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ABSTRACT

The purpose of this study is to distinguish two possibilities that the
transformed cells are blocked to enter a resting state (G0) and that they
enter but are persistently stimulated to return to a growing cycle, using
SV40-transformed r.v.l'l60 cells as a model system, rv.ll 60 is a temper

ature-sensitive (r\) mutant of a Fischer rat cell line (3Y1), which is
classified as a G0 mutant; i.e., the Is defect is not expressed within the
growing cell cycle but is expressed only between (.â€žand S phases. We
assumed that if the former possibility were the case, the transformed
cells would not show any is phenotype; and if the latter case, they might
be ts. All SV'40-transformed rU 160 clones grew at 34Â°Cas well as SV40-
transformed 3Y1 cells did at both temperatures. At 39.5Â°C,some SV40-

transformed rsJT60 clones grew (not ts) but others did not (rv) under
conditions adequate for growth of untransformed cells. When clones that
grew at 39.5Â°Cwere cultured under conditions inadequate for growth of

untransformed cells such as serum restriction or high cell density, they
were ts for growth or even cytocidal at 39.5Â°C.These results indicate
that all clones of SV'40-transformed rv.l160 cells are ts and the latter

possibility is the case.

an exponential growth phase it grows normally at both permis
sive and nonpermissive temperatures; and (b) when stimulated
by serum to leave G0 it enters S phase at the permissive
temperature, 34Â°C,but fails at the nonpermissive temperature,
39.5Â°C.fsJToO cells enter G0 at both temperatures when they

reach a confluent stage. The presence of such a mutant postu
lates the presence of a unique biochemical step between G0 and
S phase which is not involved in the progression of G, phase in
growing cycle.

The purpose of the studies in this paper is to distinguish two
possibilities, that the transformed cells are unable to enter G0
phase and that they enter G0 but are persistently stimulated to
reenter a growth cycle, by using ttJT60 cells transformed with
SV40 virus or with DNA containing SV40 early gene as a
model system. We simply assumed that if the former were the
case, the transformed cells would not show any is phenotype,
and if the latter were the case, they would. The results indicate
that the latter is the case.

INTRODUCTION

Although transformed cells in culture are not always equated
to true neoplastic cells in vivo, the use of cell lines transformed
by either chemical carcinogens or viruses offers a possibility for
studying those alterations in growth controls that are prominent
in neoplastic cells. Among characteristics in vitro that distin
guish transformed cells from untransformed cells, saturation
density, piling up, serum requirements, and anchorage depend
ency are well established. It is also claimed that under nutri
tional conditions restrictive for growth, normal cells arrest
growth and remain viable for a relatively long period, whereas
transformed cells still grow or die off under severer conditions
(1-5). Other reports showed that normal cells ceased to grow
and survive by the treatment with several inhibitors whereas
transformed cells continue to grow or die (6, 7). From these
observations, it is sometimes stated that "transformed cells are
less capable or incapable of entering a resting phase (G0)." Even

if it is true that transformed cells fail to stay in ( ;â€žunder
suboptimal conditions under which normal cells can stay in Ci,,.
it is still uncertain whether transformed cells are blocked from
entering G0 or enter G<>but are persistently stimulated to return
to a growth cycle. Such a property of transformed cells, if
applicable to neoplastic cells in vivo, could influence a strategy
for cancer chemotherapy. However, these two have not been
discriminated because of a lack of an appropriate experimental
system or marker to detect whether the cells pass through Go
transiently.

Recently, a unique temperature-sensitive (ts) mutant of cell
cycle, fsJT60 (8, 9), was isolated from a Fischer rat cell line.

satisfies the following criteria of G0 mutant, i.e.: (a) in
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MATERIALS AND METHODS

Cell Culture. 3YI is a diploid fibroblast line from a Fischer rat
embryo (10). iiJT60 is a Go-specific M mutant isolated from 3Y1 (8).
Both cell lines and their transformed clones isolated as described below
were cultured in Dulbecco's modified Eagle's medium supplemented

with 10% fetal bovine serum. For WJT60 and its transformants, the
permissive temperature is 34Â°Cand the nonpermissive temperature is
39.5"C. Routine checking by autoradiography (11), the uridine-uracil

method (12), and a Mycotrim TC kit (Hana Media, Inc., Berkeley, CA)
revealed no contamination with mycoplasmas.

Transformation and Transfection. When 3Y1 or rvlT6() cells plated
in 60 nun dishes reached a confluent stage, the culture fluid was
changed to serum-free Dulbecco's modified Eagle's medium. After
incubation for 24 h, the medium was removed and 0.5 ml (I x IO7
plaque-forming unit) of SV40 suspension (small plaque strain 777:
original stock was a kind gift of Dr. N. Yamaguchi) was overlaid for 2
h. Then the cells were trypsinized and replated in 60-mm dishes at a
1:60 dilution. Medium was changed twice a week. Transformed foci
were isolated 3-4 weeks after the infection.

A plasmid-containing sequence of SV40 early gene, pMTI [a kind
gift of Dr. H. Ariga ( 13)], was transfected by the calcium phosphate
precipitation technique as described (14). The cells were seeded at a
density of 3 x 105/60-mm dish 24 h before transfection. Plasmid DNA

was linearized with EcoRl and applied at 20 tÂ¡\iDNA/dish. Trans
formed foci were isolated 3-4 weeks after transfection. In the present
paper, clones either transformed with SV40 virus or transfected with
pMTI were referred to as SV'40-transformed cells.

Immunofluorescent Staining of T-Antigen. Immunofluorescent stain
ing of T-antigen was done as described previously ( 15) by using antisera
from hamsters bearing SV40-induced tumor and fluorescent-labeled
anti-hamster IgG (rabbit).

RESULTS

Growth Properties and T-Antigen Content of SV40-trans-
formed Cells. Growth curves of SV'40-transformed fsJT60 are

presented in Fig. 1, a-d. They grew up to a high saturation
density at 34Â°C.When the same cells were cultured at 39.5Â°C,

they grew and reached an apparent stationary phase with lower
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saturation density than at 34Â°C.A considerable fraction of cells
continuously detached at 39.5Â°Cfrom the culture surface. The
cells cultured at 39.5"C were flat in both exponentially growing

and stationary phases (data not shown). Including the other 3
clones isolated (data not shown), growth characteristics as
mentioned above were similar between cells transformed with
SV40 virus and those transformed with pMTl DNA. Unex
pectedly, these differences in growth and morphology between
two temperatures were also observed in SV40-transformed 3Y1
cells (Fig. 1, e and /) except that a fraction of cells detached
from the culture surface at 39.4Â°Cwas smaller in SV40-trans-

formed 3Y1 cells.
The nuclei of all transformed clones isolated were T-antigen

positive by immunofluorescent staining (see Fig. 2). It was
found that a gradual loss of T-antigen occurred at 39.5Â°Cin

both transformed fsJT60 and transformed 3Y1 clones with time
after the shift up of the culture temperature, although the extent
of loss varied among clones (Fig. 2, a-h). Upon a downward
shift of the temperature, T-antigen reappeared after a lag of 1-

2 days (data not shown).
Several other transformed clones of tsJT60 cells could not

grow up to confluent stage at 39.5Â°C,while they continued to
grow at 34Â°C(Fig. 3). Although the difference in growth char
acteristics between clones in Fig. 3 and those in Fig. 1, a-d,
was rather quantitative than qualitative, such a type of clones
as presented in Fig. 3 has never been isolated from 3Y1 cells
(clones examined are listed in Table 3). Some of these trans
formed fsJT60 clones (Fig. 3, b and d) maintained the cell
number at 39.5Â°Cfar below confluency, but they were not really

growth arrested. Rather, a considerable fraction of cells contin
ued to proliferate (suggested by [3H]thymidine incorporation)
and subsequently were shed off (data not shown). T-antigen
content, which varied among isolated clones as revealed by
immunofluorescent staining (compare Fig. 2, a-A, with Fig. 2,
/ and /') and by immunoprecipitation (data not shown), did not
appear to correlate with the ability to grow at 39.5Â°C.Whatever

the mechanisms are, it is obvious that clones such as those
shown in Fig. 3 are ts; therefore, further studies to determine
the temperature sensitivity of transformed-ttJT60 cells will be
focused on clones that grow well in log phase at 39.5"C (Fig.

\,a-d).
Growth of SV40-transformed tsJT60 Cells at Confluent Stage.

When the confluent cultures of transformed 3Y1 cells obtained
at 34Â°Cwere shifted to 39.5Â°C,they continued to grow for at

least the subsequent 2 days (Table 1). When the confluent
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Fig. 1. Growth of untransformed and transformed cells. Cells were plated in
35-mm dishes and cultured in Dulbecco's modified Eagle's medium containing
10% fetal bovine serum at 34'C (O) or 39.5'C (â€¢).a. SVJT60-2; b, SVJT60-7; c.
SVJT60-3a; d, SVJT60-6b; e, SV3Y1-2;/, SV3Y1-5; g, MJT60; h, 3Y1. a, b,
fjJT60 transformed with SV40 virus; c, d, isJT60 transformed with pMTl DNA;
e,f, 3Y1 transformed with pMTl DNA; g, A, untransformed cells.

cultures of transformed fsJT60 cells obtained at 34Â°Cwere
shifted to 39.5Â°C,they began to die (Table 1). T-antigen content
was apparently maintained for 2 days at 39.5Â°C.When untrans
formed fsJT60 and 3Y1 cells reached confluent stage at 34Â°C,

they simply ceased to proliferate regardless of the subsequent
temperature shift (Table 1), confirming the previous report (8).

Growth of Cells under Restrictive Serum Conditions. Growth
of SV40-transformed fsJT60 clones, which grew at the nonper
missive temperature in medium containing 10% serum (Fig. 1,
a-d), were is under serum-restrictive conditions (Table 2).
SV40-transformed fsJT60 cells tended to die in medium con
taining 0.5% serum at 39.5Â°C,while they continued to grow
slowly at 34Â°C.SV40-transformed 3Y1 cells could grow in

medium containing 0.5% serum at both temperatures (Table
2). Untransformed fsJT60 was more sensitive to serum depri
vation than 3Y1 but both cells could grow, although slowly, in
medium with 0.5% serum (Table 2). fsJT60 and 3Y1 cells
remained viable for 1 week even in a serum-free medium (data
not shown).

Colony-forming Ability. Colony-forming abilities of fsJT60
cells at 34"C and 3Y1 cells at both 34 and 39.5Â°Cwere roughly
similar, 40-65%, whereas that of fsJT60 at 39.5Â°Cwas about

5% (Table 3), confirming the previous results (8). The ratio of
colony-forming ability at 39.5"C to that at 34Â°Cwas about 1

for transformed 3Y1 cells and about 0.1 for transformed /sJT60
cells, indicating that the ts phenotype for the colony-forming
ability of fsJT60 is retained after transformation (Table 3).
Transformed fsJT60 clones, those that did not grow well at
39.5Â°C(Fig. 3), showed a much lower ratio, on an order of 0.01

or less.

DISCUSSION

A large body of evidence has been accumulated indicating
that neoplastic cells in vivo and transformed cells /// vitro
produce gene products, intracellularly or extracellularly, which
stimulate themselves to proliferate: (a) a number of tumor cells
produce growth factors which stimulate proliferation (16); (/>)
oncogenes, those identified either as integral parts of the ge
nome of RNA tumor viruses or as transforming sequence of
tumor cell DNA, are assumed to be derived from cellular
protooncogenes; these, at least in part, participate in the induc
tion of cell proliferation (17); (c) gene products of the early
region of DNA tumor viruses, such as T-antigens of SV40 and
polyoma virus or El gene products of adenoviruses, are respon
sible for the induction of DNA synthesis in Go-arrested cells
and contribute to a defect in the growth control of transformed
cells (18). These observations are consistent with the statement
that transformed cells are incapable of normal regulation of
proliferation and are less capable of staying in G0 phase, but
there is no evidence at all that the transformed cells fail to enter
Go phase.

In this study we aimed at distinguishing two possibilities,
that transformed cells do not enter (>,, phase and that trans
formed cells enter G0 phase but are immediately stimulated to
leave there, using the SV40-transformed G0 mutant cells as a
model. As described in the "Introduction," we simply assumed

if the former were the case transformed fsJT60 cells are not ts
and if the latter were the case transformed cells are still is,
because the ts mutation of fsJT60 is not phenotypically ex
pressed within the growing cell cycle but is expressed only
between G0 and S phase. Although there are considerable
variations in growth properties among SV40-transformed
clones from fsJT60, the results show clearly that transformed
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Fig. 2. Immunofluorescent staining of I
antigen. The cells were cultured on glass cover-
slips at 34'C (a, c, e, g, i,j) or at 39.5Â°Cfor
7-10 days (b, d.f, h) and stained for T-antigen.
a. h. SVJT60-2: c, d. S VJT60-66; e,/, SV3YI -
5; g, h, SV3Yl-d; i, SVJT60-5e;y, SVJT60-
7a. Bar. MIOâ€žm.

fsJTÃ³Ocells are more or less temperature sensitive in their
growth phenotype. Loss of T-antigen in SV40-transformed
r$JT60 cells when cultured at 39.5Â°Cwas unexpected but was

also observed in SV40-transformed 3Y1 cells.
Since, despite physiological characterization (8, 9, 19-22),

the molecular nature of the ts mutation in fsJT60 is far from
being understood, we cannot validate further the propriety of
the above assumption. Instead, the rest of the discussion will
be focused on showing that the growth properties of SV40-
transformed fsJT60 are compatible with the hypothesis that
transformed cells enter and pass through G0 under certain
conditions.

Many of the SV40-transformed teJT60 clones grew at both

permissive and nonpermissive temperatures under culture con
ditions favorable for growth of untransformed cells (Fig. 1).
This is reasonable because the original fsJT60 cells grow at
both temperatures (Ref. 8; Fig. 1). However, these SV40-
transformed fsJT60 cells died rather than arrested growth at
39.5Â°C under conditions restrictive for growth of untrans

formed cells, such as serum restriction (Table 2) or high cell
density (Table 1). In the literature, ts mutants, which show a ts
phenotype of d block, become highly lethal at the nonpermis
sive temperature after transformation with SV40 (23) or poly-
oma virus (3). This was explained by the fact that transformed
cells were made metabolically imbalanced at the nonpermissive
temperature due to continuous growth stimulation with virus
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Fig. 3. Growth of SV40-transformed Â«JT60cells. The cells were plated in 35-

mm dishes and cultured in Dulbecco's modified Eagle's medium containing 10%
fetal bovine serum at 34'C (O) or 39.5T (â€¢).a. SVJT60-1; b, SVJT60-3b; c,
SVJT60-5e; d, SVJT60-7a.

Table 1 Changes in cell number of SV40-transfarmed and unlransformed
cells at confluent stage

Cells were plated in 35-mm dishes and cultured at 34"C. As they reached
confluent stage (day 0), half of them were transferred to 39.5"C and cultured for
2 days. The rest of cells were cultured at 34'C. Numbers in parentheses indicate

a ratio of cell number on day 2 to that on day 0. Each value represents a mean of
two determinations.

CelllinesUntransformed

3Y1
HJT60SV40-transformed

SV3Yl-a
SV3Yl-b
SV3Y1-CSVJT60-2

SVJT60-6b
SVJT60-3aCell

no.DayO2.9(1.00)

3.1(1.00)7.8(1.00)

4.5(1.00)
7.4(1.00)13.1(100)

6.4(100)
3.7(100)(x

10' cells/35-mmdish)Day

2
(34-C)3.0(1.03)

3.7(1.16)16.0(2.05)

8.8(1.96)
16.0(2.16)33.0

(2.36)
20.0(3.13)

6.5(1.76)Day

2
(39.5-C)3.2(1.07)

2.7(0.87)14.0(1.79)

8.6(1.90)
13.0(1.76)7.6

(0.54)
5.0 (0.78)
2.1 (0.57)

Table 2 Growth of SV40-transformed and Untransformed cells in serum-deprived
medium

Cells were plated in 35-mm dishes and cultured for 2-3 days at 34'C in
medium containing 10% serum. Then they were washed with serum-free medium
(day 0) and cultured in serum-deprived medium for 4 days at either 34 or 39.5'C.

Each value represents a mean of two determinations.
Cell no. (x 10*/35-mmdish)Day

4Cell

linesUntransformed

3Y1
MJT60SV40-lransformed

SV3Y1-8
SV3Yl-b
SV3Y1-CSVJT60-3a

SVJT60-2
SVJT60-6bDay

05.7

6.217.0

9.0
4.7S.I17.0

12.00.5%34'C12.3

9.978.2

74.7
38.112.2

35.7
37.2serum39.5'C14.37.469.7

46.8
29.12.4

4.4
11.51%

serum34'C18.2

14.398.6

83.7
47.213.8

44.2
46.839.5'C16.5

8.771.447.7

36.73.2

12.1
18.310%

serum34-C35.9

29.8211160

12062.2

230
81.639.5'C37.1

14.913972.3

64.911.2

62.9
51.6

gene products (T-antigen) and to the ts defect in cellular func
tion operating during G, progression (3,23). SV40-transformed
Go mutant cells may also become lethal when they traverse
from Go toward S phase at the nonpermissive temperature.

Several clones of SV40-transformed KJT60 cells did not grow
well at 39.5Â°C(Fig. 3). Although it is obvious that they have a

Table 3 Colony-forming ability
Cells were plated in 60-mm dishes and cultured for 10 days at 34'C or 39.5'C.

Then they were fixed with ethanol and stained with Giemsa solution. Colonies
with diameters larger than 1 mm (m.ijority, more than 3 mm) were scored. There
were 100-1000 plated cells/dish. Each value indicates a mean of three determi
nations.

Plating efficiency (%)
GrowthatClonesUntransformed3Y1MJT60SV40-transformedSV3Y1-5SV3Yl-aSV3Yl-bSV3Y1-CSV3Yl-dSVJT60-2SVJT60-7SVJT60-USVJT60-2aSVJT60-2bSVJT60-3aSVJT60-6bSVJT60-1SVJT60-3bSVJT60-5dSVJT60-5eSVJT60-7a39.5-C

34-C+Â°

64.7+

41.7+

82.6+
98.0+
66.6+
74.7+
43.4+

78.5+
52.4+
66.9+
96.6+
52.9+
32.8+
85.8-

66.753.353.028.538.039.5'C67.64.887.294.065.278.343.422.26.812.924.86.37.212.20.31.01.10.50.0339.5-C/34-C1.04*0.121.060.960.981.051.000.280.130.190.260.120.220.140.0050.020.020.020.001

' Cells grew at 39.5'C as shown in Fig. 1.
b Ratio of colony-forming ability at 39.5'C to that at 34'C.
' Cells failed to grow to confluency at 39.5'C as shown in Fig. 4.

ts phenotype, we have not yet studied the precise mechanism of
temperature sensitivity. One of the possibilities is that they
produce a growth factor like transforming growth factor ÃŸto
various extents. Transforming growth factor ÃŸalso acts as a
growth inhibitor in various epithelial cells including cancer cells
(24). If such a factor was produced by clones of SV40-trans-
formed fsJT60 cells and if it had an inhibitory effect of growth
of the resulting cells entering G0, a ts growth phenotype such
as is shown in Fig. 3 could be explained similarly as discussed
above.

The results presented here have dealt with only a comparison
between SV40-transformed cells from ttJT60 and those from
parental 3Y1. Our preliminary' experiments indicated that ts-

JT60 cells transformed with adenoviruses or with DNA con
taining v-K-ras or early genes of polyoma virus were also is in
their growth characteristics or were even cytocidal at the non-
permissive temperature (21).3 Although these results are com

patible with the hypothesis that transformed cells enter and
pass through ( â€¢,,phase under suboptimal growth conditions,
the final conclusion should wait until the molecular nature of
the ts mutation in fsJT60 cells is elucidated or other appropriate
system can be applied. Despite these reservations at present,
our observations may shed a new light on the kinetic behavior
of transformed cells.
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