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ABSTRACT

It is presumed that proteins encoded by viral oncogenes interact with
proteins encoded by cellular genes to bring about the transformed phe-
notype. To demonstrate the existence of such cellular genes we attempted
to isolate mutants with a nontransformed phenotype from an adenovirus-
transformed rat cell line (F4) which contains multiple copies of the
transforming El region. F4 cells were mutagenized with ethyl methane-
sulfonate and variants resistant to the anticancer drug methylglyoxal
bis(guanylhydrazone) were selected. The proportion of such variants was
about one in 10( and increased 5-fold after mutagenesis. Two variant
clones (Gl and G2) were isolated and characterized: (a) they were 5-fold
more resistant to methylglyoxal bis(guanylhydrazone); (/>) they had a
stable phenotype; (c) they showed decreased drug uptake; (J) they had a
reduced ability to grow in soft agar, low serum, and nude mice; (<â€¢)there

was no detectable change in the restriction pattern of integrated viral
genes or in the expression of the Eia and Elb proteins. These properties
suggest that selection for methylglyoxal bis(guanylhydrazone) resistance
may result in the isolation of variants with phenotypic characteristics of
nontransformed cells. It was likely that these variants were altered in a
cellular function required for the maintenance of the transformed phe
notype.

INTRODUCTION

Little is known about how oncogenes regulate the trans
formed phenotype of a cell despite recent advances in viral
oncogenicity. It is assumed that oncogenes interact with cellular
gene products to induce or repress the synthesis of proteins
necessary for cellular transformation. One reason for the pau
city of information about the pathway leading to cell transfor
mation is the lack of adequate systems for the selection of
mutants affecting that pathway. Thus far isolation of flat re-
vertants from virus transformed cells (reviewed in Ref. l) has
resulted in the frequent isolation of mutations in the viral
oncogenes and very seldom in cellular genes (2, 3). Recently
Noda ft al. (4) have described the utilization of ouabain to
select flat cellular variants of Kirsten murine sarcoma virus
transformed cells based on altered membrane properties. Fol
lowing their steps, we reasoned that the anticancer drug
MGBG6 might be a very powerful agent for the selection of

nontransformed variants from adenovirus transformed cells (5):
(a) drug resistant variants are apt to be membrane mutants (6);
and (b) MGBG was reported to kill transformed cells prefer-
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entially (S, 7). To avoid viral mutants in the adenovirus genome
we chose a rat cell line (F4) which contains multiple copies of
El, the viral transforming region (8). This paper describes the
isolation of variants resistant to MGBG which have the follow
ing properties: (a) variants resistant to MGBG existed in the
proportion of about 1 in 10'' cells and that number increased

about 5-fold after mutagenesis; (b) they had a stable phenotype;
(c) they had a reduced ability to grow in soft agar, low serum,
and nude mice. These results suggested therefore that these
variants were mutants and that resistance to MGBG may con
stitute a powerful system to isolate mutants for cell transfor
mation.

MATERIALS AND METHODS

Cells. 1-4rat cells were obtained from Bruce Stillman (Cold Spring

Harbor Laboratory). They were derived from embryonic rat brain cells
transformed by Ad2 (9). F4 cells have a transformed phenotype as
shown (a) by their ability to grow either in soft agar or to high density
in low serum and (/>)their ability to induce tumors in immunosup-
pressed rats and nude mice (9). The cells contain 16 copies of a fragment
of Ail2 DNA integrated at a single site (8). F4 cells were recloned three
times in succession and variants were isolated from one of these
subclones. All cell culture was in Petri dishes in DMEM and 5% calf
serum in air-CO2 incubators at 37Â°C.

Mutagenesis. About ? x 10" cells were mutagenized (10) for 4 to 4.5

h in 10 ml of DMEM 5% calf serum with 0.1% (v/v) of EMS (Eastman
Kodak; lot A27). After mutagenesis the cells were washed once with 10
ml of (PBS pH 7.2) and grown for 2 days to allow the mutations to be
expressed. Under these conditions about 50% of the cells survived.

MGBG Resistance Test. The dose responses of wild type or variant
cells were determined by plating cells in 10-cm diameter Petri dishes
with different cell and MGBG (Aldrich) concentrations. After 14 to 21
days, the Petri dishes were washed first with PBS and then with
methanol. The clones were stained either with 1:10 dilution of Giemsa
in water or with 1% mÃ©thylÃ¨neblue in 70% isopropyl alcohol.

Measurement of Transformed Cell Properties. To determine growth
in low serum, the cells were washed three times with PBS and plating
efficiency was measured in different calf serum concentrations. The
doubling time and saturation density were determined from growth
curves. Growth in soft agar (0.33% Noble agar; from Difco) was
performed as described previously (11). Generally 5 x IO3 cells were
plated in 5-cm Petri dishes in 4 ml agar and allowed to solidify, and a
2-ml overlay was added. The plates were incubated for 3-4 weeks
without further feeding and the colonies were counted with the aid of
a binocular microscope.

Karyotyping. A growing culture of cells was treated with 0.6 Mg/ml
colchicine for 2-4 h. The cells were trypsinized and suspended in 1 ml
of 75 mM K( I for 30 min; then 1 ml of fixative (methanohacetic acid,
3:1) was added to the cell pellet dropwise on ice for 10 min. Fixation
was repeated three times; then the cells were spread on cold, wet slides
and air dried. The cells were stained with Giemsa and mounted for
microscopy.

Immunofluorescence and Immunoprecipitation. Antiserum to the Eia
proteins was prepared by immunizing rabbits with a total cell extract
of HB101 strain Escherichia coli transformed with the pKRS103 Eia
expression plasmid (kindly supplied by Arnold Berk, UCLA). The cells
were induced to produce the 289R fusion protein as described (12).
Antiserum to Elb proteins was from Ad5 tumor bearing hamsters
(generously supplied by Philip Branton, McMaster University). Fixed
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14. dl. G2, and control cells (13) were reacted with appropriate
dilutions of this serum, then with a biotinylated goat anti-rabbit serum
(Amersham), and finally with fluorescein conjugated streptavidin
(Amersham).

Immunoprecipitation was done with the same serum. Cells were
labeled for 2 h with 200 Â¿iCi/ml[35S]methionine in DMEM without
methionine. Cells from one 10-cm Petri dish were scraped into 1 ml of
RIPA buffer, freeze-thawed three times, sonicated for 20 s (Artec,
setting 30), and microfuged for 5 min at 10,000 x g. Twenty n\
antiserum and 250 K!of a 10% suspension of protein A-Sepharose in
RIPA buffer were added to the supernatant and incubated for 2 h at
4'C with continuous shaking. The beads were pelleted, washed three

times with RIPA buffer, and resuspended in 50 /Â¿Ilysis buffer for
sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

Southern Blot Analysis of Cellular DNA. The organization of inte
grated Ad2 DNA was analyzed on genomic southern blots of digested
and electrophoresed DNA. The blots were hybridized with a probe
prepared from highly purified Ad2 viral DNA. For quantitation the
parental F< cells were assumed to contain 16 copies of the truncated
Ad2 genome, as reported (8).

RESULTS

Inhibition of Colony Formation by MGBG. MGBG is a pow
erful antileukemic drug (14). We reasoned that such an antican-
cer drug could be very useful for the selection of mutations in
the cellular genes affecting the pathway of cell transformation.
We therefore performed preliminary experiments for the selec
tion of a transformed cell line which would be sensitive to
MGBG and would yield drug resistant mutations in the cellular
genome, not the viral genome. Several cell lines transformed
by either polyoma virus or adenovirus, as well as normal rat
and mouse cell lines, were tested. Fig. 1 shows that F4 was the
most sensitive to MGBG. The other cell lines tested would
require higher drug concentrations to achieve the same level of
killing. This is a fortunate finding since 14 is transformed by
16 copies of the adenovirus El genes. The adenoviral Eia and
Elb genes are both necessary for complete cell transformation.
The presence of multiple viral gene copies is important in order
to avoid selecting mutations in the viral oncogenes. Because
MGBG, an analogue of the polyamine spermidine, is a com
petitive inhibitor of S-adenosylmethionine decarboxylase (EC
4.1.1.50), a key enzyme in polyamine synthesis (15, 16), we
verified whether the observed inhibition of I 4cell proliferation
resulting from MGBG treatment was reversible with spermidine
(7). As shown in Fig. 2, F4 cell growth inhibition was fully
reversible with 3 MMspermidine. Therefore the antiproliferative
effect of MGBG on F4 cells is due to sensitivity of the target
enzyme and not some other phenomena. In summary then, 14
is highly sensitive to MGBG and is therefore an appropriate
cell line to investigate the cell transformation pathway.

We then performed experiments to determine (a) the drug
and cell concentrations at which variants resistant to MGBG
(MGBGR) appeared and (b) if the frequency of appearance of
MGBGR variants would be increased after a mutagenic treat

ment. Fig. 3 shows the inactivation curve of untreated and ethyl
methanesulfonate mutagenized I t cells. Colonies resistant to
MGBG arise in the population in a proportion of 1 in IO6cells.
Particularly indicative of a genetic event is the 5-fold increased
number of MGBG resistant colonies after a mutagenic treat
ment.

Isolation of MGBG Resistant Variants. To select drug resist
ant variants from F< cells, the cell line was first recloned and
then mutagenized with EMS, and resistant colonies were picked
after 3 weeks in the presence of 15 /Â¿MMGBG. These colonies
were grown up and retested. Based on their high resistance to
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Fig. 1. Survival fraction of normal and transformed cell lines grown in the

presence of MGBG. Different numbers of cells were inoculated in 10-cm Petri
dishes and incubated in the presence of various concentrations of MGBG: IO3
cells for 0.3 itM, IO4cells for 3 MM,IO5cells for 6 MM,10*cells for 10 and IS MM,
and 3 x 106 cells for higher drug concentrations. After 3 days fresh medium and
drug were added. At 3 weeks the cells were stained with Giemsa and the colonies
were counted to determine the percentage of survival. O, 14. an adenovirus 2
transformed rat cell; â€¢,T2C4, an adenovirus 2-transformed rat cell; D, LS9, a
polyoma virus transformed FR3T3 cell; â€¢.FR3T3 a normal rat cell; A, NIH3T3,
a normal mouse cell.
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Fig. 2. Effect of spermidine on the inhibition of FÂ«cell proliferation by MGBG.
The growth of F4 cells on S-cm Petri dishes was measured following stimulation
of serum deprived cultures by fresh medium containing 5% horse serum in the
absence of further additions (O) or in the presence of 15 MMMGBG (â€¢);IS MM
MGBG + 3 MMspermidine added on day 2 (D), or 15 MMMGBG + 30 MM
spermidine added on day 2 (A). MGBG was added on day 1. The use of horse
serum is important because it lacks diamine oxidase which converts spermidine
and spermine to toxic products (28).
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Fig. 3. Survival fraction of ethyl methanesulfonate mutagenized and untreated
F4 cells grown in the presence of MGBG. The experiment was carried out as
described for Fig. 1. â€¢,untreated F4 cells; Q, ethyl methanesulfonate treated F4
cells.

MGBG two clones were chosen for further study. The inacti-
vation curve of the chosen clones, named Gl and G2, is shown
in Fig. 4. By comparison with Fig. 1 the resistance of these G l
and G2 variants to MGBG is very similar to that of the
resistance of normal rat cells. The transmission of the MGBG
resistance trait through successive generations of cells was
examined for the Gl and G2 isolates. The cell variants were
grown in the absence of any MGBG in the medium for over 1
year. They were then tested for MGBG resistance. Both variants
exhibited the same pattern of growth resistance to MGBG as
shown in Fig. 4. This indicated that MGBGR was a stable

hereditary alteration of wild type cells, and not a reversible
adaptation induced by the presence of MGBG.

Properties of G Cells. Because the aim of this project was to
isolate revenants of transformed cells, the two drug resistant
variants were tested for several transformed cell properties. The
results are summarized in Table 1. Although the morphology,
the karyotype, and some of the growth properties of these
variants, such as the saturation density and doubling time,
remained similar to those of the wild type F4 cells other prop
erties have changed significantly. Both G1 and G2 variants had
a much reduced ability to grow in low serum indicating an
increased requirement for growth factors. The capacity of an
chorage independent growth was measured in soft agar. The G
cells formed 10 to 20 times fewer colonies than the transformed
F4 parent cells (Table 1; Fig. 5). Some of the colonies of G2
cells were picked from the soft agar and replated to determine
if they had reverted to anchorage independence. None reverted,
showing that the G2 cells had a stable, reduced colony forma
tion efficiency in soft agar.

The G2 cells had also lost the ability to form tumors in nude
mice (Table 1). Whereas F4 cells formed rapidly growing un-
differentiated malignant sarcomas in all animals within 3-6
weeks after injection, the G2 cells failed to form tumors even
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Fig. 4. Survival fraction of MGBG resistant variant cells, Gl and Â«...grown
in the presence of MGBG. The experiment was performed as described for Fig.
1.0, F4 cells; D, Gl cells; A. G2 cells.

Table 1 Properties of normal, Adi transformed, and MGBG resistant cell lines

Cell lines

PropertyCFE

in 5% serum(%)CFE
in 0.1% serum(%)CFE
in 0.33 agar(%)Tumorigenicity*Ad2

sequences*Eia
protein'Doubling

time(h)Chromosome
no.Saturation

density (cells/cm2)FR3T3200.2<0.104740
Â±34.5

x IO4F456101812/1816+22.5660
Â±31.2

x 10sGl390.2216+19.7460
Â±1I.Ox

10'G2410.610/1816+21.660Â±29.9x IO4

" BALB/c .itIn mic nu/nu mice given s.c. injections, at 3 sites, of 3 x 10*cells.

Data represent number of tumors observed after 10 weeks/number of sites
injected.

b Determined by Southern blotting and hybridization with an Ad2 probe.
c Immunofluorescence and immunoprecipitation with antibody to Eia pro

teins.

after 18 weeks of observation. We concluded therefore that the
G cells had lost important characteristics of transformed cells
during the process of selection for resistance to MGBG. One
way this could have happened is through the loss or inactivation
of the adenovirus transformation genes. However, this was quite
unlikely because Southern blot analysis showed no gross change
in the adenovirus sequences in the G cells (Fig. 6). The expres
sion of the E1a and El b genes was also found to be unaffected
as determined by indirect immunofluorescence (not shown) and
immunoprecipitation (Fig. 7). It appears therefore that the G
cells have lost their responsiveness to the adenovirus transfor-
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Fig. 5. Colony formation in soft agar. Five thousand FÂ«,Gl, and G2 cells

were plated in 0.33% agar as described before (11) and photographed 4 weeks
later.
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Fig. 6. Southern blot analysis of F4, G1, and G2 cellular DNA. High molecular
weight cellular DNA was completely digested with Hindlll, electrophoresed on a
0.8% agarose gel, blotted, and probed with nick-translated Ad2 DNA. The
flanking lanes (K) contained ///Â«Jill digested Ad2 DNA. The size of marker
fragments.1, B, C, I, and J are indicated in kilobase pairs (Kb). The transformingregion in the F4 cell is contained in a /â€¢'(/'fusion fragment (described in Ref. 8)

migrating immediately above fragments C and /).

inalidii genes as a consequence of their acquisition of the
MGBGR phenotype.

To determine the mechanism of drug resistance in the G2
cells, uptake studies were performed with radiolabeled MGBG,
as described previously (24). MGBG accumulated about 2-fold
less in G2 cells compared with the parental F4 cells. The rate
of efflux from the two cell types was identical. We conclude
that reduced drug uptake is responsible for the observed drug
resistance of G2 cells.

DISCUSSION

In this communication we have demonstrated that variants
resistant to the anticancer drug MGBG can be selected from
virus transformed cells. MGBG is an antiproliferative drug (5,
7, 17) with possible clinical potential (18-21) and a potent
inhibitor of S-adenosylmethionine decarboxylase (16). Among
several cell lines tested we chose the adenovirus transformed
rat F4cell which was about 100-fold more sensitive to MGBG.

Fig. 7. Immunoprecipitation of Eia and Elb proteins from I 4, Gl, and G2
cells. Cells were labeled with ["Sjmethionine for 2 h and lysates were precipitated
as described in "Materials and Methods." The precipitates from each 10 cm 1'ctri

dish were separated on 12.5% polyacrylamide gels and autoradiographed. a,
labeled Ad2 marker, b, Â¡I.I. precipitates of F4, G1, and G2 lysates with preimmune
serum; c, e, g, precipitates with antiserum to Eia proteins; A, i, precipitates of F4
and G2 lysates with antiserum to Elb proteins. A, M, 58,000 and M, 19,000 Elb
proteins. A, molecular weight in thousands.

As expected, spermidine reversed the antiproliferative effect of
the drug on F4 cells (7). Mutagenesis with EMS increased the
appearance of MGBG" variants suggesting that the resistance
phenotype is caused by a genetic event. Two MGBGR variants
(Gl and G2) were studied in detail. The resistance phenotype
was stable in the absence of selection for over 1 year. Certain
properties of the G cells, such as morphology, karyotype, dou
bling time, and saturation density, remained indistinguishable
from the parental F4cells. Furthermore, Southern blot analysis,
indirect immunofluorescence, and immunoprecipitation tests
suggested that the adenovirus sequences were intact and ex
pressed. Together these results confirmed our expectation that
selection for MGBGR variants should not affect the presence

and expression of the adenovirus genes. It was therefore very
interesting that three key properties of transformed cells were
significantly altered in the G cells. They grew considerably less
well in low serum, soft agar, and nude mice than their parental
counterpart. The drug resistant phenotype and the altered
growth properties are therefore likely to be consequences of a
mutation in the cellular genome. Drug resistance may result
from a variety of mechanisms, the most common being reduced
drug uptake caused by a membrane alteration (6). A second
possibility might be that the S-adenosylmethionine decarbox
ylase enzyme in the G cells is resistant to MGBG or is over
produced as a result of gene amplification. Our results clearly
show that the G2 cells are incapable of accumulating MGBG.
We also tested the sensitivity of the enzyme from F4 and G2
cells to MGBG. The enzymes from the cells were equally
sensitive, thereby ruling out a mutation induced resistance of
the enzyme itself.

MGBGR mutants have previously been reported in Chinese

hamster ovary and rat myoblast cells as well as human VA2
cells (22-24). Drug resistance was attributed to reduced uptake
in the hamster and rat cells (23) and to a failure to accumulate
MGBG in the human cells (22). These studies did not address
the question of cell transformation. Interestingly, however,
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Biedler et al. (25, 26) have reported a correlation between
resistance to actinomycin D and manifestation of a less trans
formed phenotype among drug resistant Chinese hamster sub-

lines. Our result extends this correlation to MGBG. This cor
relation is strengthened by our isolation more recently, using
different methods, of further, independent MGBG resistant cell
lines, all of which are less transformed.

Previous attempts to examine cellular functions involved in
virus transformation are few. Ryan et al. (27) used indirect
selection for the TK+ phenotype in cells cotransfected with

SV40 and the herpes thymidine kinase gene to isolate a cell
line which expressed SV40 but was resistant to transformation.
Noda et al. (4) isolated transformation revertants from Kirsten
sarcoma virus transformed mouse 3T3 cells by selecting for
ouabain resistance. Spontaneous flat revertants of adenovirus
type 12 transformed cells have also been reported (3). However,
these revertants had either lost the integrated viral genes or
ceased to express them. Our results confirm those of Noda et
al. (4) that it is feasible to select for transformation revertants
by means of an indirect selection strategy. Such cells will permit
the eventual identification of cellular genes which interact with
viral oncogenes to give the transformed phenotype.
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