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Seven lines derived from primary African green monkey kidney cells, which
had survived lytic infection by wild-type simian virus 40 (SV40) or temperature-
sensitive mutants belonging to the A and B complementation groups, were
established. These cultures synthesize SV40 tumor (T) antigen constitutively
and have been passaged more than 60 times in vitro. The cells released small
amounts of virus even at high passage levels but eventually became negative for
the spontaneous release of virus. Virus rescued from such "nonproducer" cells by
the transfection technique exhibited the growth properties of the original inocu-
lum virus. Four of the cell lines were tested for the presence of altered growth
patterns commonly associated with SV40-induced transformation. Although
each of the cell lines was greater than 99% positive for T antigen, none of the
cultures could be distinguished from primary or stable lines of normal simian
cells on the basis of morphology, saturation density in high or low serum
concentrations, colony formation on plastic or in soft agar, hexose transport, or
concanavalin A agglutinability. However, the cells could be distinguished from
the parental green monkey kidney cells by a prolonged life span, the presence of
T antigen, a resistance to the replication of superinfecting SV40 virus or SV40
viral DNA, and, with three of the four lines, an ability to complement the
growth of human adenovirus type 7. These properties were expressed independ-
ent of the temperature of incubation. These results indicate that the presence of
an immunologically reactive SV40 T antigen is not sufficient to ensure induction
of phenotypic transformation and suggest that a specific interaction between
viral and cellular genes and/or gene products may be a necessary requirement.

Infection of cells by simian virus 40 (SV40)
can result in a productive or abortive infection
depending upon the species of origin and/or the
physiological state of the host cell used. Cells
can be divided into three categories on the basis
of their ability to support the replication of this
virus. Cultures of African green monkey kid-
ney (GMK) cells are fully permissive for SV40
replication; viral DNA and capsid proteins are
synthesized, large quantities of fully infectious
progeny virions are produced, and lysis and
death of the simian cell results (41). In semiper-
missive cells (e.g., human), low levels of prog-
eny virions are produced from a small percent-
age of cells. Nonpermissive cells (e.g., hamster,
mouse) support only a partial expression of the
viral genome; viral DNA is not replicated and
progeny virions are not produced (41).
Both nonpermissive and semipermissive cells

can be transformed by SV40 at frequencies of
approximately 10 and 0.03%, respectively. Such
cells display many, if not all, of the classical
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parameters associated with the transformed
state (8). Studies with various species of semi-
and nonpermissive cells transformed by the
group A temperature-sensitive (ts) mutants of
SV40 have suggested that the SV40 gene A
product is involved in the maintenance of the
transformed state (3, 16, 21, 25, 39).
Although most simian cells are killed after

exposure to SV40, in rare instances, usually
after some manipulation of the experimental
conditions, clones of cells have been isolated
that have survived the lytic infection (10, 20,
34, 42). Serial passage of such clones has re-
sulted in the establishment of cultures, the
cells of which are positive for the constitutive
expression of the intranuclear tumor (T) anti-
gen, yet fail to produce viral capsid (V) antigen
or infectious virions. To date these cultures
have been referred to as "transformed." How-
ever, most of the cell lines have not been tested
for the presence of those growth alterations
commonly associated with viral transforma-
tion. In addition, the role of the gene A product
(if any) in the maintenance of the transformed
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phenotype of simian cells has not been as-
sessed.

In the present study, simian cells that had
survived a lytic infection by wild-type (WT)
virus or a series of ts mutants of SV40 and that
synthesize T antigen constitutively were se-
lected and screened for the presence of several
specific markers of transformation. The puta-
tive role of the gene A protein in the mainte-
nance of such phenotypic markers was also ex-
amined. The results of these experiments indi-
cate that none of the transformed simian cells
tested could be distinguished from primary or
established lines of normal monkey cells by the
parameters of saturation density in high and
low serum concentrations, colony formation on
plastic and in soft agar, transport of 2-deoxy-D-
glucose (deoxyglucose), and agglutination by
concanavalin A (ConA). However, these cells
were distinct from the parental cells in that
they exhibited, in addition to a prolonged life
span and the presence of the SV40 T antigen, a
resistance to superinfection by SV40 virus or
viral DNA and, with one exception, the ability
to enhance the growth of human adenovirus
type 7.

MATERIALS AND METHODS
Viruses. The SV40 WT virus used was the Baylor

reference strain, which had been plaque purified
three times at 40.5 C. Also incorporated into this
study were several group B mutants, which had
been isolated in this laboratory after mutagenesis of
WT virus with nitrous acid or nitrosoguanidine (C.
A. Noonan and J. S. Butel, Abstr. Annu. Meet. Am.
Soc. Microbiol. 1975, V219, p. 237). Mutant tsA28
was graciously provided by P. Tegtmeyer. SV40 WT
and mutant stocks were prepared at 33 C in TC-7
cells (obtained from J. Robb) as described previously
(3). The mutant viruses used in this study had been
passed one to two times in TC-7 cells at a multiplic-
ity of infection (MOI) of 0.01 PFU/ml. Assays for
SV40 infectivity were performed at 33 and 40.5 C in
TC-7 cells (33).

Adenovirus type 7 (Hu), a human isolate provided
by M. Benyesh-Melnick, had been passed five times
in human embryonic kidney cells as described (4).
Accurate temperature control was obtained through
the use of constant-temperature water baths (Blue
M Electric Co., Blue Island, Ill.) and thermostati-
cally controlled CO2 incubators (Wedco, Inc., Silver
Spring, Md.).

Cells. The following primary and stable lines of
normal cells were used during the course of this
investigation: BALB-3T3 cells (provided by W.
Parks) derived from BALB/c mouse embryo cells
and selected for a high degree of contact inhibition
(40); primary human embryonic kidney cells pur-
chased from Flow Laboratories and passaged two or
three times; primary cultures of GMK cells used at
the first or second passage level; and TC-7 cells, a

stable clonal line ofGMK cells derived fron the CV-1
line.

In addition, several lines of transformed simian
cells were used: BSC-1-S cells, a clonal derivative of
the BSC-1 line, which had been transformed in vitro
by SV40 WT virus (20), supplied by N. Goldblum; T-
22 cells, a line ofGMK cells transformed by a heav-
ily irradiated stock of the T fraction of SV40 (34),
made available by H. Shimojo; GMK/PARA-7-1, pri-
mary GMK cells transformed in vitro by PARA-
adenovirus 7 (J. S. Butel and L. S. Richardson,
unpublished data); stable lines ofGMK cells derived
after infection by WT virus and six ts mutants of
SV40, designated GMK/WT, GMK/A28, GMK/B401,
GMK/B409, GMK/B410, GMK/B415, and GMK/
B416. The derivation and characteristics of these
cell lines will be described in greater detail in the
Results section.

All of the transformed cells were cultured at 37 C
(unless otherwise noted) in Eagle medium supple-
mented with 5% fetal bovine serum (FBS) (Grand
Island Biological Co. [GIBCO], Grand Island, N.Y.).
Cells were maintained in Eagle medium containing
2% FBS. Medium for culturing TC-7 cells was fur-
ther supplemented with 10% tryptose phosphate
broth, 2% BME vitamins (GIBCO), and 0.25% glu-
cose, whereas the maintenance medium contained
2% FBS and 10% tryptose phosphate broth. Primary
GMK cells were grown in Melnick lactalbumin hy-
drolysate medium supplemented with 2% FBS. Mel-
nick lactalbumin hydrolysate medium containing
10% FBS was used to culture primary human em-
bryonic kidney cells. In addition, all media used
contained 100 U of penicillin and 100 ,ug of strepto-
mycin per ml as well as 0.075% sodium bicarbonate.

Immunofluorescence techniques. Cells to be
monitored for the presence of SV40 T or V antigens
were grown on 15-mm round cover glasses. At 48 to
72 h postseeding, the cells were harvested, fixed in
acetone, and stained as previously described (29).
Fluorescein-labeled anti-SV40 monkey serum and
acetone fixation for 10 min were used to screen cells
for the presence of V antigen.

Saturation density experiments. Saturation den-
sity experiments were performed according to the
method of Brugge and Butel (3), with the exception
that the growth curves were performed in medium
containing either 10 or 2% FBS.

Colony formation. (i) In soft agar. Experiments
designed to measure the extent of colony formation
in soft agar were performed according to the method
of Macpherson and Montagnier (19) as previously
described (3).

(ii) On plastic. Cells growing at the permissive
temperature were tested for their ability to form
discrete multilayered foci on plastic surfaces, ac-
cording to the method of Brugge and Butel (3). The
number of deeply staining foci (excluding areas of
lightly stained cells) was counted to calculate the
number of transformed colonies per plate.
Uptake of hexose. The ability of the various cell

lines to transport the hexose molecule, deoxyglu-
cose, was determined as described (3), with the ex-
ception that each monolayer of cells was incubated
at 37 C in 2 ml of phosphate-buffered saline contain-
ing 1 ,uCi of [3H]deoxyglucose per ml.
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Agglutination by ConA. Cells growing at the per-
missive temperature (37 C) were washed five times
with warm 0.2 M phosphate-buffered saline without
Ca2+ and Mg2+, pH 7.4, and removed from the plastic
surface by gentle shaking. The cells were pelleted by
low-speed centrifugation (800 rpm, 10 to 15 min) and
resuspended in phosphate-buffered saline to a final
concentration of 5 x 106 to 10 x 10" cells/ml. A 0.1-ml
aliquot of each suspension was mixed with an equal
volume of ConA at varying concentrations (10, 100,
250, and 500 ug/ml) in the wells of a flat-bottomed
microtiter plate (Micro Test II, Falcon Plastics, Ox-
nard, Calif.). The reaction was carried out at room
temperature for 10 min with continual shaking. The
degree of agglutination obtained was evaluated by
microscopic examination of the test wells.

Rescue of virus from SV40-transformed cells.
Cellular DNA was extracted from the transformed
simian cells using a modified Marmur extraction
procedure and was passed in TC-7 cells according to
the method of Boyd and Butel (2). The titer of virus
in the positive harvests was increased by a second
passage in TC-7 cells. Likewise, 12 to 20 virus
plaques appearing in the initial infectivity assays of
the harvested cultures were picked at random and
passaged once in TC-7 cells. The titers of all the
rescued virus isolates were determined at 33 and
40.5 C.

Extraction of infectious SV40 DNA. Viral DNA
was isolated by the Hirt extraction procedure (13) 5
to 7 days postinfection from TC-7 cells that had been
infected with WT virus at an MOI of 1 PFU/cell. The
viral DNA-containing supernatant was then treated
with self-digested Pronase (100 ,ug/ml) for 30 min at
37 C, extracted two to three times with redistilled
phenol at 20 C, and dialyzed at 4 C against 1 x SSC-
E (0.15 M NaCl, 0.015 M sodium citrate, and 0.001 M
EDTA) until all traces of phenol were removed. The
amount of infectious DNA present in the extract was
determined by plaque assay in TC-7 cells in the
presence of an equal volume of 1 mg of DEAE-
dextran (Pharmacia, Uppsala, Sweden; molecular
weight, 2 x 106) per ml (26).

Superinfection studies. Cells grown at 37 C were
trypsinized and seeded into 25-cm2 plastic flasks
(Falcon Plastics, Oxnard, Calif.) and incubated at
37 C. When the cultures reached confluency, each
cell line was infected with SV40 WT virus or adeno-
virus type 7 (Hu) at an MOI of 5 PFU/cell. After an
adsorption period of 1.5 h at 37 C, the flasks were
washed two times with Tris-buffered saline and in-
cubated for an additional 30 min at 37 C in the
presence of rabbit anti-SV40 serum (titer 1:320) (Mi-
crobiological Associates, Bethesda, Md.) or rabbit
anti-adenovirus type 7 (Hu) serum to neutralize re-
sidual virus. The cells were then washed three times
with Tris-buffered saline, flooded with maintenance
media, and incubated at 37 C. Cultures were also
infected with SV40 WT DNA at an MOI of 0.1 PFU/
cell in the presence of 1 mg ofDEAE-dextran per ml.
After a 45-min adsorption period the cells were
washed and incubated as described above. Cultures
were harvested at 6 and 96 h postinfection and as-
sayed for the presence of infectious SV40 or adenovi-
rus in TC-7 or human embryonic kidney cells, re-
spectively.

RESULTS

Establishment of SV40-transformed mon-
key cell lines. Confluent cultures of primary
GMK cells were incubated with WT SV40 as
well as with representative mutants of the A
and B complementation groups, at an MOI of
0.001 PFU/cell. Subsequent to a 72-h incubation
at room temperature, the infected cells were
subcultured at 37 C in the presence of SV40
neutralizing antisera. Cultures, mock infected
with Tris-buffered saline, were processed in an
identical manner. At approximately 20 to 25
days postinfection (at passage level 5 or 6 ),
cytopathic effect was observed in all of the in-
fected cultures. Cell degeneration progressed
rapidly until less than 10 discrete colonies/75-
cm2 culture flask remained intact. There was
no observable difference in the number of colo-
nies surviving after infection by WT or any of
the ts mutants. The resultant cell lines were
established by the subcultivation of these sur-
viving colonies. At passage level 10, SV40 neu-
tralizing antiserum was removed from the cul-
ture fluids. The mock-infected cultures could
not be maintained beyond eight in vitro pas-
sages.
Synthesis of viral antigens and release of

infectious virus by established cell lines. The
cultures of simian cells derived after infection
were monitored routinely for the presence of
the virus-specific T and V antigens as well as
for the release of infectious virus. A summary
of this data is presented in Table 1. The cells
became greater than 99% positive for the
expression of T antigen after approximately 10
to 20 in vitro passages and continued to synthe-
size large amounts of T antigen at all subse-
quent passage levels. The frequency of V anti-
gen production, on the other hand, was low,
never involving more than 10% of the cells. The
percentage of cells producing V antigen stead-
ily decreased until no antigen-positive cells
could be detected (approximately 20 to 30 pas-
sages).
When cultures of the monkey cell lines were

lysed by freezing and thawing and the superna-
tant fluids were assayed, levels of infectious
virus could be detected. Although the quantity
of virus released seemed to decrease gradually,
small amounts of virus continued to be re-
covered even at high passage levels (passages
50 to 60) at which no V antigen-positive cells
could be observed. The growth properties of the
virus released from these cells resembled those
of the original virus inoculum.

Since it would not be possible to determine
the growth characteristic of virus rescued from
the transformed cultures while they continued
to release virus spontaneously, SV40 neutraliz-

J. VIROL.
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TABLE 1. Antigen synthesis and virus production by SV40-transformed simian cellsa
Antigen productionb Virus release Phenotype

Cell line Psae %Tpi-of virus re-

no. tive % V positive Passage no. PFU/cell leasedb

GMK/WT 18 100 2-5 21 0.13
24 100 0 25 0.0008
34 100 0 31 0.068 WT
45 100 0 +Antiserac

40 <0.00001
54 <0.00001

GMK/A28 8 80 5 10 0.014
16 100 2-5 25 0.54
30 100 1 30 0.014 TS
42 100 0 +Antisera
60 100 0 38 0.009
69 100 0 53 0.00026

GMK/B401 10 100 10 50 0.0064
22 100 2-5 ND
54 100 0

GMK/B409 11 100 10 25 0.3
32 100 1 35 0.22 ND

54 0.0016
GMK/B410 10 100 8 14 0.0028

20 100 2-5 65 <0.00001
44 100 0 74 <0.00001 TS
89 100 0 108 <0.00001
114 100 0 120 <0.00001

GMK/B415 10 100 0.1 14 0.004
20 100 0 25 0.0008
28 100 0 +Antisera TS
39 100 0 36 <0.00001
52 100 0 46 <0.00001

53 <0.00001
GMK/B416 15 100 2.5 38 0.006

27 100 0.1 51 0.0004 ND
35 100 0 59 0.0002
52 100 0

a Cultures of primary GMK cells were infected with SV40 WT as well as with mutants of the A and B
complementation groups at an MOI = 0.001 PFU/cell. After 72 h at room temperature, the cells were
subcultured at 37 C in the presence of SV40 neutralizing antisera. Cultures were mock-infected with Tris-
buffered saline and processed in an identical manner.

b T, Tumor antigen; V, viral capsid antigen; TS, temperature sensitive; ND, not done.
c Cells were passaged eight times in the presence of SV40 neutralizing antisera. Cells were subsequently

monitored for the release of infectious virus.

ing antiserum was reintroduced into the cul-
ture fluids of several cell lines for five to eight
passages. When the cells were retested for
spontaneous virus release, no infectious virus
was detected in the GMK/WT and GMK/B415
cell lines. Although the amount of virus re-
leased by the GMK/A28 cells was reduced, the
cells continued to shed infectious virus. These
cells are now being passaged a second time in
the presence of neutralizing antiserum. Of the
seven cell lines initially developed, four were
selected for further analysis of their growth
characteristics.

Characterization of the cellular growth
patterns of SV40-transformed simian cells. (i)
Morphology. A culture of uncloned, primary

monkey kidney cells contains a morphologi-
cally heterogeneous population of cells. During
the evolution of the transformed cell lines, cer-
tain cell types appeared to be selected, presum-
ably at random, such that each resulting cell
line had a characteristic morphological appear-
ance. Attempts to clone these lines have been
largely unsuccessful.
The morphologies of the GMK/B410 and

GMK/B415 cell lines, grown at the permissive
and nonpermissive temperatures, are illus-
trated in Fig. 1. The GMK/WT and GMK/A28
lines were similar in morphology to the GMK/
B415 line and are not shown. After becoming
greater than 99% T antigen positive, all of the
lines retained the characteristic growth pattern
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FIG. 1. Morphological appearance ofSV40-transformed simian cells at the permissive (37 C) and nonper-
missive (40.5 C) temperatures stained with hematoxylin. (A) GMKIB410 cells at37 C; (B) GMKIB410 cells at
40.5 C; (C) GMKIB415 cells at 37 C; (D) GMKIB415 cells at 40.5 C.

of normal, untransformed cells. The cells ap-
peared contact inhibited and, consequently, did
not form foci or multiple layers of cells. In
addition, repeated passage (three to four times)
of the cells at the nonpermissive temperature
had no apparent effect on the growth behavior
of any of the cell lines tested.

(ii) Saturation density in high and low se-
rum. SV40-transformed hamster, mouse, or hu-
man cells, unable to respond to density-depend-
ent growth controls, continue to divide until
necessary growth factors have been depleted
from the media or until the cells slough from
the culture surface (3). As a result of this loss of

contact inhibition, the cells grow to higher sat-
uration densities than their normal cellular
counterparts. Saturation density experiments
in high and low serum concentrations were per-
formed with the SV40-transformed simian cells
in an effort to determine if they possessed any
altered growth capabilities.

Figures 2A and B illustrate the growth
curves of various normal and SV40-trans-
formed monkey cells in the presence of high
(10%) or low (2%) serum concentrations, respec-
tively. When the cells were grown in 10% se-
rum, the maximum cell densities attained
ranged from 12 x 104 to 24 x 104 cells/cm2. None

rr0-
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FIG. 2. Growth curves of normal and SV40-transformed simian cells in high (10%7) and low (2%o)
concentrations ofserum at the permissive (37 C) temperature were performed as described in Materials and
Methods for saturation density experiments. (A) Normal (GMK-Lot 2, TC-7) and SV40-transformed (GMKI
WT, GMKIA28, GMKIB415, BSC-1-S) simian cells in 10% serum; (B) normal (GMK-lot 1, GMK-lot 2, TC-
7) and SV40-transformed (GMKIA28, BSC-1-S) simian cells in 2% serum.

of the SV40-transformed cells grew to higher
saturation densities than normal monkey cells.
The highest densities observed, in fact, were
those of the two normal lines used.
Reducing the serum concentration to 2%

failed to give the transformed cells a selective
growth advantage. The maximum saturation
densities attained by all of the cell lines were
somewhat reduced when compared to those
seen when 10% FBS was used (Fig. 2B). The
basic growth patterns, however, were not sig-
nificantly altered. Again, two of the normal cell
lines reached higher densities than either of the
transformed cultures. It will be noted that vari-
ances in the saturation densities attained by
independently derived lots of primary GMK
cells did occur.

In an effort to determine if the growth prop-
erties of the SV40-transformed simian cells
would be altered in any way by the thermal
inactivation of the gene A protein, the WT and
mutant cells were grown concomitantly at the
permissive (37 C) and nonpermissive (40.5 C)
temperatures. The resulting growth curves
(Fig. 3) illustrate that the level of saturation
density achieved by each cell line tested was
unaffected by the temperature of incubation.
There was no significant reduction in the satu-
ration densities attained at the nonpermissive
temperature. In fact, with the exception of one
cell line, GMK/B415, all of the transformed cell
lines grew to a higher density at 40.5 than at
37 C. In confirmation of observations made in
Fig. 2A and B, all of the transformed lines grew

24 r TC-7. 40. 5C

// -- o
-

TC- 7, 37 C

21 // GMK WT 40.5'C

GMK, 40.5 C

18 GMK A28. 40. 5 C

E /~~~~ ~~~~~- GMK. 37~C
NE5 / - G GMK /WT 37C
vI,!/XA / X \\ GMK B 415. 37-C
12 t '' GMK A 28, 37C
O*/F. GMKv B 415 40. 5C

3 /

2 4 6 8 10 12
DAYS AFTER SEEDING

FIG. 3. Growth curves of normal (GMK, TC-7)
and SV40-transformed (GMKIWT, GMKIA28,
GMKIB415) simian cells at the permissive (37 C)
and nonpermissive (40.5 C) temperatures.

to densities lower than those attained by the
normal TC-7 line at both temperatures.

(iii) Colony formation. SV40-transformed
cells from nonpermissive or semipermissive
species can form colonies in soft agar as well as
produce deeply staining, multilayered foci (or
colonies) of cells on plastic surfaces (3). These
properties also appear to be under the control of
the gene A protein since mouse, hamster, and
human cells transformed by the tsA mutants
fail to exhibit these transformed properties
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when grown under restrictive conditions. Ex-
periments were performed to assess the ability
of the mutant- and WT-transformed permissive
cells to form colonies on plastic surfaces and in
soft agar at both the permissive and nonpermis-
sive temperatures. When monkey cells growing
at 37 C were plated onto plastic surfaces and
incubated at 37 or 40.5 C they were able to
adhere, divide, and form colonies of cells a sin-
gle layer thick. None of the SV40-transformed
cell lines, however, was able to produce colo-
nies that resembled the multilayered, deeply
staining foci seen with transformed hamster,
mouse, or human cells; the colonies of simian
cells contained cells that were completely con-
tact inhibited and therefore stained only
lightly. All of the cell lines plated with equal
efficiencies at 37 and 40.5 C, indicating that
none of the cell lines was temperature sensitive
for normal growth (Table 2).

TABLE 2. Plating efficiencies of normal and SV40-
transformed simian cells on plastic surfaces"

Plating efficiency (%)

Cell line Nonper- Ratio (P/Permissive missive NP)
temp (P) temp (NP)

TC-7 86.0 80.7 1.1
GMK/WT 61.6 55.1 1.1
GMK/A28 75.9 62.3 1.2
GMK/B410 63.2 50.0 1.3
GMK/B415 68.6 55.3 1.2

a Cells growing at the permissive temperature (P)
were trypsinized and seeded into 35-mm plastic petri
dishes at a concentration of 102 to 103 cells/plate in 2
ml of Eagle medium containing 10% FBS. Three
days after seeding, the cells were stained as de-
scribed in Materials and Methods and the number of
attached cells was determined.

J. VIROL.

When comparable experiments were per-
formed in soft agar, neither the normal nor the
SV40-transformed cells were able to form dis-
cernible colonies at either 37 or 40.5 C. Al-
though there was no known phenotypically
transformed monkey cell line to include in the
experiment, BALB/WT-VLM cells (a line of
mouse cells transformed by WT SV40 virus) did
form distinct colonies under the experimental
conditions.
Expression of SV40-induced T antigen. As

noted previously, the SV40-transformed mon-
key cells became greater than 99% positive for
the expression of T antigen after 10 to 20 in
vitro passages. In subsequent passages (see
Table 1), all of the cells in each of the cultures
continued to synthesize T antigen at a uniform
intensity of fluorescence. Figure 4 illustrates
the typical patterns of fluorescence seen with
both the WT- and mutant-transformed cells at
37 C. To determine whether there was any tem-
perature-induced modulation of T antigen pro-
duction, the cells were passaged three times at
40.5 C and re-examined by immunofluores-
cence. None of the cell lines, including the
GMK/A28 line, showed any alteration in the
production of an immunologically identifiable T
antigen after three passages at the nonpermis-
sive temperature.
Rescue of infectious virus from SV40-trans-

formed simian cells. Virus rescue by the DNA
transfection technique was attempted to deter-
mine if those cell lines that were no longer
spontaneously releasing infectious virus con-
tained an intact, infectious viral genome whose
properties resembled those of the inoculum vi-
rus. The results of those experiments are sum-
marized in Table 3. Of the three lines tested,
virus was successfully rescued from the GMK/

--___-'
FIG. 4. Immunofluorescence photomicrographs of SV40 T antigen in the nucleus of SV40-transformed

simian cells. (A) GMKIWT cells at 37 C; (B) GMKIA28 cells at 37 C; (C) GMKIB415 cells at 37 C. x240.
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TABLE 3. Rescue of virus from SV40-transformed
simian cellsa

No. of positive
cultures/no. of Efficiency of platine

Source of inoculated cul-
cellular tures

DNNADN -Total popula-DNAi DNA tion of res- Plaque-pur-iDEAE DEAE cued virs fled isolates

GMK/WT 0/20 0/20
GMK/B410 10/10 0/10 <1.0 x 10-4 <1.2 x 10-4
GMK/B415 6/20 0/20 <2.7 x 10-5 <4.3 x 10-5

a Virus was rescued from the transformed simian cells by
the DNA transfection technique as described in Materials
and Methods. The rescued virus, which had been passed two
times through TC-7 cells, was titered by the standard
plaque assay technique at the permissive (33 C) and nonper-
missive (40.5 C) temperatures.

b Expressed as (PFU per milliliter at 40.5 C)/(PFU per
milliliter at 33 C).

B410 and GMK/B415 lines. The ratio of the
efficiency of plating at the nonpermissive and
permissive temperatures of the virus isolated
from either line was <10-4, indicating that the
rescued virus was indeed temperature sensi-
tive.
No virus has been rescued from the GMK/

WT cells, but additional recovery attempts are
in progress. Virus rescue from the GMK/A28
cells was not performed since these cells have
continued to produce small amounts of infec-
tious virus.

Cell surface alterations. (i) Agglutination
by ConA. Certain plant lectins, such as ConA
and wheat germ agglutinin, have been found to
preferentially agglutinate cells transformed by
a variety ofDNA and RNA tumor viruses (23).
This agglutinability has been correlated with
the loss of specific growth controls, and existing
evidence strongly suggests that the continual
expression of one or more viral genes may be
necessary to maintain the surface alteration(s)
responsible for the agglutination reaction (23).
Brugge and Butel (unpublished data) have
found that mouse cells transformed by the
tsA30 mutant of SV40 (Balb/A30 cells) were
agglutinated by ConA when grown at the per-
missive temperature but failed to agglutinate
when passaged at the nonpermissive tempera-
ture prior to testing. In contrast, mouse cells
transformed by WT virus were agglutinated at
both temperatures.
The SV40-transformed simian cells were

tested for ConA agglutinability to determine
whether those cells possessed surface altera-
tions comparable to those found in SV40-trans-
formed mouse cells (Table 4). As noted previ-
ously, Balb/A30 cells grown at 33 C were com-

pletely agglutinated at a concentration of 500
,ug of ConA per ml. Cells grown at 39.5 C, how-
ever, failed to agglutinate when similar concen-
trations of the lectin were used, mirroring the
behavior of normal BALB-3T3 cells. Normal
TC-7 cells were not agglutinated by any of the
concentrations of ConA used. Similarly, none of
the SV40-transformed cells were agglutinated
when exposed to even the highest levels of
ConA. The failure of these cells to be agglutin-
ated demonstrates the absence of yet another
marker associated with classical viral transfor-
mation.

(ii) Uptake of hexose. An additional prop-
erty of transformed cells, which lends support
to the theory that transformation of cells by
DNA or RNA tumor viruses results in charac-
teristic surface membrane alterations, is the
enhanced ability of such cells to transport spe-
cific hexose molecules across the plasma mem-
brane (41). BALB-3T3 cells transformed by WT
SV40 show a 2.5- to 3.5-fold greater uptake of
the hexose deoxyglucose than normal BALB-
3T3 cells (15). In addition, both mouse and
hamster cells that have been transformed by a
tsA mutant of SV40 exhibit a temperature-de-
pendent hexose transport (3).

TABLE 4. Agglutination by ConA ofSV40-
transformed mouse and simian cellsa

Degree of agglutination"
Cell line Temp

(C) 10 ug/ 100 Ag/ 250 g/g500 jAg/ml
mlc ml ml

BALB-3T3 33 0 0 0 0
Balb/A3Od 33 + ++ +++ ++++

39 0 0 0 0
TC-7 37 0 0 0 0
GMK/WT 37 0 0 0 0
GMK/A28 37 0 0 0 0
GMK/B410 37 0 0 0 0
GMK/B415 37 0 0 0 0

aCells growing at the permissive temperature
were washed five times with warm Ca2+- and Mg2+-
free 0.2 M phosphate-buffered saline (pH 7.4). The
cells were removed from the plastic surface by
gentle shaking. The cells were pelleted and resus-
pended to a final concentration of 5 x 106 to 10 x 106
cells/ml. A 0.1-ml aliquot of ConA at varying con-
centrations (10, 100, 250, and 500 ,ug/ml) was mixed
with an equal volume of the cell suspension in the
wells of a flat-bottomed microtiter plate. After 10
min of agitation, the amount of agglutination was
scored by microscopic examination of the wells.

b 0, No agglutination; + + + +, 100% agglutina-
tion.

c Concentration of ConA.
d A line of BALB-3T3 cells transformed by the

tsA30 mutant, which is temperature sensitive for
the maintenance of the transformed phenotype
(Brugge and Butel, unpublished data).
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Cultures ofnormal and WT- or mutant-trans-
formed simian cells grown at 37 or 40.5 C were
monitored for the ability to transport 2-deoxy-D-
glucose in a further attempt to detect the pres-
ence of any surface membrane alterations. The
two transformed lines tested showed a slightly
increased hexose transport over that of the nor-
mal cells (Table 5). The differences, however,
are not great enough to warrant the conclusion
that those cells that contain viral information
have an altered sugar transport system. In ad-
dition, there was no apparent effect of tempera-
ture on the amount ofhexose taken up by any of
the cultures, including the GMK/A28 line (per-
missive/nonpermissive temperature = 0.7 to
1.0). In summary, there appears to be no meas-
urable effect of the viral genome on the synthe-
sis or arrangement of surface membrane com-
ponents, which results in an alteration in the
hexose transport system.

Susceptibility of normal and SV40-trans-
formed simian cells to superinfection with vi-
rus or infectious nucleic acid. The various
simian lines were monitored for their ability to
support the replication of superinfecting homol-
ogous and heterologous viral genomes. The ma-
jority of SV40-transformed simian cell lines
tested in previous studies were found to be re-
sistant to superinfection by mature virus (5, 20,
30, 34, 35), but remained susceptible to SV40
infectious DNA (17, 34, 35). One cell line, how-
ever, was refractory to both intact virus and
viral DNA (5).
Human adenoviruses undergo an abortive in-

fection in most established simian cell lines.

TABLE 5. Uptake of deoxyglucose by normal and
SV40-transformed monkey cellsa

Uptake of deoxyglucose
(counts/min per 105 cells)

Cell line Permissive Ratio (P/Cllie Permissive Nonpermis- NP)
temp (P) (37 sive temp

C) (NP) (40.5 C)

GMK 1,765 2,418 0.7
TC-7 1,089 1,363 0.8
GMK/WT 2,304 2,594 0.9
GMK/A28 2,777 2,747 1.0

a Seventy-five percent confluent monolayers of
cells in 35-mm petri dishes were washed two to three
times with phosphate-buffered saline (PBS) (pH 7.2)
warmed to 37 C. A 2-ml solution ofPBS containing 1
,uCi of 2-[3H]deoxyglucose per ml was added to each
plate. The cells were incubated in a 37 C water bath
for 10 min. Triplicate samples of the cells were then
washed with cold PBS and scraped into 1 ml of PBS,
and a sample of 0.1 ml was assayed for radioactivity.
The results are expressed as an average of the three
cultures. Cell counts were determined on duplicate
cultures maintained under identical conditions.
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The early events in the adenovirus replicative
cycle, as well as the synthesis and polyadenyla-
tion of late mRNA, occurs normally, whereas
viral capsid proteins are present in greatly re-
duced quantities (1, 9, 11, 12, 28, 31). Most
recently, the defective step in the infectious
cycle has been shown to involve an inability of
the late mRNA to form polyribosomic com-
plexes (12, 22). This block in adenovirus replica-
tion can be overcome by co-infection with SV40
(27). A productive adenovirus cycle will also
occur in most SV40-transformed simian cells (5,
34). Recently, it has been demonstrated that
high-salt extracts of ribosomes from SV40-
transformed monkey cells contain a factor that
can catalyze the binding of late adenovirus
mRNA to ribosomes with the result that 80S
initiation complexes are formed (22).

In this study, both SV40 and adenovirus type
7 (Hu), as well as SV40 DNA, were used to
characterize the newly derived simian cells
with respect to their susceptibility to superin-
fection. GMK/PARA-7-1 and TC-7 cells were
included as control lines. The results of these
superinfection studies are summarized in Table
6. Whereas the normal simian line, TC-7, repli-
cated both SV40 virus and DNA to high titers,
it failed to support the growth of the human
adenovirus. The GMK/PARA-7-1 line proved
highly susceptible to adenovirus as well as to
SV40 virus and viral DNA. In contrast, the
SV40-transformed simian lines were com-
pletely resistant to superinfection by mature
SV40 virus. Likewise, when infectious SV40
DNA was used all of the lines remained refrac-
tory, indicating that the block in replication
was not solely at the level of adsorption, pene-
tration, or uncoating.
Adenovirus replicated efficiently in three of

the four transformed cell lines, GMK/WT,
GMK/A28, and GMK/B415, titers of 105 to 10"
PFU/ml being obtained at 96 h postinfection.
The GMK/B410 line, however, was unable to
support the complete replication of adenovirus
7. Immunofluorescence tests were performed to
determine whether adenovirus 7 T and/or V
antigens were being synthesized in this cell
line. Approximately 10% of the cells in each of
the cultures, including the GMK/B410 cells,
were positive for both adenovirus T and V anti-
gens. Additional experiments are being per-
formed to better characterize the block in ade-
novirus replication in the GMK/B410 cells.
The transformed simian cells were further

examined to determine if there was any effect
of temperature on the ability of the cells to
complement the growth of adenovirus. The
cells were passaged two times at 33 or 40.5 C
before the experiment was initiated. The super-
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infected cells were incubated at 33 or 40.5 C for
96 or 72 h postinfection, respectively. The titers
obtained are summarized in Table 7. As noted
in the previous experiments, effective comple-
mentation was obtained with the GMK/WT,
GMK/A28, GMK/B415, and GMK/PARA-7-1
cell lines. In addition, the SV40 helper activity
remained functional regardless of the tempera-
ture of incubation. No significant differences in
titer were obtained when the experiment was

performed at the nonpermissive temperature.
A negligible increase in the adenovirus titer
was obtained at both temperatures after super-

infection of the GMK/B410 cell line.

DISCUSSION
In general, the SV40-transformed simian

cells derived for this study can be distinguished
from the parental GMK line by several charac-
teristics, including an enhanced life span, the
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constitutive production of SV40 T antigen, a
resistance to superinfection by SV40 virus or

viral DNA, and, with one exception, an ability
to complement the growth of human adenovi-
rus type 7. Similar patterns were observed
whether the cell lines were derived after infec-
tion by a ts mutant or a WT virus. Each of the
properties described was found to be expressed
independent of the temperature of incubation,
indicating that the gene A protein does not
appear to be essential for the continued expres-
sion of these properties. Unlike the SV40-trans-
formed mouse, hamster, and human cells,
which possess many of the classical properties
commonly associated with transformation, the
SV40-transformed simian cells failed to exhibit
any consistent or dramatic alteration in pat-
terns of growth control or membrane function
relative to primary or stable lines of normal
monkey cells.
As mentioned previously, the isolation of

TABLE 6. Ability of normal and SV40-transformed simian cells to support the replication ofSV40 virus,
SV40 DNA, or adenovirus 7a

Virus yields (PFU/106 cells) p.i. with:

Cell line SV40 WT virusb SV40 WT DNAb Adenovirus 7c

6hp.i. 96hp.i. 6hp.i. 96hp.i. 6hp.i. 96hp.i.

TC-7 <1.0 x 101 1.0 x 108 2.7 x 103 6.0 x 107 5.0 x 101 <1.0 x 101
GMK/PARA-7-1d <1.0 x 101 3.0 x 107 <1.0 x 101 6.0 X 106 <1.0 x 101 1.4 x 106
GMK/WT <1.0 x 101 <1.0 x 101 <1.0 x 101 <1.0 x 101 1.5 x 102 4.0 x 106
GMK/A28 <1.0 x 101 <1.0 x 101 <1.0 x 101 <1.0 x 101 8.0 x 102 1.5 x 106
GMK/B410 <1.0 x 101 <1.0 x 101 <1.0 x 101 <1.0 x 101 1.4 x 103 2.5 x 102
GMK/B415 <1.0 x 101 <1.0 x 101 <1.0 x 101 <1.0 x 101 <1.0 x 101 1.0 x 107

a Cultures of each of the cell lines were exposed to 5 PFU of SV40 or adenovirus type 7 per cell or 0.1 PFU
of SV40 DNA per cell. Replicate cultures were harvested by freezing and thawing at 6 and 96 h postinfection
(p.i.). The amount of virus per culture was determined by plaque assay techniques as described in Materials
and Methods.

b Assayed in TC-7 cells.
r Assayed in human embryonic kidney cells.
d Primary GMK cells transformed in vitro by PARA-adenovirus 7.

TABLE 7. Effect of temperature on the enhancement of adenovirus replication by normal and SV40-
transformed simian cellsa

Adenovirus 7 yields (PFU/10" cells) Ratio of

Cell line Permissive temp (P) Nonpermissive temp (NP) yields (P/
6hp.i. 96hp.i. 6hp.i. 96hp.i. NP)

TC-7 2.5 x 102 <1.0 x 101 1.5 x 102 <1.0 x 101
GMK/PARA-7-1 <1.0 x 101 4.5 x 106 5.0 x 101 2.8 x 106 1.6
GMK/WT 1.5 x 10:1 2.4 x 107 4.2 x 102 9.0 X 106 2.7
GMK/A28 1.4 x 103 3.3 x 107 9.0 X 102 9.5 x 106 3.5
GMK/410 1.3 x 104 4.5 x 104 1.0 X 104 7.0 x 104
GMK/B415 8.5 x 101 3.0 x 107 1.9 X 102 1.2 x 107 2.5

a Replicate cultures of cells were infected with 5 PFU of adenovirus type 7 per cell and incubated at the
permissive or nonpermissive temperature. Cultures were harvested by freezing and thawing at 6 and 96 h
postinfection (p.i.). The amount of infectious virus present was determined by plaque assay in human
embryonic kidney cells.
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SV40-transformed simian cells is, at best, a
rare event which is difficult to quantitate. Con-
sequently, little is known about the mechanism
of conversion of primary cells to the trans-
formed state. Important facts such as the type
of cell that becomes transformed, the properties
of the virus that initiates the conversion, and
the mechanism controlling the expression of
the SV40 genome in the absence of a classical
transformed phenotype remain undetermined.
However, the biological properties of a variety
of transformed cells derived in several different
laboratories suggest that the nature of the in-
fecting virus, as well as the host cell, plays an
important role in determining the outcome of
the interaction.

In general, the cell lines isolated to date can
be divided into three basic classes. The first
class is comprised of a cell line (T-22) that pos-
sesses the characteristics of a culture trans-
formed by a defective viral genome; that is, the
cells can support the replication of a superin-
fecting SV40 genome but fail to yield infectious
virions by the fusion (14, 34) or DNA transfec-
tion techniques (2). In fact, these cells were
derived after exposure to a heavily irradiated
virus population. Cells (GMK/EVa) that have
the ability to replicate superinfecting SV40 ge-
nomes as well as produce infectious progeny
after fusion with normal GMK cells represent a
second class of cells that have been isolated (18,
35). This type of cell line could have been de-
rived from a rare permissive cell that has irre-
versibly integrated and partially repressed an
intact, nondefective viral genome. Finally,
some cell lines (BSC-1-S, P-58-2) have been de-
rived that are resistant to superinfection by
SV40 virus or viral DNA, yet yield infectious
virus by various rescue techniques (20, 34). The
experimental evidence available indicates that
all of the cultures isolated in this study appear
to fall into the latter category. The most plausi-
ble explanation is that, first, each line arose
from a variant cell in the heterogeneous GMK
population, which is either mutated or in a
different stage of development such that it is
deficient in some factor essential for the repli-
cation of the viral genome, and, second, a non-
defective viral genome has become stably asso-
ciated with the host cell DNA.

Recent experiments using semi- and nonper-
missive cells transformed by ts mutants of
SV40 have suggested that the continuous
expression of the A gene is required to main-
tain the transformed phenotype (3, 17, 21, 25,
39). This finding represents the first direct evi-
dence that the mere integration of the viral
genome into the host cell is not sufficient to
cause transformation; rather, some active par-
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ticipation of a viral gene product is required for
this event. Cells of mouse, hamster, rat, and
human origin behaved similarly, indicating
that the gene A protein can interact in a simi-
lar manner in cells that are either semipermis-
sive or nonpermissive for SV40 replication. In
the lytic infection, the gene A protein, which
may in fact be T antigen (24, 37, 38), has been
shown to be directly required for the initiation
of viral DNA replication (36). Preliminary evi-
dence has also indicated that cellular DNA syn-
thesis is not enhanced after infection of normal
cells by the tsA mutants at 42.5 C (6).
Based on this evidence, a working model has

been devised to explain the mechanism of
transformation of semi- and nonpermissive
cells by SV40 (Fig. 5). Briefly, this model pre-
dicts that the SV40 gene A product can also
function either directly or indirectly to initiate
cellular DNA replication and that an alteration
in the specific sequence of replication can lead
to aberrant patterns of growth and result in
expression of the transformed phenotype. In
this model there are two factors that contribute
to the development of the transformed state.
The first, the site of integration of the viral
genome in the cellular chromosome, would de-
termine if or when within the cell cycle the
viral genome is expressed and the gene A pro-
tein (VI) is produced. The second, the target site
of this protein, would determine the degree to
which the normal cell regulatory functions are
perturbed. The activity of the gene A protein
might be restricted to the initiation site of the
integrated viral genome (VO) or the regions in
the cellular genome that are homologous to it.
In addition, or alternatively, the V, might be
able to interact with the normal cellular initia-
tion site(s) (C1..l ), during which time the cell
initiator (C,) may possibly be rendered nonfunc-
tional.
Nothing is known about the state of the viral

genome in the transformed simian cells. Since
T antigen appears to be produced constitu-
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FIG. 5. Model for the mechanism of transforma-
tion by SV40. See Discussion for specific details.



SV40-TRANSFORMED SIMIAN CELLS

tively in greater than 99% of the cells, a rela-
tively stable association between viral and cel-
lular genetic material probably exists. How-
ever, the viral DNA could be linearly inte-
grated into cell DNA by covalent or alkali-
labile linkages or it could be present in a non-

linear state in close association with the cellu-
lar chromosome.
The results of this study suggest that, al-

though the cells were stably altered in several
parameters, many of the phenotypic changes
that occur in SV40-transformed mouse, ham-
ster, and human cells are not present in these
transformed simian cells. However, this does
not appear to be the only situation that can

exist. At least one line of transformed monkey
cells (GMK-EVa) has been shown to have some

altered growth properties relative to those of
normal cells (7). These cells, which exhibit an

increased saturation density and a decreased
serum requirement, are also able to grow on

monolayers of certain cells as well as form
colonies in soft agar.

It becomes apparent, then, that several
transformed simian cell lines from each of the
classes described must be screened for charac-
teristic phenotypic alterations before any con-

clusions can be drawn regarding the growth
behavior of transformed simian cells in gen-
eral. It is possible that a spectrum ofphenotypic
changes can exist and that transformation of
simian cells cannot be described as an "all or

none" phenomenon. This type of spectrum has,
in fact, been demonstrated recently in SV40-
transformed rat and mouse cells (32). If a simi-
lar situation can be found in transformed mon-

key cells, then the basic tenets of the model
described earlier would also apply in general to
the transformed simian cells.

Specifically, however, working models can be
devised to explain the observed phenotypic
characteristics of the cells derived in the study.
The first model, which assumes that a func-
tional gene A product is produced in the trans-
formed simian cells, predicts that the V, acts on
the VO, which is integrated at or near a normal
CO site, and that, once initiated, the synthesis
of DNA continues through the viral genome
into the region of cell DNA, triggering a com-

plete round of replication. Since there is no

alteration in the sequence of replication of cell
DNA, synthesis having been initiated near a

normal cell initiator site, the existing regula-
tory controls remain operative and the cells
appear phenotypically normal. However, since
cell DNA synthesis is repeatedly stimulated by
the interactions of the VI with the VO, the natu-
ral senescence of the cells is overcome and the
cells become "immortal."

If the maintenance of this immortalized state
is dependent upon the continued functional in-
tegrity of the V1 protein, then theoretically, the
GMK/A28 cells should become senescent after
continuous passage at the nonpermissive tem-
perature. As indicated previously, each of the
cell lines has been passaged up to four times at
40.5 C with no apparent effect on the life span
of the cells. However, in the lytic cycle, the A
mutants exhibit some functional "leak" at the
nonpermissive temperature (40.5 C). To reduce
the leak of the gene A protein, Chou and Mar-
tin (6) assayed the ability of the A mutants to
stimulate host cell DNA synthesis in permis-
sive cells at 42.5 C. It was determined that the
tsA mutants were deficient in the enhancement
function at the elevated temperature. The re-
sults of their experiment suggest that all leak
must be abolished to establish the true nature
of a mutated protein. Passage of the GMK/A28
cells at a higher temperature might serve to
eliminate all activity of the V, returning the
cells to normal growth patterns and eventual
senescence.
A second or alternative model suggests that

"immortalization" is an event that occurs inde-
pendent of the action of the viral genome. Since
stable lines of monkey cells can be derived from
primary cultures, certain cells in the original
heterogeneous population probably possess an
innate ability to overcome senescence. An en-
hanced life span might result from some type of
cellular maturation or differentiation which
arises from an alteration in the existing growth
controls.

It is known that the viral gene A product,
which initiates viral DNA replication in the
lytic cycle, is required to maintain the trans-
formed phenotype of a number of different cell
types. Several lines of evidence have suggested
that T antigen may in fact be the gene A pro-
tein. This study has shown that the mere pres-
ence of an immunologically reactive T antigen
in the nucleus of transformed simian cells is not
sufficient to bring about classical transforma-
tion. The process of cellular transformation of
simian cells by SV40 would appear to require
other specific interactions between viral and
cellular genes and/or gene products that have
not as yet been identified.
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