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ABSTRACT Replication of two Chinese hamster embryo
cell lines transformed by an early temperature-sensitive mutant
of simian virus 40, tsAS8, was examined by flow microfluo-
rometry and autoradiography of [3H~thymidine-labeled cells
in order to determine whether transformed cell DNA synthesis
is initiated by the virus A gene. At the permissive temperature
(370), cells transformed by the mutant were like the wild-type
virus transformants in appearance, colony-forming ability, high
saturation density, and rapid replication. At the nonpermissive
temperature (40.50), the tsA58 transformed cells resembled
normal embo fibroblasts and seem to return to normal growth
patterns. Althoug both mutant transformed cell lines at 40.50
appeared to cease growth at low saturation density, the cells did
not enter a resting state, but continued to replicate. The cultures
were maintained at low densities by a balance among cell rep-
lication, cell death, and sloughing of dead cells into the super-
natant. These results suggest that the simian virus 40 A gene
function effected by the tsA58 mutation does not prevent Chi-
nese hamster embryo transformed cells from entering a resting
state, although the gene may control other phenotypic charac-
teristics of transformation.

One approach to understanding neoplasia has been to study cells
transformed by temperature-sensitive virus mutants at tem-
peratures permissive and nonpermissive for the function of
specific viral genes. In this way, the A gene of simian virus 40
(SV40) has been tentatively identified as the gene responsible
for initiation and maintenance of transformation in mammalan
cells (1-6). In the lytic system, the A gene initiates viral and
perhaps cellular DNA synthesis (6-8). It has therefore been
suggested that transformation of nonpermissive cells is main-
tained by the A gene product continuously initiating cell DNA
synthesis, which would free cell replication from its normal
control mechanisms (1-5, 9, 10).

If this "initiator" hypothesis is correct, cells transformed by
SV40 mutants that specify a temperature-sensitive A gene
product (tsA mutants) should not only lose the transformed
phenotype at the nonpermissive temperature, but also should
return to normal growth control, and arrest in the G1 (Go) phase
of the cell cycle at confluence as normal cells do. When grown
at the permissive temperature, the same cells should resume cell
cycle traverse in response to the functional A gene. This "ini-
tiator" hypothesis was tested by analyzing the cell cycle of
Chinese hamster embryo (ChH) cells transformed by wild-type
(WT) SV40 and the SV40 tsA mutant, tsA58. Several inde-
pendent methods of cell cycle analysis, including flow micro-
fluorometric determination of cell DNA content, were used.
The results of our studies suggest that the loss of the A gene
function represented by the tsA58 mutation does not allow

SV40-transformed ChH cells to arrest in the G1 (Go) phase of
the cell cycle.

MATERIALS AND METHODS
Viruses and Cell Cultures. WT SV40 and the tempera-

ture-sensitive group A SV40 mutant, tsA58, were obtained from
Peter Tegtmeyer. Virus pools were prepared and were plaque
assayed on CV-1 monkey kidney cells at 330 and 40.5° (11). The
presence of SV40-induced T or V antigen in infected cells was
demonstrated by indirect immunofluorescence (12).

Confluent secondary cultures of normal ChH fibroblasts (12)
were infected with 2-5 plaque-forming units of SV40 per cell
at 370 and subcultured frequently until morphologic trans-
formation was observed (five to six passages). This uncloned
population, selected only for rapid growth on plastic, was des-
ignated ChH A58. Another embryo cell culture was similarly
infected with WT or tsA58 SV40, but the cells were seeded into
soft agar (13) after morphologic transformation was observed.
The WT SV40-transformed clone (ChH WT-2) and the SV40
tsA58-transformed clone (ChH A58-1) were derived by picking
colonies that grew in the agar at 370. Only cultures less than 30
passages after infection were used. CV-1 cells were obtained
from the American Type Culture Collection. All cultures were
mycoplasma free, and were maintained in Eagle's minimal
essential medium supplemented with twice the normal con-
centration of amino acids and vitamins, and 5% fetal bovine
serum (Microbiological Associates), in a moist atmosphere of
5% C02/air. A single lot of serum was used in all experiments.
The permissive and nonpermissive temperatures were 330 and
40.5°, respectively, for CV-1 cells, and 370 and 40.5°, respec-
tively, for ChH cells.

Single cell suspensions for all studies were prepared by
trypsinization (14). Colony formation on plastic and saturation
density determinations were modified from Brugge and Butel
(1). Growth in soft agar was a modification of a described
technique (13). Virus was rescued from the transformed cells
by fusing each cell type to CV-1 cells at 330 (15).

Cell Cycle Analysis. Single cell suspensions were fixed in
70% ethanol/30% 50 mM MgCl2, and stained with mithram-
ycin, which binds stoichiometrically to DNA (16). The flow
microfluorometer FMF II at Los Alamos, NM, was used to in-
duce and measure fluorescence of the stained cells. Data are
displayed as a histogram with an abscissa representing the
number of cells and an ordinate representing fluorescent in-
tensity (channel number), which is proportional to cell DNA
content.

Abbreviations: SV40, simian virus 40; ts, temperature-sensitive; WT,
wild type; ChH cells, Chinese hamster embryo cells.
* To whom reprint requests should be addressed at Department of
Pathology B216, University of Colorado Medical Center, 4200 East
Ninth Avenue, Denver, CO 80262.
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Autoradiography of [3H]thymidine-labeled cells was per-

formed as described (17). Cells were considered labeled if more
than 20 grains over background were present over their nuclei
or mitotic figures. A total of 1000 cells were scored for each time
point taken.

RESULTS

Characterization of cells and virus
The appearance of the SV40-transformed and normal ChH cells
was compared at 370 and 40.50. At the permissive temperature,
cultures of both tsA58 transformed cell lines contained small
polygonal cells which readily formed multilayers, thus res-

embling the WT transformant, ChH WT-2. When the tsA58
transformants were grown at the nonpermissive temperature,
however, they enlarged, flattened, and grew as monolayers
which are almost indistinguishable from those formed by
normal ChH cells. When 106 cells of ChH A58, ChH A58-1, or

ChH WT-2 were injected into nude mice, rapidly growing,
poorly differentiated fibrosarcomas were formed.

Table 1 compares the growth properties of the cells at the
permissive and nonpermissive temperatures. Normal ChH cells
formed a few flat, lightly stained colonies on plastic at 370, but
failed to grow on plastic at 40.50 or in soft agar at either tem-
perature. In soft agar or on plastic, ChH WT-2 cells formed
many large colonies and reached much higher saturation
densities than the normal cells. At the permissive temperature,
the tsA58 transformants grew to high saturation densities and
formed colonies readily on plastic or in soft agar that resembled
those of ChH WT-2 cells. However, at the nonpermissive
temperatures, the colony-forming ability and saturation density
of both ChH A58 and ChH A58-1 were low like that of normal
cells.
Each cell line was fused to permissive CV-1 cells in order to

determine the temperature-sensitive phenotype of the trans-
forming virus. Virus rescued from the tsA58-transformed cells
was temperature sensitive and was nearly identical to the stock
SV40 tsA58 pool used for transformation, with regard to rep-
lication of viral DNA, V antigen synthesis, and plaque forma-
tion on CV-1 cells (data not shown). Virus rescued from ChH
WT-2 cells resembled the WT stock virus. Each cell type was,
therefore, transformed by the appropriate virus.

Thus, the characteristics used to define the transformed
phenotype (cell morphology, colony formation on plastic or on
soft agar, and saturation density) were quite temperature sen-
sitive in the tsA transformed cells. TheWT transformants were
also somewhat temperature sensitive, as has occasionally been
observed in other WT SV40-transformed cell populations (2,
3, 5, 18). The molecular mechanism of the thermal sensitivity
of transformed cells is a well described, but as yet poorly un-

derstood, phenomenon (19,20). Since the growth of the tsA58
transformed cells was always more sensitive to temperature than
wasWT cell growth, and at 40.50 the morphology of the tsA58
transformants returned to normal patterns as well, we therefore
expected the percentage of the tsA58-transformed cells syn-
thesizing DNA at 40.50 to roughly parallel that of normal em-
bryo cells.
Flow microfluorometric DNA content determinations
DNA content distribution patterns were examined in two types
of experiments. First, growth of the cells at 370 and 40.50 was
followed as in the determinations of saturation density (see
footnote, Table 1), with medium changes every other day. The
second protocol was identical, except that culture fluids were
not replenished during the experiment. This approach mini-
mized temperature fluctuations and allowed the cells to exhaust
the available nutrients. The results of daily DNA content
analysis were identical in both types of experiments and with
both tsA58 transformed cell lines, so only the patterns for ChH
A58-1 cells under the more stringent growth condition, cells
grown without medium replacement, are presented here.

Fig. 1 is a typical growth curve of the cells grown at 370 or
40.50 without medium replacement. Both in exponential
growth (Fig. 1, day 2) and in the plateau phase (Fig. 1, day 5),
flow microfluorometric analysis (Fig. 2) shows that most normal
ChH embryo cells (60-80%) had a 2C DNA content and were
therefore in the G1 phase of the cell cycle. Very few (5-15%)
of the cells were in the S phase. The remainder of the cells had
a 4C DNA content and so were in G2 or mitosis. In contrast to
normal cells, a large fraction (30-40%) of theWT transformants
at both temperatures, and the tsA transformants at 370, were
in S phase, and fewer were in G1, both during exponential

Table 1. Growth characteristics of normal and SV40-transformed cells at permissive and nonpermissive temperatures

Colony formation,
no. colonies/100 cells Saturation density,t

Cells Temperature Plastic* Agart no. cells/cm2 (X 10-5)

ChH 370 17 0 1.0
40.50 0 0 0.2

370/40.50 5.0
ChH WT-2 370 65 4.0 19.0

40.50 4.0 0.05 7.4
370/40.50 16.3 80.0 2.6

ChH A58 370 49 2.0 10.2
40.50 0.02 0.01 0.8

370/40.50 >1000 200 12.8
ChH A58-1 370 37 3.0 14.2

40.50 0.3 0.01 2.9
370/40.50 123.3 300 4.9

* Several cell concentrations were seeded into plastic dishes in Eagle's minimal essential medium with 10% fetal bovine
serum. Triplicates of each dilution were incubated at 370 or 40.50. The culture medium was changed every 3 days. After
10 days, colonies were fixed with methanol and stained with Giemsa. All colonies visible to the naked eye were scored.

t Several cell concentrations were seeded into soft agar. Triplicates of each dilution were incubated at 370 or 40.50. After
12 days, colonies containing 20 or more cells were scored with an inverted light microscope.
3 X 104 cells per cm2 were seeded into medium with 5% fetal bovine serum. Replicate cultures were incubated at 370 or
40.50. The medium was changed every other day. Duplicate samples were trypsinized and counted daily in a Coulter counter.
A plateau in cell counts for more than 3 days was considered to be the saturation density.
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FIG. 1. Growth curves of normal and SV40-transformed ChH
cells at permissive and nonpermissive temperatures. Cells (3 X
104/cm2) were seeded into plastic dishes in Eagle's minimal medium
with 5% fetal bovine serum, and cultured at 370 or 40.50. Medium was
not changed during the experiment. Duplicate samples were trypsi-
nized and counted daily in a Coulter counter. At the exponential phase
(solid arrow) and the plateau phase (open arrow) of growth, DNA
content of the cells was determined by flow microfluorometry.
(-U-) ChH WT-2, 370; (- -c3- -) ChH WT-2, 40.50; (-0-) ChH
A58-1, 370; (- -0- -) ChH A58-1, 40.50; (-*-) ChH, 370, ( - -)
ChH, 40.50.

growth or in plateau phase. This pattern is consistent with the
rapid growth of the cultures and the fact that even at saturation
density, transformed cells can continue to traverse the cell
cycle.
The "initiator" hypothesis predicted that tsA transformed

cells at the nonpermissive temperature would have a DNA
content distribution pattern similar to that of normal cells with
very few cells in the S phase of the cell cycle, especially during
the plateau phase when most apparent growth of the culture
had ceased. Flow microfluorometric analysis, however, showed
that the DNA content distribution pattern of the ChH A58-1
cells at 40.50 was almost identical to that of WT virus-trans-
formed cells and ChH A58-1 cells grown at 37°. There was no
evidence for a G1 block in the tsA58 transformants at the non-
permissive temperature in stationary phase cultures. Identical
results were obtained with the uncloned ChH A58 line and in
experiments in which the cultures were frequently fed. Thus,
despite the apparent loss of the transformed phenotype, growth
of tsA58-transformed ChH cells at 40.50 does not seem to be
like that of normal cells.
Autoradiography
There are several possible explanations for the large percentage
of tsA58 transformed cells in the S phase of the cell cycle at
40.5°, despite the apparent plateau in growth of the culture.
The first possibility, that progress of the cells through all phases
of the cell cycle is blocked, would suggest that the A gene is
involved in traverse of transformed cells through the entire cell
cycle. The second possibility is that once a certain saturation
density is reached, cell replication is balanced by cell death. To
distinguish between these two possibilities, the cultures depicted
in Fig. 1 were exposed to [3H]thymidine for 1 hr or for 48 hr at
the exponential and plateau phases of growth, and autoradi-
ography was performed. The results are presented in Table
2.

During exponential growth, many normal ChH cells were
in mitosis or were incorporating [3H]thymidine over their
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FIG. 2. Flow microfluorometric distributions of DNA content
of normal and SV40-transformed ChH cells at the permissive and
nonpermissive temperatures. Cell cultures are described in the legend
of Fig. 1. (Left) Exponential phase, 2 days after subculture (Fig. 1,
solid arrow). (Right) Plateau phase, 5 days after subculture (Fig. 1,
open arrow). (-*-) Cells grown at 370; (--- -) cells grown at
40.50.

nuclei. These fractions decreased, however, as the cells became
confluent. At both temperatures and in both growth phases,
many ChH WT-2 cells incorporated thymidine or were in
mitosis, as expected for transformed cells with little density-
dependent inhibition of growth.
The labeling pattern of ChH A58-1 cells at 370 resembled

that of the WT virus transformant. The large fraction of ChH
A58-1 cells with labeled nuclei at the plateau phase of growth
at 40.50 confirms the flow microfluorometric finding that many
of the cells were actively synthesizing DNA even when the
growth of the culture appeared to cease. Most of these cells
seemed to move freely through S phase and into mitosis because
almost all ChH A58-1 mitotic figures were heavily labeled in
a 48-hr pulse at 40.50. Identical results were obtained with the
uncloned ChH A58 cell line. To determine whether cell-to-cell
contact was necessary to allow the cells to enter a resting state,
we grew the tsA58 transformed cells at 370 until confluent and
then shifted them to the nonpermissive temperature. Regardless
of whether or not the medium was replaced at the time of shift
up, the cells at 370 continued to replicate, while the 40.50 cul-
tures ceased apparent growth within 24 hr (data not shown).
Autoradiography and flow microfluorometric analysis, how-
ever, showed that all of the cells at 40.50 were still actively
traversing the cell cycle.

Finally, time-lapse cinematography of the tsA58 transformed
cells was performed. At confluence at 40.50, many cells were
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Table 2. Autoradiography of [3H]thymidine-labeled normal and SV40 transformed ChH cells at permissive and
nonpermissive temperatures

% labeled nuclei* % labeled mitosest Mitotic indext
Cells Temperature Exponential Plateau Exponential Plateau Exponential Plateau

ChH 370 16 7 100 100 0.6 0.3
40.50 13 5 100 100 0.9 0.5

ChH WT-2 370 52 28 100 100 4.5 3.3
40.50 56 34 99 94 6.2 5.7

ChH A58-1 370 52 33 99 98 5.6 4.6
40.50 48 41 100 96 6.3 5.1

Cell cultures are described in the legend of Fig. 1. Exponential phase is 2 days after subculture; plateau phase is 5 days
after subculture.
* Percent of cells with grains over nucleus after a 1-hr pulse of [3H]thymidine, 0.5 1ACi/ml.
t Percent of mitotic figures with grains after a 48-hr pulse of [3H]thymidine, 0.1 MCi/ml.
t Mitotic figures per 100 cells.

released into the supernatant, while the remaining adherent
cells formed a monolayer. The cell loss seemed to take place
primarily during interphase and reflects cell death, since most
of the supernatant cells took up trypan blue and could not be
replated at 370 or 40.5°. The adherent cells, however, remained
viable, as shown by trypan blue exclusion, and could be sub-
cultured indefinitely at the nonpermissive temperature. If the
cultures were shifted from 40.5° to 370 in the absence of fresh
medium, the number of adherent cells began to increase within
24 hr (unpublished data). As expected for cells that continue
to replicate at both temperatures, after the shift down there was
very little change in the DNA content distribution patterns or
in the percent of cells incorporating [3H]thymidine.

These results demonstrate that tsA58-transformed Chinese
hamster cells do not return to normal growth patterns at 40.50
and do not arrest in the G1 phase of the cell cycle at con-
fluence.

DISCUSSION
The results of this study are consistent with previous reports that
the SV40 A gene maintains many of the properties of the
transformed phenotype (1-5). However, flow microfluo-
rometric analysis of cell DNA content showed that under con-
ditions where normal embryo cells enter a resting state, the
tsA58 transformants at 40.50 continue to replicate. The low
density of the mutant virus transformed cell cultures at 40.50
is simply maintained by a balance among cell proliferation, cell
death, and sloughing of dead cells into the culture medium,
rather than representing a return of the cells to normal growth
control. Since cell replication can be dissociated from other
phenotypic characteristics of transformation, it appears that
in this system loss of phenotypic characteristics of transfor-
mation cannot be explained by arrest of the cells in the G1 (Go)
phase of the cell cycle.

This unusual growth control mechanism was observed in
tsA58 transformed cell cultures derived from two different
batches of embryos, in both cloned and uncloned populations.
As recently described for transformation by polyoma virus (21),
we observed a considerable difference in the degree of tem-
perature sensitivity exhibited by the two SV40 tsA58 trans-
formed cell lines, depending on the method used to select the
cells. The growth control mechanism of the two cell lines at the
nonpermissive temperature, however, seems identical. Similar
growth patterns have also been observed for certain WT
SV40-transformed revertants of mouse 3T3 cells (22), SV40-
transformed 3T3 cells grown in low serum (23) or treated with
cyclic AMP (24), and temperature-sensitive mutants of chem-
ically transformed cells (25). We do not yet know why these

cells show the same growth pattern as ChH A58-1 cells, or
whether the same regulatory mechanism will be found in other
cell types transformed by tsA58.

In contrast to our results, Chinese hamster lung cells trans-
formed by another SV40 tsA strain, tsA239, appeared to cease
replication and failed to incorporate [3H]thymidine into DNA
at the nonpermissive temperature in depleted medium (10).
This behavior was interpreted as a return of the cells to normal
growth control in the absence of the A gene function.
We cannot completely explain the difference between these

two sets of results. Subtle differences between lung fibroblasts
and whole embryo fibroblasts, such as higher nonpermissive
temperature requirements, were considered. Even at 41.50,
when the WT transformants began to die and normal ChH cells
enter a resting state, tsA58 transformed cells were still incapable
of arresting in G1 (unpublished data). Another possible expla-
nation may be the slightly higher temperature used in our study
to select for transformants. Others also found it necessary to
select tsA transformants of certain cell types at 370 rather than
at 330 (J. Brugge, personal communication). Since our tsA
transformants display the full transformed phenotype at 330
as well as at 370 (unpublished data) and closely resemble the
lines selected by others at 330 (1, 3), we consider this explanation
for the different results unlikely. Transformation of the cells
by a revertant in the tsA58 stock was ruled out by the rescue of
temperature-sensitive virus from the ChH A58 cells. The viruses
used in the two studies are similar, since the mutations of both
viruses map within the same restriction endonuclease fragment
(26).
The major difference between these two studies may arise

in the methods used for the cell cycle analysis. Flow microflu-
orometric analysis of cell DNA content, now an established tool
for studying the cell cycle (27), is probably preferable to
methods relying solely on [3H]thymidine uptake in systems
where virus infection or temperature alone may interfere with
pool sizes or transport of DNA precursors (unpublished data),
thymidine kinase activity (28), or cell viability (16, 29). Indeed,
the use of [3H]thymidine, even short pulses, of low specific
activity, can actually induce a G2 block in Chinese hamster cells
(30). Flow microfluorometry can easily distinguish between
a resting state in the G1 phase of the cell cycle and such a G2
block (16).
An insight into the A gene function in transformed Chinese

hamster cells may be obtained by learning why tsA58 trans-
formed ChH cells replicate and die at the nonpermissive tem-
perature. Since other early SV40 mutants have been reported
to excise from the host cell genome at the nonpermissive tem-
perature (31), cell death resulting from virus reactivation at the
nonpermissive temperature was considered, but no significant
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amounts of virus have been found. The fact that the tsA58
transformants can be subcultured indefinitely at 40.50 suggests
that the cells are not simply senescing as normal fibroblasts in
cell culture ultimately do. Loss of the A gene function might
reduce the ability of some of the cells to survive the stress of the
elevated temperature, followed by compensatory "normal"
repopulation by the surviving cells. But normal ChH embryo
cells enter a resting state and do not die at the nonpermissive
temperature. Neither do the WT virus transformed cells die at
40.5°, which also suggests a different method of growth regu-
lation in the presence of a WT A gene product, and argues
against a nonspecific hyperthermic effect as the cause of cell
death.

Burstin and Basilico have described temperature-sensitive
cell mutants that enter Go at the nonpermissive temperature
(32). These mutants die when they are infected with polyoma
virus at the nonpermissive temperature, probably because
polyoma induces the cells to traverse the S phase of the cell cycle
in an unbalanced way. Could death of the tsA58 transformed
cells at 40.50 be due to a similar phenomenon, the conflict be-
tween two signals within the cell, one from a signal constantly
ipitiating cell DNA synthesis and the other a temperature-
sensitive function specifying a return to a more normal phe-
notype? With the recent discovery of other proteins encoded
by the SV40 early region (33), our results may be explained by
separate viral functions stimulating cell DNA synthesis and
maintaining transformation. Since the experiments presented
here and the results of Dubbs et al. (34) show that SV40 tsA
transformed cells continue replication at the nonpermissive
temperature, we believe that the "initiator" hypothesis for the
function of the A gene product in the maintenance of trans-
formation must be reevaluated.
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