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The function of the A gene of simian virus 40 (SV40) in transformation of
BALB/c-3T3 cells was investigated by infecting at the permissive temperature
with wild-type SV40 and with six tsA mutants whose mutation sites map at
different positions in the early region of the SV40 genome. Cloned transformants
were then characterized as to the temperature sensitivity of the transformed
phenotype. Of 16 tsA transformants, 15 were temperature sensitive for the ability
to overgrow a monolayer of normal cells, whereas three of three wild-type
transformants were not. This pattern of temperature sensitivity of the trans-
formed phenotype was also observed when selected clones were assessed for the
ability to grow in soft agar and in medium containing low concentration of serum.
The temperature resistance of the one exceptional tsA transformant could be
attributed neither to the location of the mutation site in the transforming virus
nor to transformation by a revertant virus. This temperature-resistant tsA trans-
formant, however, was demonstrated to contain a higher intracellular concentra-
tion of SV40 T antigen than a temperature-sensitive line transformed by the same
tsA mutant. A tsA transformant displaying the untransformed phenotype at the
nonpermissive temperature was found to be susceptible to retransformation by
wild-type virus at this temperature, demonstrating that the temperature sensitiv-
ity of the tsA transformants is due to the viral mutation and not to a cellular
defect. These results indicate that continuous expression of the product of the
SV40 A gene is required to maintain the transformed phenotype in BALB/c-3T3
cells.

Expression of the early region of the genome
of simian virus 40 (SV40) has been shown to be
both necessary (21, 39) and sufficient (1, 37) for
transformation of nonpermissive and semiper-
missive cells. Recently, several laboratories (7,
22, 28, 31, 40) examined the temperature sensi-
tivity of the transformed phenotype of cells
transformed by early temperature-sensitive
(tsA) mutants of SV40 in an attempt to define
the role of SV40 in the maintenance of the
transformed state. A major discrepancy within
these studies was the difference observed by two
laboratories in regard to the temperature sensi-
tivity of tsA-transformed mouse cells (7, 40).
Brugge and Butel (7) found tsA transformants
to be temperature sensitive; Tegtmeyer (40),
however, did not find this to be the case. Since
SV40-infected mouse cells have served as the
basis for much of our understanding of the in-
teraction between SV40 and nonpermissive cells,
it is crucial to resolve this discrepancy. Although
several differences in experimental procedure
might account for the different observations re-
ported by the two laboratories, one striking dif-

ference is that the cells studied by Brugge and
Butel (7) were transformed by tsA7, whereas
those studied by Tegtmeyer (40) were trans-
formed by tsA28 and A30. These three tsA mu-
tants map at different positions in the early
region of the SV40 genome (24, 26; Fig. 1), sug-
gesting the possibility that the reported differ-
ences in temperature sensitivity of the trans-
formed phenotype result from differences in the
site of the defect in the transforming virus.

This communication reports the result ofanal-
ysis of 19 clones of BALB/c-3T3 mouse cells,
each individually transformed by wild-type (wt)
SV40 or by one of six tsA mutants whose mu-
tation sites map at different positions within the
early region of the SV40 genome. The majority
of the tsA transformants, but none of the wt
transformants, are temperature sensitive for
maintenance of transformation. Differences in
the location of the defect in tsA mutants do not
appear to be responsible for differences in the
temperature sensitivity of the transformed phe-
notype. On the other hand, analysis of two lines
transformed by the same tsA mutant suggests
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that the degree of temperature sensitivity may
depend on the amount of SV40 T antigen pres-
ent. Finally, temperature-sensitive tsA trans-
formants that have been superinfected with wt
SV40 are resistant to temperature inhibition of
the transformed state, demonstrating that the ts
defect in the original tsA transformants lies in a

viral rather than a cellular gene. The results
reported here indicate that the continued
expression of the A gene function is necessary
for the maintenance of SV40-mediated transfor-
mation of BALB/c-3T3 cells.

MATERIALS AND METHODS
Virus and cells. wt SV40 strain 776 was derived

from plaque-purified virus as described (13). wt strain
VA45-54 and temperature-sensitive mutants of SV40
(tsA7, A30, A209, A241, A255, and A276) were gener-

ously supplied by Peter Tegtmeyer (39, 41) or by
Robert Martin and Janice Chou (10). Stocks of the ts
mutants were prepared at 330C by inoculating con-

fluent monolayers of the BSC-1 line of African green

monkey cells at multiplicities of infection (MOI) be-
tween 0.002 and 0.01 plaque-forming units (PFU) per

cell. BSC-40 cells (6) were used for titrating virus at
33 and 39.50C. BALB/c-3T3 cells, obtained from Dan-
iel Nathans, were grown in minimal Eagle medium
(MEM) with 20% fetal calf serum (FCS).

Celi transformation. Subconfluent BALB/c-3T3
cells (101 cells) growing in 1.5-cm wells at 330C were

infected at a series of multiplicities with wt SV40
(strain 776) or one of the ts mutants. Twenty-four
hours later, the cells were trypsinized and transferred
to a 10-cm petri dish in MEM with 5% FCS. After 4 to
6 weeks, colonies overgrowing the monolayers were

scored as transformants. Several colonies from each
virus infection were isolated and cloned at 330C by
plating a dilute cell suspension in MEM with 10% FCS
and selecting colonies originating from single cells.

Detection of SV40 T antigen. Indirect immuno-
fluorescence was performed with anti-T serum and
fluorescein-tagged anti-hamster serum generously pro-

vided by the Office of Program Resources and Logis-
tics, National Cancer Institute. Complement fixation
(CF) assays for the quantitation of T antigen in cell

extracts were performed as described by Anderson et
al. (3). Detection and quantitation of T antigen was

also performed by the protein A-immune complex
assay as described by Crawford and Lane (12). Briefly,
anti-T serum was added in excess to cell extracts, the
resulting immune complex was isolated on glass fiber
filters, and the amount of complexed immunoglobulin
assessed by addition of III-labeled protein A (a gift
from J. L. Claflin) from Staphylococcus aureus. The
amount of protein A bound is related to the amount of
immunoglobulin and hence of antigen on the filter.
Protein A binding is expressed as the percent of i211
counts added to the immune complex-containing filter
which remains bound to the filter after extensive wash-
ing.
Colony formation on monolayers of normal

cells. Cells growing at 330C were trypsinized and
plated at several concentrations (between 40 and 2 x

104 cells per well) onto confluent monolayers of
BALB/c-3T3 cells in 1.5-cm wells. Duplicate cultures
were incubated at 33 or 39.3°C, and the media were
changed every third day. Overgrowth of the monolayer
was monitored by examination under a dissecting mi-
croscope, and, on the tenth day, cultures were stained
with Evan blue as described by Mi,rtin and Chou (28).
Colony formation in soft agar. The technique

for colony formation in soft agar was based on that of
MacPherson and Montagnier (27). Basal layers (0.4
ml) of 0.75% Difco agar in MEM with 12.5% FCS were
formed in 1.6-cm wells, followed by the addition of 0.3
ml of 0.3% agar in MEM with 12.5% FCS containing
various dilutions of cells (between 50 and 5 x 103 cells)
which had been growing at 33°C. Duplicate cultures
were incubated at 330 or 39.3°C, and colony counts
were performed after 2 weeks by using a dissecting
microscope. Only colonies containing more than 10
cells were scored.
Serum requirement for cell growth. Approxi-

mately 104 cells that had been growing at 33°C were
seeded into 1.6-cm wells and allowed to attach at 33°C
in MEM with 10% FCS. Twelve hours later, medium
was replaced with MEM containing 1, 2, 5, 10, or 20%
FCS, and replicate cultures were incubated at 33 or
39.3°C. Cell counts and medium changes were per-
formed at daily intervals.

Cell division and incorporation of thymidine
into DNA after shift from nonpermissive to per-
missive temperature. Cells that had been growing
at 330C were seeded in replicate 1.6-cm wells (104 cells
per well) in MEM with 1% FCS and incubated at 330
and 39.50C. After 44 h, medium was replaced with 1
ml of MEM containing 1% FCS per well and 1 ,uCi of
[3H]thymidine (0.2 Ci/mmol). Nine hours after addi-
tion of the [3H]thymidine, one-half of the cultures at
39.50C were shifted to 33°C. Over the next 3 days, cell
counts and measurements of [3H]thymidine incorpo-
ration were made on replicate cultures at approxi-
mately 12-h intervals. To assess [3H]thymidine incor-
poration into acid-precipitable material, monolayers
were rinsed with cold phosphate-buffered saline and
lysed with 0.2 ml of 10 mM EDTA-0.6% sodium do-
decyl sulfate. Lysates were transferred to Whatman
GF/B ifiters which had been pretreated with 5% tri-
chloroacetic acid. Filters were washed with cold 5%
trichloroacetic acid followed by ethanol. Filters from
duplicate samples were dried, counted, and averaged.
Rescue of SV40 from transformed cells. The

procedure used to rescue SV40 from transformed cells
was a modification of that previously described (37).
Transformed 3T3 cells were seeded in 25-cm2 flasks
(105 cells per culture). After these cells had attached
(6 h, 330C), 3 x 106 BSC-40 cells were added to each
flask, and the culture was incubated for 18 h at 33°C.
The monolayer was then washed twice with coldMEM
without serum and exposed to UV-inactivated Sendai
virus (2,000 hemagglutinating units in 1 ml of MEM
without serum) and incubated on ice for 20 min. At
the end of the incubation, the Sendai virus was re-
moved and the monolayer again was rinsed twice with
cold MEM. MEM (2.5 ml) which had been pre-equil-
ibrated at 33°C was added, and the culture was further
incubated at 33°C for 60 min, after which 2.5 ml of
MEM with 20% FCS was added. Twelve hours later,
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the medium was replaced with MEM containing 2%
FCS, and incubation continued at 33°C for 8 days. At
this time, the cultures were frozen and thawed twice,
and the resulting lysates were sonically disrupted in a
Raytheon well sonicator for 4 min at maximum energy.
Endonuclease R analysis of DNA. Viral DNA

was labeled with 32P and then purified by Hirt extrac-
tion (18) and electrophoresis in 1.4% agarose gel slabs,
as described elsewhere (6). Viral DNA recovered from
agarose gels was concentrated by isopropyl alcohol
precipitation, dissolved in 10 mM Tris-1 mM EDTA
(pH 7.6), and subjected to digestion with endonuclease
R HindII + III (14). Hin fragments were separated by
electrophoresis in 4% polyacrylamide gel slabs, and
fragments were visualized by autoradiography.

RESULTS
tsA mutants used to induce transforma-

tion. It is possible, as mentioned above, that tsA
mutants that differ in the location of their de-
fects might differ in the temperature sensitivity
of the ability to maintain transformation. To
examine this possibility, BALB/c-3T3 cells were
transformed under permissive conditions by wt
SV40 and by six tsA mutants whose mutation
sites map at different positions in the early re-
gion. Cloned transformants were then character-
ized as to the temperature sensitivity of the
transformed phenotype. The six tsA mutants
used were A7, A30, A209, A241, A255, and A276
(10, 39, 41). A map of these mutants in relation
to the HindII + III cleavage map of SV40 as
determined by the marker rescue studies of Lai
and Nathans (24, 26) is shown in Fig. 1. The
mutation sites of tsA7 and A30 lie in Hin frag-
ments B and H, respectively. The other four
mutants, while all mapping within fragment I,
have their mutation sites at different locations
within this fragment, as determined by Lai and
Nathans (26) using a ts/ts heteroduplex infectiv-
ity assay.
Transformation of BALB/c-3T3 cells.

BALB/c-3T3 cells were infected with wt SV40
or with one of the six tsA mutants at various
MOIs ranging from 0.25 to 500 (see Table 1).
Cells infected with wt SV40, as well as those
infected with the ts mutants, were maintained
at 330C, an essential condition if the tempera-
ture sensitivities of maintenance of wt- and tsA-
induced transformation are to be compared. In-
dividual colonies of transformed cells were de-
tected some 4 to 6 weeks after infection as areas
of dense overgrowth on uniformly confluent
monolayers. Two to three colonies transformed
by each virus were isolated, shown by indirect
immunofluorescence assay to contain SV40 T
antigen, and subcloned at 330C. The various
transformed clones used for further studies are
listed in Table 1. The designation of each clone
indicates the strain of SV40 used for transfor-

~-1H>.~Ts A209,241,255,276

FIG. 1. HindII + III cleavage map ofSV40genome
(14) showing regions of early and late transcription
(20) and regions in which the six tsA mutants used in
this study have been mapped by marker rescue anal-
ysis (24, 26).

TABLE 1. Origin of transformed clones
Transforming virus MOI Clone

wt 200 WTBla
200 WTB3b
20 WTB4a

tsA7

tsA30

tsA209

tsA241

tsA255

tsA276

500
500

5

200
200

25
25
0.25

200
200

250
250
25

200
200
20

A7Bla
A7B4b
A7B5b

A3OB3a
A3OB4b

A209Blb
A209B2b
A209B4a

A241B1c
A241B2c

A255Blb
A255B2a
A255B4a

A276B2a
A276B3a
A276B4a

mation. Also shown are the virus-to-cell ratios
(MOI) at which the original infections were per-
formed. wt and all ts viruses transformed with
approximately the same frequency (about 105
PFU per transforming unit).
Temperature sensitivity of the ability to

grow on monolayers and in soft agar. To
assess the role of the SV40 A gene product in
the maintenance of the transformed state in
BALB/c-3T3 cells, the 19 transformants (Table
1) which had been transformed at 330C (the
permissive temperature for the tsA mutants)
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were tested for temperature sensitivity of the
transformed phenotype. This was done by plat-
ing the transformed cells on confluent monolay-
ers of normal 3T3 cells and comparing their
ability to form colonies at permissive and non-

permissive temperatures. Untransformed
BALB/c-3T3 cells plated on plastic forn colo-
nies a single cell thick; when seeded onto a

confluent monolayer, they are unable to form
colonies. Transformned cells, on the other hand,
have the ability to overgrow one another and
can form dense colonies when seeded onto a

normal monolayer. Using monolayer overgrowth
as the primary criterion for the temperature
sensitivity of the transformed phenotype has
two advantages. First, it is a criterion similar to
that used for the original selection of the trans-
formed lines. Second, a nonselective analysis of
SV40 transformation of mouse 3T3 cells by Ris-
ser and Pollack (35) has shown that SV40-in-
fected 3T3 cells which display this property also
possess the several other properties character-
istic of standard SV40-transformed cells.

The results of one series of monolayer over-

growth experiments are shown in the first three
columns of Table 2. In this and other studies
reported in this communication, 33°C was taken
as the permissive temperature and, unless oth-
erwise noted, 39.30C was taken as the restrictive

temperature. Other experiments performed un-
der similar conditions yielded similar results.
Comparison of the efficiency of plating, or col-
ony-forming ability, on monolayers at the per-
missive temperature (P) with that at the non-

permissive temperature (NP) for the 19 trans-
formed lines reveals that the P/NP ratios were

close to unity for the wt transformants, but 102
or greater for the majority of the tsA transform-
ants. The three wt transformants, then, were

temperature resistant for the ability to overgrow
a monolayer, whereas most ofthe tsA transform-
ants were temperature sensitive for this prop-
erty. The striking exceptions were lines A7B1a
and A3OB3a, which were nearly as temperature
resistant as the wt transformants.
As a further test of the temperature sensitivity

of the transforned phenotype, anchorage de-
pendence of multiplication of several of the
cloned lines was tested at the permissive and
nonpermissive temperatures. Untransformed
BALB/c-3T3 cells divide only if they are at-
tached to a solid surface. Transformed cells, on
the other hand, can grow when suspended in an
agar gel. As seen in the last three columns of
Table 2, the wt transformant was able to grow
in soft agar nearly as well at the permissive as at
the nonpermissive temperature (P/NP = 1.8).
In contrast, the P/NP ratio for five of the tsA

TABLE 2. Effect of temperature on ability of transformed cells to grow on normal monolayers and
in soft agar

EOpa on monolayer EOPa in soft agar

Cell line Expt 1 Expt 2

P Npb P/NP P NPC P/NP P NPb P/NP

WTBla 11.3 13.8 0.82 29.0 15.7 18
WTB3b 35.0 30.0 1.17 36.7 30.0 1.22
WTB4a 22.5 30.0 0.75
A7B1a 10.0 3.0 3.33 18.4 0.05 368 50.0 7.2 6.9
A7B4b 40.7 0.38 107 33.3 0.33 100 31.3 0.30 104
A7B5b 7.5 s0.01 2750
A3OB3a 42.5 17.5 2.43 25.0 8.4 2.97 68.0 3.8 17.9
A3OB4b 2.5 0.01 250 3.3 50.01 330 43.9 0.60 73.2
A209B1b 2.5 s0.01 2250
A209B2b 2.0 s0.01 2200
A209B4a 12.5 0.03 417 27.5 0.25 110
A241B1c 47.5 0.13 365
A241B2c 20.0 0.03 667
A255B1b 45.0 0.15 300 29.8 0.12 248
A255B2a 5.6 0.06 93
A255B4a 8.8 0.03 293 12.2 0.03 407
A276B2a 25.0 0.05 500
A276B3a 1.5 s0.01 '150
A276B4a 10.0 0.01 21,000
BALB/c-3T3 <0.01 s0.01 _0.001 50.001

a EOP, Efficien-y of plating, expressed as number of colonies per 100 cells plated.
b 39.30C used as the nonpermissive temperature
c 39.8°C used as the nonpermissive temperature.
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transformants tested ranged from 73 to 406.
Lines A7B1a and A3OB3a, however, again were
characterized by relatively low P/NP ratios (6.9
and 17.9, respectively).
Since tsA7 is known to be a rather leaky

mutant (39; Table 3), the ability of the relatively
temperature-resistant tsA7 transformant
(A7Bla) to overgrow a monolayer was assessed
again using a higher temperature for the restric-
tive condition. The center three columns of Ta-
ble 2 show the results of a set of monolayer
overgrowth assays in which 39.8°C was used as
the nonpermissive temperature. Under this con-
dition, A7Bla was temperature sensitive. The
difference in temperature sensitivity of A7B1a
and the two otherA7 lines, therefore, may reflect
differences in the intracellular concentration of
a relatively leaky ts protein. Line A3OB3a, how-
ever, was still temperature resistant at the ele-
vated nonpermissive temperature. Thus, three
of three BALB/c-3T3 lines independently trans-
formed by wt SV40 were temperature resistant
for the transformed phenotype as assayed here,
whereas 15 of 16 tsA transformants were tem-
perature sensitive. The temperature resistance
of the one tsA transformant, A30B3a, cannot be
attributed to a difference in the mutation site in
the transforming virus, since another tsA30
transformant, A3OB4b, was temperature sensi-
tive. Possible explanations for the temperature
resistance ofA3OB3a are examined below.
Temperature sensitivity of the ability to

grow in low concentrations of serum. Un-
10

8

6

4

2

V
0

()

~0
S)

3T3

4 5 6

J. VIROL.

transformed cells require higher concentration
of serum for cell division than do transformed
cells. To determine whether continued expres-
sion of the SV40 gene A function is required for
the ability of transformed BALB/c-3T3 cells to
grow in low serum, several of the transformed
lines were plated in medium containing various
concentrations of serum and were monitored for
growth at the permissive and nonpermissive
temperatures. At both temperatures, the rate of
growth of untransformed, wt-transformed, and
tsA-transformed cells decreased with decreasing
serum concentration. The growth rate of the wt
transformants at any given serum concentration
and temperature combination was greater than
that of normal cells. At the permissive temper-
ature, growth of the tsA transformants resem-
bled that of the wt transformants, whereas, at
the nonpermissive temperature, growth of the
tsA transfornants approached that of untrans-
formned cells. The patterns of growth in medium
containing 1% FCS are shown in Fig. 2. At this
serum concentration, little growth of untrans-
formed BALB/c-3T3 cells was observed at
either temperature. The wt transformant grew
at both temperatures, dividing more rapidly at
the elevated temperature. Growth of the two
tsA transformants tested, however, was mark-
edly reduced at the nonpermissive temperature.
Reduced serum requirement for growth, then, is
another parameter of transformation that is
temperature sensitive in tsA-transformed cells.

Reversibility of temperature inhibition

WTBIa /

0,'

I~~~~0/

A255BIb

-0/
.~~~~~~0. .. .-

. .

0 1 2 3 4 5 6
days

FIG. 2. Growth of normal and transformed BALB/c-3T3 cells in medium containing 1% FCS. (0-O)
growth at 33°C; (0----0) growth at 39.3°C.

A7B4b

- -
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of cell growth and DNA synthesis. To deter-
mine whether temperature inhibition of the
transformed phenotype of tsA transformants is
reversible, tsA-transformed cells whose growth
in 1% FCS had been inhibited by incubation at
39.5°C were shifted to 33°C and monitored for
both cell division and incorporation of [3H]thy-
midine into acid-precipitable material (Fig. 3).
As anticipated from the results presented in the
preceding section, little thymidine incorporation
or cell division occurred in untransformed
BALB/c-3T3 cells at either temperature or in
the tsA transformant at the elevated tempera-
ture. DNA synthesis and cell division proceeded
at both temperatures in the wt-transformed line,
but only at the permissive temperature in the
tsA transformant. When the tsA transformant
incubated at the nonpermissive temperature was
shifted to the permissive temperature, there was
a resumption of thymidine incorporation and
cell division. The transformed phenotype, then,
as defined in this case by the ability to incorpo-
rate thymidine and undergo cell division in low
serum, is reversibly inhibited at the nonpermis-
sive temperature in ts4-transformed 3T3 cells.
It is also of interest that on temperature shift
the tsA-transformed cells appeared to resume
both DNA synthesis and cell division in a non-
random fashion (see Fig. 3). This suggests that
the majority of these cells at the nonpermissive
temperature were blocked at the same point in

the cell cycle.
Rescue of virus from transformed cells.

As noted above, the transformed phenotype of
one tsA transformant, A3OB3a, unlike those of
the 15 other tsA transformants, continues to be
expressed at the nonpermissive temperature.
This difference cannot be explained by differ-
ences in the mutation sites in the transforming
viruses. Alternatively, a possible explanation for
the temperature resistance of line A3OB3a is
that it was transformed by a revertant of tsA30.
To investigate this possibility, virus was rescued
at 33°C from this line by Sendai virus-mediated
fusion with permissive cells (BSC-40) and ti-
trated at 330 and 39.5°C. Table 3 shows the titer
of virus rescued from this and four other lines
when assayed at the two temperatures. Virus
rescued from the temperature-resistant cell line
A3OB3a was temperature sensitive for growth,
as was the virus rescued from the other tsA30
transformant and the two tsA7 transformants.
While this result suggests that the temperature
resistance ofA3OB3a is not attributable to trans-
formation by a revertant of tsA30, the possibility
remains that a revertant genome, as well as the
ts genome, is present in this line (A3OB3a was
transformed at an MOI of 200 PFU per cell) and
that only the latter was recovered in the rescue
experiment. This possibility has been investi-
gated as described in the following section.
Thermolability and concentration of T

30t 3T3

!0.

lu-

)-4 .

16.

8.

040) 6 80 120

WTBIa

K~~~t"..~~~~~~1
4~~~

,.
A<~~~~~~~~~~~~~~~~~~~~~~~~~~

04080 10-I

O 4~~0g 120

A255BIb
/1

.
x

. . . ...

/

/

,, £

, A
,

0 40 80 120

Hours after plating
FIG. 3. Cell division and incorporation of [3H]thymidine into DNA following shift from nonpermissive to

permissive temperature. [3H]thymidine was added to cultures grown at 33 (0 - 0) and 39.5°C (x X) at
44 h after plating. One-half of the cultures grown at 39.5°C were shifted (+) to 33°C (A. A) at 53 h
after plating. Each point represents the average value of duplicate measurements.

to
_
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0
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TABLE 3. Temperature sensitivity of virus rescued
from transformed lines

PFU/rnl'
Line

330C 39.50C 33/39.50C

WTB3b 7.0 x 105 9.0 X 105 0.8
A7B1a 1.5 x 106 2.0 x102 8.0 x 103
A7B4b 2.6 x 106 1.0 x 103 2.6 x 103
A30B3a 3.0 x 105 <2 >1.5 x 105
A3OB4b 1.0 x 105 <2 >5.0 x 104
a Plaques scored 11 days postinfection at 39.5°C

and 18 days postinfection at 33°C.

antigen in tsA transformants. Evidence that
SV40 T antigen is the A gene product has been
derived from analysis of in vitro translation
products of SV40 RNA (32), from characteriza-
tion of T antigen induced by an SV40 deletion
mutant (36), and from analysis of alterations in
the behavior of T antigen in tsA infection (23,
31, 42, 43). SV40 T antigen extracted from per-
missive cells infected with tsA mutants and as-
sayed by CF has been shown to be more ther-
molabile than T antigen extracted from permis-
sive cells during wt infection (2, 23). This ther-
molability can also be demonstrated in T antigen
extracted from tsA-transformed BALB/c-3T3
cells, as shown in Fig. 4. T antigen extracted
from cells grown at 33°C was incubated for
various times at 39.5°C and then assayed for
complement-fixing activity. T antigen extracted
from both the temperature-sensitive lineA3OB4b
and the temperature-resistant line A3OB3a
showed similar kinetics of inactivation (Fig. 4),
both being approximately six times more labile
than T antigen extracted from the two wt trans-
formants. The heat lability of T antigen from
line A3OB3a indicates that a revertant SV40
genome is not expressed in this line.
T antigen from both lines A3OB3a and

A3OB4b is heat labile. To determine whether
the difference in the temperature sensitivity of
the transformed phenotype in these two lines
might be due to a difference in intracellular
concentrations of the A gene product, T antigen
levels were quantitated by the Staphylococcus
protein A assay ofT antigen-containing immune
complexes (12). This assay proved to be as sen-
sitive as, and more reproducible than, the CF
assay for T antigen. Cellular levels of T antigen
in A3OB3a and A3OB4b were quantitated by
monitoring formation of immune complex when
increasing amounts of cell extract were added to
a fixed amount of anti-T serum (Fig. 5). With an
increasing number of cells represented in the
immunoprecipitation reaction, the percent of
'25I-labeled protein A bound increased, reaching
the maximum of about 44% (Fig. 5). By deter-
mining the number of cells that give one-half

maximum 125I binding, it is possible to compare
the T-antigen level per cell in lines A3OB3a and
A3OB4b. In this assay, the cellular concentration
of T antigen in A3OB3a was 1.7 times that in
A3OB4b when the cells were grown at 33°C. This
difference was amplified when the cells were
grown at 39.3°C, the level in A3OB3a then being

100

6
s-

OS1 1o0

=== = = = T B~~~~WTIa
0

WTB3b

X A3OB3a

A3OB4b

2 4 6 8 10

minutes at 39.5
FIG. 4. Heat inactivation of SV40 T antigen ex-

tracted from two wt and two tsA30 transformants. T
antigen extracted from cells grown at 330C was in-
cubated at 39.5°C. At various time intervals, samples
were cooled rapidly to 00C and subsequently assayed
by CF test (3). The results areplotted as apercentage
of the CF titer at zero time of incubation.

50r

c 40

30

c
Z 20
0

I0

kI

b/max125In
binding

0

cell number x 10-4
FIG. 5. T-antigen levels in transformed cells as

determined by the protein A-immune complex assay
(12). 2 x iO& A3OB3a and A3OB4b cells, which had
been growing for 3 days at 33 and 39.3°C, wereplated
in 10-cm dishes and grown to densities of 10i cells
per dish at these same temperatures. Extracts from
A3OB3a (A) and A3OB4b (x) cells grown at 39.30C
and from A3OB3a (0), A3OB4b (0), and untrans-
formed BALB/c-3T3 (D) cells grown at 33°C were
prepared, and serial dilutions were assayed for T
antigen by protein A binding to T antigen-antibody
complexes as described in the text. The results are
plotted as a function of the number of cells repre-
sented in each extract dilution assayed.
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4.8 times that in A3OB4b. While this difference
varied from experiment to experiment, the tem-
perature-resistant line, A3OB3a, invariably was
found to have a somewhat higher concentration
ofT antigen than the temperature-sensitive line,
A3OB4b, ranging from 1.5- to 3-fold at 33°C and
from 3- to 6-fold at 39.3°C. These findings sug-
gest the possibility that line A3OB3a is temper-
ature resistant for the transformed phenotype
because it contains increased levels ofT antigen,
as a result of either increased production of or
intracellular stabilization of the otherwise ther-
molabile T antigen. It is of interest that Tenen
et al. (44) have reported that a tsA-transformed
Chinese hamster lung cell line that is tempera-
ture resistant for the ability to overgrow a nor-
mal monolayer contains more T antigen by CF
assay than other tsA-transformed Chinese ham-
ster lung cells that are temperature sensitive for
this property.
Retransformation of tsA transformants.

It is unlikely that the various manifestations of
the transformed phenotype are exclusively un-
der the control of viral genes. Cellular defects
might, therefore, result in temperature sensitiv-
ity of the transformed phenotype. Indeed, using
a special selection procedure, Renger and Bas-
ilico (34) isolated SV40-transformed 3T3 cells
that express the transformed phenotype in a
temperature-sensitive manner apparently be-
cause they contain mutations in cellular genes.
Thus, although the statistics ofthe present study
(15 out of 16 tsA transformants were tempera-
ture sensitive for transformation; three of three
wt transformants were not) strongly suggest that
the temperature sensitivity ofthe tsA transform-
ants is due to a viral defect, it would be desirable
to demonstrate this in a more direct fashion. For
this reason, I have sought to determine whether
tsA transformants grown at the restrictive tem-
perature (and now having the untransformed
phenotype) can be retransformed by wt SV40. If
retransformation can be demonstrated, then the
ts defect in the original transformant must have
been in a viral rather than a cellular gene.
The protocol used in the retransformation

experiments is that described in Materials and
Methods (cell transformation), except that tsA-
transformed BALB/c-3T3 cells were infected at
39.5°C with wt virus. In one such retransforma-
tion experiment, a tsA-transformed line
(A209B4a) was infected (and subsequently
maintained) at the nonpermissive temperature
with wt SV40 virus at an MOI of 100. Several
colonies of piled-up cells were detected 18 days
after infection, while no such colonies were ob-
served on control dishes that were not infected
with wt virus. Cells grown from one such colony
were compared with A209B4a for their ability to
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form colonies on monolayers of normal 3T3 cells
at 330 and 39.4°C. The ratio of efficiency of
plating on monolayers at 33°C to that at 39.4°C
was 0.86 for the reinfected cells, as compared
with a ratio of 2400 for A209B4a.
To determine whether these new tempera-

ture-resistant transformants were in fact derived
from the original tsA209 transformants or, alter-
natively, from a subpopulation of cells which
had lost the tsA genome, they were subcloned
twice, after which their resident viral genomes
were rescued by fusion with permissive cells and
analyzed by restriction enzyme digestion. The
restriction digest pattern of the DNA of the wt
virus (VA45-54) used for the second infection
differed slightly from that of the tsA209 virus
(derived from wt strain 776) used for the original
transformation (24). Because of this difference,
restriction enzyme digestion of the rescued virus
DNA could be utilized to determine whether
both tsA and wt genomes were present in these
new transformants. An electropherogram of
HindII + III digests of the DNA from the virus
rescued from the new temperature-resistant
transformant is shown in Fig. 6. Also shown are
digests of the genomes of the two wt strains, 776
and VA45-54. As described by Lai and Nathans
(24), digestion of strain VA45-54 by HindII + III
yields a C fragment that migrates more slowly,
and an F fragment that migrates more rapidly,
than the corresponding fragments from strain
776. Comparison of these two digest patterns
with that of the viral DNA rescued from the
new transformant reveals that the latter con-
tains two C and two F fragments, corresponding
to the C and F fragments of the two SV40
strains. Both tsA209 and VA45-54 genomes,
then, are present in the new transformants, dem-
onstrating that these cell lines were derived by
superinfection of the original tsA transformant
by wt virus. This is further evidence that the
temperature sensitivity of BALB/c-3T3 tsA
transformants is due to a viral defect and that
the continued expression of the SV40 A gene
function is required for maintenance of the
transformed state.

DISCUSSION
Studies with ts mutants of SV40 initially dem-

onstrated the essential role in transformation of
the product of the early SV40 gene A (21, 39). In
those studies, tsA mutants were found to be
incapable of producing cellular transformation if
infection was performed at high (nonpermissive)
temperatures. More recently, several studies (7,
22, 28, 31, 40) have been performed in an attempt
to determine whether continued expression of
the A gene product is required to maintain the
transformed state. In these latter studies, semi-
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FIG. 6. Hin digest patterns of wt 776 (column 1)

and wt VA45-54 (column 3) DNA and of the DNA
from virus rescued from wt-transformed A209B4a
(column 2); autoradiogram of p[P]DNA fragments
following electrophoresis. Fragments corresponding
to each wt fragment are labeled A through K The
unlabeled fragments (migrating between fragments B
and C) from the rescued virus DNA probably are

derived from minor defective DNA species generated
during rescue.

permissive and nonpermissive cells were trans-
formed by ts mutants at the permissive low
temperature and then assayed for various man-
ifestations of the transformed phenotype at the
permissive and nonpermissive temperatures.
Under these conditions, tsA-transformed rat em-
bryo cells (22, 31) and the majority of tsA-trans-
formed hamster cell lines (7, 28, 40), but only a

minority of tsA-transformed rabbit kidney cell

lines (40), were found to be temperature sensi-
tive for the transformation parameters tested.

The two groups which examined tsA-trans-
formed mouse cells observed different phenom-
ena. Brugge and Butel (7) found the transformed
phenotype reverted on shift to the nonpermis-
sive temperature, whereas Tegtmeyer (40) did
not detect such reversion. In the present study,
19 clones of SV40-transformed BALB/c-3T3
mouse cells have been analyzed for temperature
sensitivity of the transformed phenotype. By
utilizing the same criterion (i.e., ability to over-
grow a monolayer of normal cells) as was used
for the original selection of the transformed
lines, 15 of 16 tsA transformants were tempera-
ture sensitive for maintenance of transforma-
tion, whereas three of three wt transformants
were temperature resistant. This pattern of tem-
perature sensitivity was confirmed when se-
lected clones were assessed for ability to grow in
soft agar and in medium containing low concen-
tration of serum.
The results of these experiments imply that

the protein encoded by the SV40 A gene is
required to maintain the transformed phenotype
in BALB/c-3T3 cells. This conclusion is
strengthened by the results of the retransfor-
mation experiment. Since temperature-sensitive
tsA transformants become temperature resistant
on retransformation by wt virus, the tempera-
ture-sensitive defect must lie in the product of a
viral and not a cellular gene. The retransforma-
tion phenomenon is also of interest as a potential
means of analyzing mechanisms of integration of
viral DNA into cellular chromosomes. If such
integration can occur by homologous recombi-
nation, then it might be expected that the fre-
quency of retransformation will be greater than
that of the primary transformation event. The
retransformation phenomenon also offers a
means for analyzing the relationship between
site of integration and transforming capacity. It
will be of interest, therefore, to determine both
the frequency of retransformation and the site
of integration of the initial and retransforming
virus genomes.

In addition to its role in transformation, the
SV40 gene A product is required for the initia-
tion of viral DNA synthesis (9, 39). This gene
also appears to be required for SV40-induced
stimulation of cellular DNA synthesis, although
studies with tsA mutants show this function to
be much less temperature sensitive than initia-
tion of viral DNA replication (11, 38). Further-
more, studies with certain deletion mutants of
SV40 (5, 25) have shown that the early region of
the SV40 genome is both necessary and suffi-
cient for performing all three of these functions
(37). It is possible that these three functions are
manifestations of a single activity of a viral gene
product (e.g., binding of the A gene product to
DNA [8, 19, 33]). Alternatively, the A gene pro-
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tein may express more than one activity, or the
early region may code for more than one inde-
pendently acting polypeptide. The existence of
separate functional segments of the early region
of the SV40 genome, one responsible for DNA
replication and another for transformation,
might explain the differences reported by Tegt-
meyer (40) and by Brugge and Butel (7) in
regard to the requirement of continued A gene
expression for the maintenance of transforma-
tion in mouse cells. tsA28 and tsA30, the mutants
used by Tegtmeyer for transformation of mouse
cells, map in Hin fragments I and H, respec-
tively, of the SV40 genome, while tsA7, the
mutant used by Brugge and Butel, is the only
tsA mutant that maps in Hin fragment B (24;
see Fig. 1). The region included within Hin
fragments H, I, and B then might be required
for viral DNA replication (the criterion used for
designation of tsA mutants), while only a region
within Hin fragment B need be expressed to
maintain transformation in mouse cells. This
possibility has been investigated in the experi-
ments reported in this communication.
BALB/c-3T3 cells were transformed by six tsA
mutants which map at distinct positions within
Hin fragments H, I, and B (see Fig. 1). Clones
transformed by each of these tsA mutants were
temperature sensitive for maintenance of trans-
formation. One of the 16 tsA-transformed clones
was temperature resistant. This temperature re-
sistance, however, cannot be attributed to the
location of the ts defect in the transforming
virus. Although the cause of this temperature
resistance is not known, data is presented which
is consistent with the possibility that this excep-
tional case may be related to factors affecting
the synthesis and/or inactivation of T antigen.
Such factors might also explain the discrepant
results of Tegtmeyer (40) and Brugge and Butel
(7). The present study, then, provides no evi-
dence that the early region of the SV40 genome
codes either for separate proteins or for one
protein with separate active sites. On the other
hand, this possibility cannot be excluded. Clari-
fication of this problem should come with the
isolation and characterization of SV40 mutants
having lesions located in other portions of the
early region (25, 38). Of interest in this regard is
the discovery by Benjamin (4) of the host range-
transfornation defective (hr-t) mutants of an-
other papovavirus, polyoma. Although the hr-t
mutation sites map in the early region of the
polyoma genome, they lie in a portion of this
region distinct from that in which the polyoma
tsA mutants have been mapped (16, 30). Re-
cently Fluck et al. (17) and Eckhart (15) have
demonstrated that the hr-t and tsA mutants
constitute two distinct complementation groups,

suggesting that two early genes are present in
polyoma.

Finally, mention should be made of the tem-
perature down-shift experiment which demon-
strated the reversibility ofthe thermal inhibition
of tsA-mediated transformation. In this study,
tsA transformants exposed to nonpermissive
temperature and low serum concentration ap-
peared to resume both DNA synthesis and cell
division in a nonrandom fashion on transfer to
the permissive temperature, suggesting that at
the elevated temperature the majority of cells
were blocked at a specific point in the cell cycle.
This suggests a method for obtaining cell syn-
chronization which may be useful in a variety of
studies of cellular physiology. It should also be
noted that this resumption of DNA synthesis
and cell growth on transfer from nonpermissive
to permissive temperature occurs without the
addition of higher concentration of serum. This
result differs from that obtained by Martin and
Stein (29), who found that the majority of tsA-
transformed Chinese hamster lung cells did not
rapidly resume DNA synthesis on transfer to
permissive temperature if they were maintained
in media suboptimal for growth of normal cells.
The results obtained with BALB/c-3T3 trans-
formants, however, are consistent with the no-
tion that a viral early gene product induces cell
DNA synthesis and with the observation that
BALB/c-3T3 cells maintained in low concentra-
tion of serum can be induced to synthesize DNA
on infection with SV40 without the addition of
serum (37).
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