated with each dilution of chemical 
diluted in D M E M  2°o (v/v) final concen- 
tration of acetone for 18 hr prior to perfor- 
ming the transformation and survival assays. 
Controls consisted of cells treated with me- 
dium alone or with medium containing 2.0c!'~ 
(v/v) acetone. 

Stock solutions of 5 iodo-2'-deoxycytidine 
(ICdR),  and ethidium bromide (EtBr) ob- 
tained from Sigma Chemical Co. Ltd., were 
prepared by dissolving in D M E M  and steri- 
lised by membrane filtration. ICdR was ad- 
ded to the cells 24 hr after seeding into 4 oz 
bottles. For each experiment, one bottle of 
cells was treated with each dilution of ICdR 
for 48 hr during growth, prior to performing 
the transformation and survival assays. After 

analogue treatment, all subsequent procedures 
were performed in a semi-darkened room to 
minimise photolysis of the cell DNA. Control 
HEF cultures were treated with D M E M  me- 
dium alone. Pre-treatment with EtBr was 
performed in the same way as for MCA and 
DBA. 

Enhancement of virus transformation 

Primary HEF cell cultures grown in 4 oz 
medical flat bottles were treated with one of 
the various chemicals described above. 
Following treatment the cells were washed 
once with phosphate buffered saline, pH 7.2 
(PBS), trypsinized and resuspended in a mod- 
ified D M E M  containing 0.1 mM Ca 2+, 
10~Io foetal calf serum and 2.2 o g o NaHCO3 
(ERM). Aliquots of 0.2 ml of cell suspension 
containing 2 x 105 cells were distributed into 
5cm Petri dishes, and approximately 2 x 106 
TCIDs0 of SA7 contained in 1 ml E R M  
added to each plate. Five Petri dishes were 
inoculated for each dilution of chemical tes- 

" O /  ted. After incubation at 37°C in a a ,o  CO2 
atmosphere for 2 hr with occasional mixing, 4 
ml of E R M  was added to each plate, and the 
plates reincubated. After 3 days incubation 
the medium was replaced with 5 ml of fresh 
ERM, and at 6 days the plates were over- 
layed with 3 ml of E R M  containing 0 . 5 °  
Difco Purified Agar (Difco Ltd.). At intervals 
of 4, 5 and 6 days after the first overlay, 3 ml 
of additional overlay medium was added to 
each plate. The final counts for transformed 
colonies were made 25 30 days after inocul- 
ation and cell transfer. The loci of transfor- 
med cells seen under agar were easily identifi- 
able because of their unique cytomorphology 
[10], and the failure to find similar foci in 
cultures treated with medium or chemical 
alone. 

To determine the proportion of cells which 
surv ived  chemical treatment, aliquots were 
taken from the treated cell suspension de- 
scribed above containing 106.o cells/ml, and 
further diluted in D M E M  to give 1000 cells/ 
0.2ml. Each of five 5cm dishes was seeded 
with 1000 cells from either treated or control 
suspensions, and 3 ml of D M E M  were added 
to each plate. After 5 days incubation at 37°C 
in 5(Io CO2, an additional 3 ml of medium 
were added to each plate. Eight to nine days 
after seeding the cells were fixed in 10°.'o 
buffered formalin, stained with a 1:30 dilution 
of stock Giemsa and the cell colonies counted. 
This procedure usually resulted in cloning 
efficiencies of 10°:~ with untreated cells. 
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Determination of chemical enhancement of virus 
transformation 

T h e  fract ion of  cells surviving chemical  
t r ea tment  was de te rmined  from survival as- 
says, as described above;  the n u m b e r  of  col- 
onies in five plates each seeded with 1000 
chemical ly- t rea ted  cells was divided by the 
n u m b e r  of  colonies in five plates of  control,  
un t rea ted  cells to give the surviving fraction of 
chemical ly- t rea ted  cells. T h e  number  of  SA7 
transformed loci per 106 plated cells not trea- 
ted with chemical  was taken as the transfor- 
mat ion  f requency  for control  cultures. T h e  
t ransformat ion f requency for chemically-  
t reated cultures was calculated by mult iplying 
the actual  n u m b e r  of  foci from 5 plates by the 
reciprocal  of  the surviving fraction of  cells. 
Hence  both t reated and control  transfor- 
mat ion  frequencies were expressed as the 
n u m b e r  of  SA7 foci for 106 surviving cells 
(assuming 106 viable cells) in control  cultures. 

T h e  enhancemen t  ratio was de te rmined  by 
dividing the t ransformat ion f requency in trea- 
ted cultures by that  obta ined  in control  cul- 
tures. De te rmina t ion  of the statistical signific- 
ance was carr ied out  as described by Casto et 
al. [3]. 

Isolation and growth of transformed cells 
Lines of  SA7 transformed cells were estab- 

lished by stabbing foci growing under  agar 
with a Pasteur  pipet te  and transferring the 
cells to a 5 cm Petri  dish. Cells were then 
cult ivated ei ther in 5 cm Petri  dishes or 4 oz 
medical  flats as described by Casto [9]. 

Detection of T-antigen in transformed or tumour 
cells 

Transformed  cells or cells re-established in 
vitro from tumours  were grown on coverslips 
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on I0 cm Petri  dishes and processed for 
indirect  immunofluorescence according to the 
method  of  Pope and Rowe [1 1]. 

Tumourgenicity of transformed cells 

Trans fo rmed  cells at the first or second in 
vitro passage were removed from the culture 
vessel with t rypsin-versene and resuspended in 
E R M .  Groups of weanling hamsters were 
inoculated subcutaneously with 106 cells con- 
tained in 0. I ml of  medium.  Animals were 
pa lpa ted  at regular  intervals for presence of  
tumours.  

RESULTS 

Effect of 20 methylcholanthracene (MCA ) 

Tab le  1 shows the effect of  M C A  on the 
t ransformation of  H E F  cells by SA7. H E F  cell 
cultures were pre- t rea ted  for 18 hr with 5-fold 
dilutions of  MCA,  ranging from 10 #g/ml  to 
0.016 #g/ml.  At the highest dose of  carci- 
nogen, there was a reduct ion in cell viability 
of  66°~, but  at the two lowest doses tested 
there was no reduct ion in cell viabili ty com- 
pared  to controls. As repor ted by Casto [3], 
there was a l inear increase in t ransformation 
f requency compared  to controls up to an 
opt imal  carcinogen concent ra t ion  of  0.4/~g/ml 
in our  experiments;  at concentrat ions of  M C A  
greater  or lower than this concentra t ion a 
relative decrease in the t ransformation fre- 
quency  was found (Table  1). 

Effect of 1, 2, 3, 4 dibenzanthracene (DBA ) 

T h e  effect of  SA7 transformation of pre- 
t reat ing H E F  cells for 18 hr with various 
concentrat ions of  the carcinogenic hydrocar -  
bon DBA are shown in Tab le  2; this com- 

Table 1. Enhancement of SA7 transformation of hamster embryo cells pre-treated 
with 20 methylcholanthrene 

MCA Surviving Tranformation Enhancement 
(#g/ml) fraction SA7 Foci* frequency Ratio~" 

10 0.34 12 35 0.35 
2 0.34 47 138 1.37 
0.4 0.52 117 225 2.23~ 
0.08 0.95 129 136 1.35§ 
0.016 1.07 129 121 1.20 

Control 1.00 101 101 1.00 

* P e r  10 6 plated cells. 
~'Enhancement ratio was determined by dividing the transformation frequency of 

treated cells by that obtained from control cells. Transformation frequency 
= SA7 x reciprocal or surviving fraction. 

{Underlined figures are significant (P= <0.01 ) 
§Significant at P_-< 0.05. 
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Table 2. 
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Enhancement of SAT transformation of hamster embryo cells pre-treated 
with 1, 2, 3, 4 dibenzanthracene 

DBA Surviving Transtormation Enhancement 
(/~g/ml) fraction SA7 Foci* frequency ratio? 

20 0.16 39 244 7.00~ 
10 0.40 39 98 2.90 
5 0.67 47 70 2.00 
1 0.62 47 76 2.20 

Control 1.00 35 35 1.00 

*Per 106 plated cells. 
?Determined as for 'Fable 1. 
{Underlined figures are significant (P= <0.01 ). 

Table 3. Enhancement of SA7 transformation of harmter embryo cells pre-treated 
with 5 iodo-2'-deoxycytidine 

ICdR Surviving Transformation Enhancement 
(#g/ml) fraction SA7 Foci* frequency ratio? 

25 0.24 46 192 4.90.+.. 
12.5 0.32 27 84 2.20 
6.25 0.55 18 33 0.80 
3.125 0.60 23 38 0.98 
1.56 0.99 35 35 0.90 

Control 1.00 39 39 1.00 

*Per 10 6 plated cells. 
~-Determined as in Table 1. 
+Underlined values are significant (P= <0.01 ). 

pound  was one of a series of polycyclic hy- 
drocarbons  studied by Casto [3]. Significant 
enhancement  of SA7 transformation was 
found at all the doses tested; however,  no 
decrease in t ransformat ion f requency was 
found at the highest doses tested. In nei ther  
the experiments  with M C A  nor DBA was 
cytotoxici ty or effect on virus t ransformation 
f requency observed in control  cultures t reated 
with growth med ium incorporat ing 2~o ace- 
tone, as compared  with growth med ium 
alone. In contrast  to the experiments  repor ted 
by Casto [3] we found no absolute increase in 
the numbers  of  t ransformed loci arising from 
cells pre t rea ted  with ei ther M C A  or DBA. 

Effect of D N A  base analogues 

I t  has previously been shown that  the treat- 
ment  of  growing H E F  cells with certain D N A  
analogues for 48 hr  prior  to exposure to SA7 
greatly enhanced  cell t ransformation [2]. In 
the present studies, the previously untested 
base analogue 5 iodo-2 ' -deoxycyt idine ( ICd R)  
significantly increased cell t ransformation of  
H E F  cells pre t rea ted  with doses of 25 and 
12.5 /tg/ml, but  lower concentrat ions of  

I C d R  had no significant effect. (The results 
are shown in Tab le  3.) No evidence for a 
decrease in the virus-induced transformation 
f requency was found at the highest concen- 
t rat ion of I C d R  tested (25 #g/ml)  which 
killed 76°Ji~ of the cells; other  base analogues 
have been repor ted to have decreased trans- 
formation at high concentrat ions [2]. In con- 
trast to previous reports we found no increase 
in the absolute n u m b er  of loci in t reated cells. 

b~j'ect of ethidium bromide (EtBr) 

Ethid ium b r o m i d e  is able to intercalate 
between the strands of  double s t randed DNA 
[15], and has been shown to be therapeut i -  
cally active against several virus-induced tu- 
mours of laboratory  animals [8]. Th e  present 
results show that  p re t rea tment  of H E F  cells 
for 18 hr with EtBr significantly enhanced 
transformation at a dose of 1 #g/ml al though 
no increase in the absolute numbers  of trans- 
formed loci arising from treated cells was 
found; lower concentrat ions of the compound  
had no significant effect. These  results are 
shown in Tab le  4, and are the average of two 
separate experiments.  
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7-able 4. Enhancement of SA7 transformation of hamster embryo cells pre-treated 
for 18 hr with ethidium bromide 

EtBr Surviving Transformation Enhancement 
(#g/ml) fraction SA7 Foci* frequency ratio1- 

1.0 0.47 42 89 2.34~ 
0.5 0.71 38 54 1.42 
0.25 0.71 28 39 1.03 
0.125 0.95 31 33 0.87 
Control 1.00 38 38 1.00 

*Per 10 6 plated cells. 
tDetermined as for Table 1. 
++Underlined figures are significant (P= < 0.01 ). 
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Tumourgenicity of transformed cells for weanling 
hamsters 

Groups of hamsters which had been in- 
oculated with 106 transformed cells derived 
from single transformed foci developed palp- 
able tumours at or near the site of inoculation 
Within 30 days. These tumours were found to 
be undifferentiated sarcomas as has been pre- 
viously reported [9]. Tumours produced by 
cells which had originally been isolated from 
cells pretreated with chemical were identical 
histologically to those produced by cells isol- 
ated from control cultures treated with virus 
alone. 

Detection of T antigen in transformed cell lines and 
cell-induced tumours 

Sera from hamsters bearing large (>  3 cm) 
primary cell induced tumours were used in 
the indirect immunofluorescence procedure. 
Strong intranuclear flourescence in the form 
of flecks and dots was found in 95-100% of 
nuclei. No difference was found between cells 
originally pretreated with chemical or cells 
treated with virus alone. As a test of speci- 
ficity cells and sera derived from an SV40 
induced tumour of hamsters maintained in 
this laboratory were included in the test. No 
cross-reactivity between SA7 and SV40 in- 
duced T-antigens was found. 

DISCUSSION 

Focus assay systems have been widely used 
to study the effect of various chemicals on 
virus induced cell transformation [1-5]. It 
is possible that such systems will allow identifi- 
cation of compounds which may enhance 
transformation but cannot transform cells 
themselves. 

In the present investigations the SA7-HEF 
system developed by Casto [9] has been used 
to test four compounds which are capable of 
interacting with hamster cell DNA. The trans- 
formed foci are easily recognised by their 
characteristic morphology [10] which is dis- 
tinct from that obtained by chemical treat- 
ment alone. The transformed cells are 
tumourgenic in weanling hamsters and con- 
tain an intranuclear T-antigen which can be 
demonstrated by indirect immunofluorescence 
using sera from tumour bearing hamsters. 

The effect of MCA on transformation was 
similar to that reported in [3] showing an 
increase in transformation frequency with in- 
creasing doses of carcinogen to an optimum 
dose. A relative decrease in the transformation 
frequency was found at doses greater than the 
optimum. It has been postulated that this 
effect is due to a decrease in the capacity of 
cells to achieve normal rates of DNA synthesis 
in the period immediately following infection 
by virus; it is at this time that the primary 
events in transformation are though to occur. 
It has also been reported that a period of 
DNA synthesis was necessary shortly after 
infection for transformation of cells both by 
SV40 [12] and adenoviruses [9, 13]. 

The carcinogen DBA also enhanced SA7 
transformation; the degree of enhancement 
was linearly related to the carcinogen con- 
centration but no relative decrease in en- 
hancement was found at high doses. This 
suggests that DBA does not severely impair 
DNA synthesis. 

Pretreatment of HEF with the thymidine 
analogue ICdR was also found to enhance 
transformation; similar enhanced transfor- 
mation in cells pretreated with DNA base 
analogues has been found with SV40 [12] and 
other adenoviruses [2]. Although base anal- 
ogues do cause sedimentation changes when 
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incorpora ted  into cell DNA;  they may  not 
cause f ragmenta t ion  of  D N A  in mam m al i an  
cells [14] and it seems likely that  such lesions 
would produce  addit ional  sites for integrat ion 
of viral D N A  into cellular DNA. We have 
found that  5 bromouraci l ,  a DNA base anal- 
ogue not  incorpora ted  into D N A  by mam-  
mal ian cells, had no effect on SAT transfor- 
mat ion  (data not shown) which also suggests 
that  other  base analogues enhance  transfor- 
mat ion by their effect on host DNA. 

Eth id ium bromide  is known to be active 
against some C type viruses in vitro [15-17] 
and virus induced tumours  of labora tory  ani- 
mals in vivo [8]. The  in vitro activity against C 
type viruses is p robab ly  due to inhibit ion of  

closed circular  viral D N A  tbrmat ion [18] 
which could prevent  integrat ion of viral DNA 
into host cell DNA. It  is unlikely that  EtBr 
could affect SA7 D N A  in the present experi- 
ments since virus was added after removal  of  
EtBr and any EtBr remaining associated with 
cells would be complexed with the cell DNA. 
However  EtBr may  cause gaps in cell DNA 
by stabilising mispaired regions [19] thus 
creat ing gaps dur ing  subsequent  rounds of 
scheduled synthesis and leading to an increase 
in the n u m b er  of  t ransforming events. This 
possibility poses the m o r e  general question 
that  some compounds  which are active as 
antiviral or an t i tumour  agents may  predispose 
towards another  type of tumour .  
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