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ABSTRACT Morphological transformation of normal
rat kidney cells by a murine sarcoma virus was found to be
cold-sensitive. Cells transformed by the virus expressed
their transformed phenotype at the permissive tempera-
ture (39°) but not at the nonpermissive temperature
(33°), as judged by the criteria of morphological changes
and colony-forming ability on monolayers of normal rat
kidney cells. Cold-sensitive expression of transformation
was specific for focus-derived normal rat kidney cells
transformed by the virus, readily reversible, and not
lost during serial propagation of the cells. The genome of
the murine sarcoma virus can be rescued by superinfec-
tion with Moloney leukemia virus at the permissive or
nonpermissive temperature, and the rescued virus ex-
hibited the same cold-sensitive properties as the original
transforming virus. These results suggest that main-
tenance of the transformed state is continuously de-
pendent on a cold-sensitive viral function.

Clonal isolation in normal rat kidney (NRK) cells of murine
sarcoma virus (MSV) from the MSV-Moloney leukemia virus
(MSV-MoLV) complex has been described (1). Two types
of MSV-transformed NRK cells were obtained using an agar
overlay cloning method: (¢) NRK(MSV-1)-transformed cells
produced a virus, MSV-1(NRK), that could transform NRK
cells but failed to produce progeny virus in the newly in-
fected cells; and (b)) NRK(MSV-6)-transformed cells produced
a virus, (MSV-7(NRK), that failed to transform or replicate
in any cell tested. MSV-1(NRK) contains genetic informa-
tion for transformation, but has lost replication functions.
These replication functions can be supplied by MoLV (1).
MSV-6(NRK) has lost both transformation and replication
functions and is deficient in DNA polymerase activity (2).
MSV-1(NRK) provides a useful tool for examination of events
leading to transformation of NRK cells, since the virus is
blocked in replication functions. The data to be presented
demonstrate that maintenance of transformation of NRK cells
induced by MSV-1(NRK) is cold-sensitive.

MATERIALS AND METHODS

Cell Cultures and Viruses. Uninfected NRK cells and MSV-
transformed or MoLV-infected NRK cells were grown in
Auto Pow minimal essential medium (Flow Laboratories,
Rockville, Md.) supplemented with 109, fetal-bovine serum
as described (1). Viral pools were made from supernatant
fluids of chronically infected cell cultures.

Abbreviations: NRK, normal rat kidney; MSV, murine sarcoma
virus; MoLV, Moloney leukemia virus.
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Viral Infection and Assay. Infection procedures using
DEAE-dextran to enhance infectivity have been described
(1, 3). MSV was assayed by focus formation in NRK cells
(1), and MoLV was assayed by the XC cell plaque method (4).

RESULTS

Effect of Temperature on Focus Formation Induced by MSV-
1(NRK) or MSV-MoLV. MSV-1(NRK) transforms NRK
cells, but fails to replicate in the newly transformed cells (1).
Infectious progeny has not been detected as tested by [*H]-
uridine labeling of the supernatant fluids of transformed
cultures, assay for focus-forming activity, or the XC cell assay
for plaque-forming leukemia virus. In contrast, the parental
MSV-MoLV complex transforms and replicates in NRK
cells.

Experiments were initiated to search for spontaneous tem-
perature-sensitive viruses in MSV-1(NRK) and MSV-MoLV-
(NRK) stocks. Therefore, MSV-1(NRK) and MSV-MoLV-
(NRK) were titrated in NRK cells at 39, 36, and 33°. Table
1 presents the virus titers obtained after incubation at the
three temperatures. Unexpectedly, focus formation by both
MSV-1(NRK) and MSV-MoLV(NRK) appeared to be cold-
sensitive. In repeated experiments with different pools of
MSV-1(NRK), titers at 33° were consistently 1-2 logarithmic
units less than titers at 39°, even if the cultures at 33° were
held for up to 10 days to allow for cell-growth differences at
the two temperatures. The finding that focus formation by the
uncloned mixture MSV-MoLV was reduced at 33° was not
surprising, since MSV-1(NRK) was originally isolated from
such parental stocks. Presumably, the uncloned MSV-MoLV
contains defective MSV comparable or identical to MSV-1-

(NRK).

Effects of Temperature Shifts on Morphology of NRK Cells
Infected with MSV-1(NRK). A large focus of NRK cells
transformed by MSV-1(NRK) virus at 39° was isolated by
trypsinization, with a stainless steel cloning cylinder. The
isolated focus was grown in monolayer culture and was
serially passaged at 39°. This culture has been designated
NRK(MSV-1b), and cytologically consists of predominantly
round, highly refractile cells that grow at 39° in piled-up
clumps or clusters and tend to detach from the surface of the
vessels. In contrast, the morphological appearance of NRK-
(MSV-1b) cells grown at 33° is strikingly different. The cells
mimic control NRK cells in that they form a confluent mono-
layer of low refractibility, grow in close contact with neigh-
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Fia. 1. Photomicrographs demonstrating the effects of temperature shifts on the morphology of NRK(MSV-1b) cells. (4) Trans-
formed NRK(MSV-1b) culture kept at 39° for 4 days. (B-D) MSV-1(NRK)-infected cultures kept at 33° for 1, 2, and 3 days, respec-
tively, after shift-down in temperature from 39°. (£) NRK(MSV-1b) culture kept at 33° for 4 days. (F and G) MSV-1(NRK )-infected

cultures kept at 39° for 3 and 6 days, respectively, after the temperature shift from 33°.

boring cells, and do not form clusters with poor adhesive
properties.

Two types of experiments were done to examine the effect of
reciprocal temperature shifts on the morphological phenotype
of MSV-1(NRK)-transformed cells. First, to examine the
effect of reciprocal temperature changes on the morphological
phenotype, NRK(MSV-1b) cells grown at 39 and 33° were
plated into 60-mm petri dishes and cultivated at 39 and 33°.
1 Day later, half of the dishes at 39° were shifted to 33°, and
reciprocally. At successive days thereafter duplicate dishes
were stained and photographed. Fig. 1A and E represent
NRK(MSV-1b) cultures kept for 4 days at 39 and 33°,
respectively. As presented in Fig. 1B-D, the change from
round, refractile cells to flat elongated cells could be recognized
24 hr after the cultures were shifted from 39 to 33°. By 2 days
nearly the entire cell population appeared morphologically
normal. The morphological change was completely reversible
(Fig. 1F and @), but the change from normal back to the
transformed state took place more slowly (requiring about 2-3
days) after the shift from 33 to 39°.

To determine the specificity of this temperature-dependent
change, we examined the morphological phenotype of other
NRK cell lines infected by sarcoma and/or leukemia viruses at
39, 36, and 33° (Table 2). It should be emphasized that these
cell cultures have various degrees of viral genome expression.
The NRK(MSV-MoLYV) cell culture was derived by infection
of NRK cells with the MSV-MoLV complex; the culture
produces both MSV and MoLV. Similarly, the NRK(MoLV)
cell culture was derived by MoLYV infection of NRK cells and
the cell line produces MoLV. NRK(MSV-1) and NRK-
(MSV-6) cell lines were derived by agar cloning of NRK cells
transformed by MSV, a method specifically designed to elim-
inate cross-infection by MoLV (1). Both NRK(MSV-1) and
NRK(MSV-6) cell cultures produce viral particles, but these
viruses differ in their ability to reinfect NRK cells (1). In
NRK(MSV-1b) cell cultures derived from NRK cells infected

by MSV-1(NRK), viral genetic information is incompletely
expressed; no viral particles are produced at 33, 36, or 39° and
the genetic information for transformation is not expressed at
33° (Table 2). At the intermediate temperature (36°), the
NRK(MSV-1b) cell line consisted of a mixed population of
transformed and normal cells. Table 2 demonstrates that none
of the other cell lines exhibited temperature-dependent
morphological changes. '

Reversibility of transformation is not lost by NRK(MSV-
1b) cells after prolonged culture at either temperature,
indicating that the temperature-dependent property is quite
stable. However, we have observed some leakiness at both
temperatures in that occasionally NRK(MSV-1b) cells
grown at 39° will segregate variant cells that appear morpho-
logically like normal cells. Likewise, NRK(MSV-1b) cells
grown for many passages at 33° will spontaneously segregate
transformed cells with low frequency.

TaBLE 1. Titration of MSV-1(NRK) and MSV-
MoLV (NRK) at various temperatures in NRK cells

Ratio of

Titer (FFU/ml) in NRK cells at .
titers
Virus 33° 36° 39° (33°/39°)

MSV-1(NRK) 1.0 2.4 X102 7.7 X 10* 0.0013

MSV-
MoLV(NRK) 1.3 X 10* 2.3 X 10° 4.8 X 10° 0.027

60-mm Dishes were inoculated with 2 X 105 NRK cells. 1 Day
later they were exposed for 1 hr at 36° to growth medium con-
taining 25 ug/ml of DEAE-dextran. The cells were washed with
serum-free medium and adsorbed with 0.2 ml of MSV for 2 hr at
36°. After adsorption, triplicate plates at each dilution were
incubated at 33, 36, or 39°. Dishes were stained 5-6 days after
infection, and foci were counted. FFU, focus-forming units.
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Fia. 2. Effect of temperature shift on the appearance of
individual foci induced in NRK cells by MSV-1(NRK). (4) A
focus of NRK cells transformed by MSV-1(NRK) after 10
days at 39°. (B) The same focal area on the sixteenth day, 6
days after the shift to 33°. Pencil markings on culture dish serve
to identify individual foci.

In a second type of experiment to demonstrate the effect of
temperature shift on focus formation by MSV-1(NRK),
replicate NRK dishes were infected with 5-fold serial dilutions
of virus and incubated at 39°. 10 Days later macroscopic foci
were circled at random and photographed. Duplicate dishes
at each dilution were shifted to 33°. The remaining cultures
were kept at 39°. 6 Days after the temperature shift to 33°, the
dishes were stained. The fate of individual foci induced by
MSV-1(NRK) is recorded in Fig. 2.

At the time of the temperature shift, foci induced by MSV-
1(NRK) were easily recognizable as discrete areas of trans-
formed cells (Fig. 24). When held at 39°, these foci increased
in size. However, after the shift to 33°, the foci appeared
arrested 3 days later, and 6 days later the cells within the focus
took on the characteristics of normal-appearing cells (Fig. 2B).
In addition, total foci were counted in the dishes at 39 and
33°, and the combined data are presented in Table 3. Nearly
all of the foci induced by MSV-1(NRK) were cold-sensitive.
The few foci that did remain after the shift to 33° were
generally smaller than comparable dishes held at 39° and may
represent some leakiness at 33°.

Colony-Forming Ability on NRK Monolayers. The ability to
form colonies on a confluent monolayer of contact-inhibited
cells has been used to determine normal or malignant growth
behavior of different cell lines (5). The colony-forming ability

TasLE 2. Effect of incubation temperature on the morphological
phenotype of transformed cell cultures

C-type Morphological phenotype at
particles
Cell line produced 39° 36° 33°

NRK(MSV-MoLV) + T* T T
NRK(MSV-1) + T T T
NRK(MSV-6) + T T T
NRK(MSV-1b) - T T & Nt Nt
NRK(MoLV) + N N N
NRK-2 - N N N

NRK cell lines to be tested were grown in replicate 4-0z bottle
cultures at 39, 36, and 33° and examined morphologically for two
passages.

* Transformed morphology.

1 Mixed phenotype of transformed and normal cells.

1 Normal morphology.
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TaBLE 3. Effect of temperature shift on the fate of foct induced

by cold-sensitive MSV-1(NRK)
Individually scored
foci after Total foci after
MSV-1(NRK) incubation at incubation at
dilution 39°—39° 39°—33° 39°—39° 39°— 33°
1:1 17/17% 4/38* TNTCt 9
1:5 5/6 1/16 24 2
1:25 2/2 0/3 6 0

NRK cells grown in 60-mm dishes were infected with dilutions
of MSV-1(NRK) and incubated at 39°. 10 Days after infection
at 39°, representative foci were circled at random, and dishes
were shifted to 33° or held at 39°. 6 Days later all dishes were
stained, and the fate of individually scored foci and total foci was
examined microscopically.

* Number of foci after incubation at 39 or 33° per number of
foci initially scored at 39°.

t Too numerous to count.

of the cold-sensitive transformant was determined on NRK
monolayers at different temperatures.

Cells were plated on confluent NRK monolayers and incu-
bated at 33 and 39°. Cultures at 39 or 33° were fixed and
stained for colony counting 7 or 10 days later, respectively.
Table 4 demonstrates that the mutant cell line has a much
higher colony-forming ability at 39° than at 33°. The colony-
forming ability of the control NRK cell line transformed by
MSV, NRK(MSV-6), was about equal at both temperatures.

Rescue of the MSV Genome from “Nonproducer’ Tempera-
ture-Sensitive Transformants. NRK cells transformed by
MSV-1(NRK) do not produce or contain infectious MSV.
Superinfection of these cells by MoLV or other murine leu-
kemia viruses results in the pseudotype rescue of MSV (1). To
test whether NRK(MSV-1b) cells grown at either 39 or 33°
contained the MSV genome, we superinfected them with
MoLV and assayed the supernatant fluids for focus-forming
virus in NRK cells. Table 5 shows that MSV could be rescued
from NRK(MSV-1b) cells grown at either 39 or 33°. The
rescued virus exhibited the same temperature-sensitive proper-
ties as the original transforming virus. The lower yield at 39°
of rescued MSV from MoLV-infected NRK(MSV-1b) cells is
most likely explained by the fact that NRK(MSV-1b) cells at
39° tend to grow in clusters or clumps and are easily lost
during experimental manipulations.

TaBLE 4. Colony-forming ability of cold-sensttive
NRK(MS8V-1b) cells on NRK monolayers

% of cells plated
yielding colonies at Ratio
Cells 33° 39° 33°/39°
NRK 0 0 —
NRK(MSV-1b) 10.8 57.5 0.187
NRK(MSV-6) 22.0 29.5 0.753

200 and 2000 cells were plated on fully confluent monolayers of
NRK cells in 60-mm petri dishes and incubated at 39 and 33°.
Medium was changed every 3—4 days. 7 Days later at 39° and
10 days later at 33°, the cells were fixed and stained for colony
counting.
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Of considerable interest was the finding that MoLV super-
infection of morphologically normal NRK(MSV-1b) cells at
33° resulted in formation of focal areas of transformed cells.
MoLYV infection of control NRK at either 33 or 39° does not
induce focus formation. This finding provides a potential
tool for assay of murine leukemia viruses. Furthermore,
morphological alteration of cells at the nonpermissive tem-
perature of 33° by MoLV infection suggests that MoLV
provides some function(s) necessary for expression of the
transformed state.

DISCUSSION

Several temperature-sensitive mutants of avian sarcoma
viruses have been described (6-11). Recently, the isolation of
temperature-sensitive murine leukemia virus was reported
(12). In this paper we described the properties of a cold-
sensitive murine sarcoma virus. The demonstration that
transformation by MSV-1(NRK) is cold-sensitive represents
the first report of a cold-sensitive tumor virus mutant, al-
though cold-sensitive mutants of bacteriophage (13-17),
bacteria, and yeast (18-22) have been reported. Isolation of
MBSV mutants that are cold-sensitive for maintenance of the
transformed state permits an examination of MSV gene
expression at the level of transcriptional and translational
control. Elucidation of how the expression of proviral genetic
information is controlled in transformed cells could lead to the
understanding of tumor development and would increase the
general knowledge of gene regulation in mammalian cells.

Cells infected with MSV-1(NRK) expressed their trans-
formed phenotype at the permissive temperature (39°) but not
at the nonpermissive temperature (33°) by the criteria
examined, which included morphological changes and the
ability to form colonies on monolayers of NRK cells. These
morphological findings have recently been extended to include
a study on the effect of temperature shifts on the uptake of
labeled 2-deoxyglucose. Uptake of labeled 2-deoxyglucose was
directly correlated with expression of the transformed pheno-
type (23). The results indicate that cellular transformation
induced by MSV-1(NRK) in NRK cells is cold-sensitive and
suggest that maintenance of the transformed state requires
some viral genetic function. The possibility was considered
that the observed temperature-dependent alterations were due
to a cellular, rather than a viral, function, as reported for
SV40-transformed 3T3 cells (24). However, this possibility
seems unlikely since the virus rescued from the phenotypically
normal NRK(MSV-1b) cells at 33° exhibits the same tempera-
ture-dependent properties as the virus originally used to trans-
form the cells. The ability to rescue the MSV genome from
these phenotypically reverted cells even after prolonged serial
passage at 33° indicates that the MSV genome is associated
with these cells in a stable manner. The nature of this associa-
tion remains to be determined, but it is different from that
reported for spontaneous revertants of MSV-transformed
mouse 3T3 cells, which exhibited morphological and functional
changes characteristic of normal cells but from which the
MSYV genome could not be rescued (25).

Maintenance of the transformed phenotype was cold-
sensitive only in focus-derived NRK cells transformed by
MSV-1(NRK) particles. NRK cells chronically infected with
MoLV[NRK(MoLV)] and NRK cell clones transformed by
MSV, NRK(MSV-1) and NRK(MSV-6), which produce
MSV-1(NRK) and MSV-6(NRK) virus particles, respec-
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TABLE 5. Pseudotype rescue of the MSV genome from
NRK (MS8V-1b) cells grown at the permissive and
nonpermaissive temperature

Cell line and _Super- FFU/0.2 ml in NRK at
temperature infecting
of culture virus 33° 36° 39°
NRK(MSV-1b) 33° None 0 0 0
MoLV* 49 256 TNTCt
NRK(MSV-1b) 39° None 0 0 0
MoLV* 3 31 55
NRK 33 or 39° MoLV 0 0 0

2 X 105 NRK(MSV-1b) cells grown in 60-mm dishes at either
33 or 39° were either mock-infected or superinfected with MoLV
under standard conditions. The cultures were fed 3 days later.
Supernatant fluids were collected 6 days after infection and stored
at —70°. The supernatant fluids were assayed undiluted in NRK
cells at 33, 36, and 39°.

*2.3 X 10° PFU (plaque forming units)/ml by 3T3-XC cell

test.
t Too numerous to count.

tively, demonstrated no temperature-dependent morpholog-
ical changes (Table 2). This result would be expected if tem-
perature-dependent maintenance of transformation was
specific for NRK cells transformed by MSV-1(NRK) virus
particles. Another independently isolated focus-derived cell
line transformed by MSV-1(NRK) exhibited the same
temperature-dependent morphological changes as NRK-
(MSV-1b) cells (J. May, personal communication).

One problem relevant to the present finding is how this
MSV-1(NRK) virus can replicate in NRK(MSV-1) cellsin the
absence of any demonstrable helper virus with the cells being
equally transformed at 33 and 39°, and then fail to replicate in
newly infected NRK cells, while transforming them to a cold-
sensitive phenotype. Although the solution to this problem
requires further study, the following hypotheses merit con-
sideration: (@) During passage of NRK(MSV-1) cells, a rat
leukemia virus was activated and provided a helper function
enhancing expression and production of MSV-1(NRK)
particles. However, few rat leukemia virus particles were
produced or the leukemia virus was very poorly infectious for
normal NRK cells. It should be noted that MSV-1(NRK)
particles are positive for the MSV-MuLV gs antigen and are
neutralized by antisera to MoLV (26). (b)) NRK(MSV-1) cells
were initially transformed by a helper-independent MSV
particle, but the virus produced by these cells is a defective
segregant lacking the ability to replicate in normal NRK cells.
The segregation process might occur by a mechanism analo-
gous to the production of nontransforming particles by RSV-
transformed cells (27).

The finding that MoLV superinfection of NRK(MSV-1b)
cells grown at 33° could induce morphological changes com-
parable to that observed upon temperature-shift to 39° was
of considerable interest. This observation is potentially ap-
plicable as another means of assaying leukemia viruses. A
similar assay system using the parameter of focus induction in
a 3T3 cell line transformed by MSV, containing the sarcoma
genome in the absence of replicating leukemia virus (S*L~
cells) has been described (28). Preliminary results demon-
strated no significant differences between assays for MoLV
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infectivity by either NRK(MSV-1b) focus induction at 33° or
the XC plaque test. Similar findings were reported for MoLV
infectivity assays with S*L~ cells or XC indicator systems
(29). It is conceivable that the phenotypically reverted
NRK(MSV-1b) cell system at 33° will be useful for detection
or isolation of rat leukemia viruses and murine leukemia
viruses with altered host ranges. Furthermore, the availability
of this indicator cell system should be valuable in attempts to
isolate host-range mutants of leukemia virus capable of repli-
cating in NRK(MSV-1b) cells but incapable of replication in
NRK cells.

Induction of transformed cells by MoLV infection of
NRK(MSV-1b) cells at 33° suggests that MoLV provides or
induces some function that permits the expression of trans-
formation at the nonpermissive temperature. Evidence in the
mouse-cell system indicates that induction of MSV from
S*L~ cells requires replication of murine leukemia virus (30),
and that the ability of murine leukemia virus to rescue MSV
from S*L~ cells and its ability to replicate are equally
sensitive to UV irradiation (29). It is not known whether rescue
of MSV from nonproducer NRK(MSV-1b) rat cells requires
replication of the helper virus. Evidence suggesting that the
MSYV genomes present in nonproducer rat cells and S*L~ cells
differ in their degree of expression would favor the prediction
that the function(s) provided by murine leukemia virus that
are required for MSV rescue from nonproducer rat cells might
also be different from that observed in the mouse-cell system
(31). Alternatively, the MSV genome in NRK(MSV-1b) cells
niight be genetically different from the MSV genome present
in nonproducer rat cells transformed by the Kirsten strain of
MSV (31). Genetic differences between different MSV
genomes, detectable by RNA-DNA hybridization, might be
reflected by variable genomic expressions in transformed cells.
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