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ABSTRACT  Normal rat kidney cells infected with the tem-
perature-sensitive transformation mutant of Moloney murine sar-
coma virus were used to study the biochemical and morphological
changes that occur during transformation. The infected cells ex-
hibited a normal morphology at the nonpermissive temperature
(39°C) and a transformed morphology at the permissive temper-
ature (33°C). A new viral protein was detected 2 hr after shift to
the permissive temperature as a polyprotein with an estimated M,
of 85,000 (p85). Scanning electron microscopy of the cells within
5 hr after shifting them to the permissive temperature showed that
they became smaller and rounded with numerous elongated mi-
crovilli. In an earlier study, changes in hexose uptake were found
to occur 8-12 hr after the shift [Horn, J. P., Wood, T. G., Blair,
D. G. & Arlinghaus, R. B. (1980) Virology 105, 516-525]. By 48
hr, the cells had the morphology of a fully transformed cell. Con-
comitant with the changes in the morphology were alterations in
the cytoplasmic microtubule complex. At the nonpermissive tem-
perature, the complex consisted of a lacy network of microtubules.
Within 5 hr at the permissive temperature, the lacy network was
still present but the microtubules were more diffusely stained and
less discernible. By 48 hr, the microtubules were so diffuse that
the lacy network could not be recognized. Alterations in the F-
actin cables did not occur until 24 hr after shifting the cells to the
permissive temperature. Enucleation of the cells at the nonper-
missive temperature and shifting the cytoplasts to the permissive
temperature did not result in the synthesis of detectable p85 or
in any alteration of the cytoplast morphology or microtubule com-
plex, suggesting that the temperature-sensitive lesion affects some
event occurring in the nucleus.

Cells transformed by viral or chemical carcinogens exhibit char-
acteristics that distinguish them from their nontransformed
counterparts. These characteristics include altered cell shape
(1), loss of anchorage to substrate (2, 3), loss of density-depen-
dent control of growth (4), loss of contact-inhibited mobility (5),
and altered cell surface properties (6, 7). In addition, it has been
shown that in vitro the transformed cells may display changes
in their cytoskeletal system, including an altered cytoplasmic
microtubule complex (CMTC) (8, 9) and the diminution of actin
cables (10). The mechanism by which a transformation-specific
gene product causes a wide spectrum of morphological and
growth-related processes is unknown. One interesting possi-
bility is that the transforming agent may produce a product that
interacts with elements of the cytoskeleton, which then could
lead to the expression of the transformed phenotype. The
expression of the transformation state has been extensively
studied in the avian sarcoma virus system (11). Studies involving
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mammalian sarcoma virus, however, have been impeded due
to the lack of stable conditionally defective mutants.
Recently, Blair et al. (12) have isolated a stable temperature-
_sensitive (ts) mutant of Moloney murine sarcoma virus (Mo-
MuSV), termed ts110, by using an enrichment selection pro-
cedure based on the ability of transformed cells to grow in semi-
solid media. Mo-MuSV was mutated by UV irradiation and used
to infect normal rat kidney (NRK) cells. The ts mutants were
selected by their ability to grow at 33°C but not at 39°C since
those transformed cells that were able to grow in semisolid
media at 39°C were killed by arabinonucleoside (cytosine ara-
binoside) treatment at 39°C. All clones obtained in this way are
transformed at 33°C but are phenotypically normal at 39°C. One
such cell clone (6m2) was characterized; it does not produce
virus at either temperature but contains viral-specified poly-
proteins (p) of M, 58,000 (p58) and 85,000 (p85) (13, 14). p85
is detected only at the transformed state and contains'the an-
tigenic determinants of the viral core proteins, p15, pl2, and
p30, in addition to other unidentified peptide sequences. These
latter sequences do not appear to be antigenically related to
gene products from the replication genes (gag, pol, or env).
Therefore, it is possible that these unidentified sequences may
be derived from the MuSV src gene. The p58 viral protein is
detected at both 33°C and 39°C. It appears to be derived from
the gag gene but lacks sequences of the viral core protein p10.
Therefore, p58 is present at both the normal and the trans-
"formed state, whereas p85 is present only-at the transformed-
state at 33°C (13, 14). In this report, we present evidence on
the sequence of events correlating the appearance of p85 with
the morphological and cytoskeletal alterations characteristic of
the transformed state and an analysis of nuclear control of viral
gene expression in the 6m2 clone.

MATERIALS AND METHODS

Cell Culture and Virus. The 6m2 clone was used (12, 13).
For the temperature-shift experiments, the cells were shifted
to 39°C for 48 hr and then either maintained at 39°C or shifted
to 33°C.

Analysis of Viral Proteins. In some experiments, the 6m2
cells were incubated for 20 hr with [*H]leucine (100 xCi/ml;
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1 Ci = 3.7 x 10" becquerels) in McCoy’s 5a medium/Earle’s
balanced salt solution containing 10% dialyzed fetal calf serum
(1:1) at either 33°C or 40°C. Pulse labeling of cells, cell lysis,
and immunoprecipitation were as described (13, 15, 16). Im-
munoprecipitates were analyzed by NaDodSO,/polyacryla-
mide gel electrophoresis on a 6-12% linear gel; radioactive
bands were detected by fluorography (13).

Immunofluorescence of Microtubules. Cells were grown on
11 X 22 mm coverslips for analysis of the CMTC. The cells were
fixed in 3% formaldehyde and processed for tubulin immuno-
fluorescence according to the procedure of Brinkley et al. (8).

Fluorescein Isothiocyanate-Conjugated Phalloidin Staining
of F Actin. Cells were grown to a 60-70% confluency on 11
X 22 mm coverslips for staining F-actin cables with fluorescein
isothiocyanate-conjugated (FI)-phalloidin, a gift from T. Wie-
land (Max-Planck Institut for Medical Research, Heidelberg,
Federal Republic of Germany). The cells were processed by
rinsing in 80 mM 1,4-piperazinediethanesulfonic acid/1 mM
MgCly/1 mM EGTA, ph 6.9 (stabilizing buffer), lysed for 90
sec in stabilizing buffer/0.5% Triton X-100, and fixed in 3%
formaldehyde/phosphate-buffered saline (P,/NaCl), pH 7.3 for
30 min. Each coverslip was inverted over a drop of Fl-phalloidin
(10 pug at 1 ug/ml in P,/NaCl/1% dimethyl sulfoxide) for 1 hr.
The coverslips were washed with several changes of P,/NaCl
for 1 hr and then mounted on glass slides using glycerol/P,/
NaCl, pH 8.9-9 (9:1) as mounting medium.

Cytochalasin B Enucleation. Cells were grown on 25-mm
circular coverslips. For enucleation, the coverslips, cell surface
down, were supported in 50-ml polyethylene centrifuge tubes
by a hollow polyethylene cylinder. The cells were centrifuged
in a Sorvall HB-4 swinging bucket rotor at 9000 X g for 60 min
at 37°C in the presence of cytochalasin B (Aldrich) at 10 ug/
ml in medium/10% fetal calf serum. The cytoplasts were fixed
in 3% formaldehyde and processed for tubulin immunofluo-
rescence as described for whole cells.

To examine the expression of viral proteins in cytoplasts, the
cells were enucleated with cytochalasin B as described (17).
Cells were grown on sterile plastic sheets at 33°C and then
shifted to 39°C for 48 hr prior to enucleation. These sheets were
cut from Corning tissue culture flasks and resemble microscope
slides with one end rounded so as to fit the bottom of a Sorvall
50-ml centrifuge tube. Logarithmically growing cells were
plated onto two plastic sheets contained in a 100-mm tissue cul-
ture dish. The cells were then incubated at 37°C for 15 min in
medium/cytochalasin B (10 ug/ml). The cells were centrifuged
in medium/cytochalasin B for 60 min at 12,000 X g in a Sorvall
HB-4 swinging bucket rotor at 37°C. The plastic sheets con-
taining the cytoplasts were placed in fresh medium and incu-
bated for 45 min at 39°C and then shifted to 33°C. After 4 hr
at 33°C, the cytoplasts were pulse labeled with [*H]leucine as
described for whole cells.

RESULTS

Viral Proteins. By using long-term labeling of ts110-infected
NRK cells, we were able to detect the virus-specific proteins
synthesized by the infected cells (Fig. 1). In these experiments,
cells maintained at 33°C (A) or 39°C (B) were labeled for 20 hr
with [*H]leucine. The cells were then lysed in detergent-con-
taining buffer, and the cytoplasmic extracts were challenged
with the appropriate antisera: antiserum to disrupted MuSV-
124 (lane 2), anti-gp69/71 (lane 3), antisera to the four core pro-
teins, p30, p15, ppl2, and pl0 (lanes 4-7, respectively), anti-
reverse transcriptase (lane 8), and normal goat serum (lane 9).
p85 was detected only at the permissive temperature, 33°C, and
was recognized by antisera to p30, pl15, and p12, as well as the
antiserum to total disrupted MuSV-124. p85 was not immu-
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F1G. 1. Analysis of virus-specific polypeptides synthesized in
ts110 MuSV-infected NRK cells at the permissive and nonpermissive
temperatures. The ts110-infected NRK cells were labeled for 20 hr with
[*H]leucine in half-strength McCoy’s medium/10% dialyzed fetal calf
serum at either 33°C (A) or 40°C (B). The cells were lysed in buffer/
detergent (13). Cytoplasmic extracts were prepared, divided into ali-
quots, and challenged. Lanes: 2, anti-MuSV-124; 3, anti-gp69/71; 4,
anti-p30; 5, anti-p15; 6, anti-ppl2; 7, anti-p10; 8, anti-reverse tran-
scriptase; 9, normal goat serum. Lane 1 contains molecular weight
markers (200,000-15,000) representing a 15-min pulse—chase labeling
of Rauscher murine leukemia virus (Ra-MuLV)-infected NIH Swiss
mouse embryo cells immunoprecipitated with anti-Ra-MuLV serum
(13). Indirect precipitation was carried out by using inactivated Staph-
ylococcus aureus (Cowan strain) by the method of Kessler (16). The
precipitated complex was washed and suspended in a sample buffer
containing NaDodSO, and 2-mercaptoethanol, and immunoprecipi-
tates were analyzed by gel electrophoresis. Equal amounts of radio-
activity were applied to each lane.

noprecipitated by anti-gp69/71, anti-pl0, anti-reverse tran-
scriptase, or normal goat serum. p58 was detected at both 33°C
and 39°C and was recognized by the same sera that recognized
p85. Thus, this experiment shows that both p85 and p58 have
antigenic determinants to viral core proteins p30, p15, and p12
and that p58 is synthesized at both temperatures while p85 is
synthesized only at the permissive temperature. These results
support and confirm our previous studies (13, 14).

Because p85 was detected only at the permissive tempera-
ture, we wanted to relate the detection of p85 to the expression
of the transformed phenotype. This was accomplished by shift-
ing the cells maintained at the nonpermissive temperature to
the permissive temperature and analyzing the viral-specific
proteins synthesized at various times after the shift. Cells were
pulse labeled for 15 min with [*H]leucine at hourly intervals
after the temperature shift (Fig. 2). Cytoplasmic extracts were
then challenged with anti-ppl2, and equal amounts of radio-
activity were applied to each gel lane. p85 was first detectable
in infected cells 2 hr after the shift to the permissive temper-
ature. This suggests that p85 expression requires a 2-hr lag pe-
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riod after the shift to the permissive temperature before syn-
thesis can begin.

Cell Morphology. Scanning electron microscopy of the ts110
MuSV-infected cells maintained at the nonpermissive temper-
ature showed a structure typical of nontransformed cells. The
cells were flat in appearance with few microvilli (Fig. 3a). On
shifting the cells to the permissive temperature, noticeable
changes in morphology occurred within 5 hr (Fig. 3b). Initially,
cells were smaller and slightly more rounded with discernible
microvilli. After 24 hr at the permissive temperature, the cells
became much smaller with numerous long microvilli (Fig. 3c).
Finally, after 48 hr at the permissive temperature, the cells had
achieved the small rounded phenotype characteristic of fully
transformed cells (Fig. 3d). The cells remained stabilized in this
phenotype thereafter.

CMTC. To further characterize the events occurring in the
transformation process, the cytoskeletal system was studied at
both the nonpermissive and permissive temperatures. At the
nonpermissive temperature, the CMTC consisted of an exten-
sive lacy network of long microtubules (Fig. 4a). Most cells dis-
played one prominent centrosome with microtubules radiating
out toward the plasma membrane. On shifting the cells to the
permissive or transforming temperature, the microtubules be-
came shorter, less dispersed, and more diffusely stained (Fig.
4 b—d). This alteration was monitored 5, 24, and 48 hr after shift-
ing to the transformed temperature. The CMTC, 5 hr after shift-
.ing to the permissive temperature, was still discernible in that
the lacy network of microtubules was present (Fig. 4b). How-
ever, the microtubules were more diffusely stained and less
discernible in comparison with the cells grown at the nonper-
missive or normal temperature. At 24 hr, the microtubule net-
work was still apparent but it was even more diffuse (Fig. 4c).
Finally, after 48 hr, the microtubules were so diffuse that the
lacy network could not be recognized in most cells (Fig. 4d).

F-Actin Cables. Wulfet al. (18) and Verderame et al. (19) have
reported that Fl-phalloidin stains the actin cables more sharply
than does actin antibody due to a decreased intracellular back-
ground fluorescence. This allows for improved resolution and
reproducible differences between normal and transformed
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FiG. 2. Synthesis of viral-specific polypeptides in ts110 MuSV-in-
fected NRK cells after a temperature shift. Seven identical flasks of
ts110-infected NRK cells were maintained at 40°C for 48 hr prior to
the shift; one flask was maintained at 33°C. Cells grown at 40°C were
then shifted to 33°C for the indicated times before a 15-min pulse la-
beling with [*H]leucine, and cytoplasmic extracts were challenged.
Lanes: 2, cells maintained at 33°C; 3, cells maintained at 40°C; 4-8,
cells maintained at 40°C and then shifted to 33°C at 1, 2, 3, 4, and 5
hr, respectively (after shifting, all challenged with anti-pp12); 9, cells
maintained at 40°C and challenged with normal goat serum. Lane 1
represents pulse—chase labeling of Ra-MuLV-infected cells with [*H]-
leucine followed by immunoprecipitation with anti-Ra-MuLV serum.
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F16. 3. Morphology of ts110 MuSV-infected NRK cells after a tem-
perature shift. (a) Cells maintained at 39°C. (x380.) (b—d) Cells 5, 24,
and 48 hr, respectively, after a shift to 33°C. (b and d, x470; ¢, X700.)

cells. Thus, we analyzed the F-actin cables in the 6m2 cells at
both the permissive and nonpermissive temperatures by using
Fl-phalloidin. The F-actin cables of the cells at the nonpermis-
sive temperature were easily discernible as long thick brightly

Fic. 4. Immunofluorescence of the CMTC of ts110 MuSV-infected
NRK cells after a temperature shift. (@) Cells maintained at 39°C.
(x260.) (b—d) Cells 5, 24, and 48 hr, respectively, after a shift to 33°C.
(x240.)
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fluorescing cables (Fig. 5a). No alterations were noticeable in
the F-actin cables 5 hr after a shift to the permissive temper-
ature (Fig. 5b). However, 24 hr after shifting, the F-actin cables
were reduced in number and shorter and less well defined than
at the nonpermissive temperature (Fig. 5¢). Finally, after 48 hr
at the permissive temperature, most cells had few discernible
F-actin cables, which is characteristic of transformed cells (19).

Nuclear-Cytoplasmic Control of Gene Expression for
Transformation. To ascertain whether or not the ts lesion af-
fected some step in the nucleus or in the cytoplasm, the 6m2
cells were enucleated with cytochalasin B. Cytoplasts from the
6m2 cells cultured at the nonpermissive temperature showed
a CMTC characteristic of nucleated cells maintained at the same
temperature (Fig. 6a). Shifting the cytoplasts to the permissive
temperature for 20 or 44 hr resulted in no apparent alteration
of the CMTC (Fig. 6 b and ¢). To determine whether cells main-
tained at 39°C and then enucleated and shifted to 33°C syn-
thesize p85, such cytoplasts were shifted to 33°C for 4 hr and
then pulse labeled for 15 min with [*H]leucine. The detergent-
treated extract was immunoprecipitated with anti-p12. Anal-
ysis by NaDodSO,/polyacrylamide gel electrophoresis showed
p58 but not p85 (Fig. 7), whereas nonenucleated cells shifted
to 33°C did synthesize p85. This result implies that functional
mRNA for p85 is not made and not exported to the cytoplasm
at 39°C in the mutant virus-infected cells. As a control, a par-
tially enucleated cell population (<30% enucleation) was
treated as described above; both p58 and p85 were detected
(results not shown). This experiment suggests that the ts lesion
concerns some nuclear event and that this nuclear event must
take place in order to (i) synthesize p85 and (ii) convert the cell
to a transformed phenotype. It is tempting to conclude that the
synthesis of p85 is necessary for the cellular alterations observed
in the transformed culture, although other interpretations are
possible.

Fic. 5. Fl-phalloidin stained F-actin cables of ts110 MuSV-in-
fected NRK cells after a temperature shift. (@) Cells maintained at
39°C. (x450.) (b—d) Cells 5, 24, and 48 hr, respectively, after a shift
to 33°C. (b and ¢, x440; d, x450.)

Proc. Natl. Acad. Sci. USA 78 (1981)

Fic. 6. CMTC of ts110 MuSV-infected NRK cytoplasts. (a) Cyto-
plasts at the nonpermissive temperature. (xX320.) (b and c) Cytoplasts
after 20 and 40 hr, respectively, at the permissive temperature. (b,
x530; ¢, x340.)

DISCUSSION

The sequence of events occurring in the transformation of mam-
malian cells has been difficult to delineate. However, the recent
discovery of a stable ts transformation mutant of Mo-MuSV af-
fords the opportunity to follow both biochemical and morpho-
logical aspects of the transformation process in more detail (12).
We have found that NRK cells infected with the ts Mo-MuSV,
ts110, produce proteins of M, 58,000 (p58) and 85,000 (p85).
Viral p58 is produced at both the permissive and nonpermissive
temperatures, whereas p85 is produced only at the permissive
temperature (13, 14).

The alterations that occur with transformation appear to be
complete in the infected cells 48 hr after shifting to the per-
missive temperature. The sequence of events occurring in the
transformation process appears to be as follows. When infected
cultures were shifted from 39°C to 33°C, Mo-MuSV-specified
p85 was detectable after a lag of 2 to 3 hr. Changes in the cell
morphology ‘concomitant with alterations in the expression of
the CMTC occurred within 5 hr after shifting ts110-infected
NRK cells to the permissive temperature. A detectable change
in the rate of hexose uptake was found to occur 8-12 hr after
the shift (14). The F-actin cables in the cell did not appear to
be altered until after 24 hr at the permissive temperature.

The results suggest that the synthesis of p85 that occurs 2 or
3 hr after a shift to the permissive temperature preceeds the
alterations in cell morphology, CMTC, and rate of hexose up-
take. Thus, these cellular changes are among the initial or at
least very early events in the transformation process, in contrast
to the changes in F-actin cables, which appear to occur later.
Whether alterations in the CMTC cause the morphology of the
cell to change or vice versa is difficult to ascertain.
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F1G. 7. Analysis of virus-specific polypeptides synthesized in enu-
cleated ts110 MuSV-infected NRK cells first maintained at 39°C and
then shifted to 33°C. Cells were labeled for 15 min with [*H]leucine at
33°C and 39°C, and the cytoplasmic extracts were challenged by anti-
sera to ppl12. Lanes: 1, Pulse chase of Ra-MuLV-infected cells immu-
noprecipitated with anti-Ra-MuLV; 2, cells maintained at 39°C for 48
hr and then pulse labeled; 3, cells maintained at 33°C; 4, 5-hr control
derived from cells maintained at 39°C for 48 hr and then shifted to 33°C
for 5 hr and pulse labeled; 5, cells were maintained at 39°C for 48 hr
and enucleated at 37°C with cytochalasin B (requiring about 1 hr of
manipulation) and the resulting cytoplasts were incubated for 4 hr at
33°C and then pulse labeled.

Recently Sen and Todaro (20) reported that a low molecular
weight protein phosphokinase from m3MuSV pseudotype vi-
rions binds to actin and microtubule proteins. In the latter, it
decreased the rate and extent of in vitro polymerization. Also,
similar results were found for ts110 MuSV particles, which have
a thermolabile actin-binding protein kinase (21), and Burr et al.
(22) have reported that the src gene product of Rous sarcoma
virus associates with cytoskeletons extracted from chicken em-
bryo fibroblast. These reports on isolated cytoskeletal elements
can be interpreted to mean that the src gene product does in-
deed interact with the cytoskeleton.

By using electron microscopic immunochemistry, Wil-
lingham et al. (23) have localized the src protein (p21) in cells
transformed by the Harvey strain of MuSV to the plasma mem-
brane. Therefore, whether the Harvey src gene product effects
the CMTC or plasma membrane, which subsequently alters the
other, needs to be studied further. The data presented here
suggest that the initial events in the transformation process are
the alterations in cell morphology and CMTC followed later by
diminution of F-actin cables. This supports the hypothesis that
the microtubule-microfilament system in cells may be involved
in the transformation process (24-26).

A ts lesion involved in transformation could affect either a
transcriptional or a translational event. Beug et al. (27) reported
that ts68 mutants of Rous sarcoma virus were able to express
a transformed phenotype in the absence of a nucleus, thus sug-
gesting that the ts lesion in this virus is independent of the nu-
cleus and resides in the src gene product itself. ts110 MuSV-
infected cells maintained at nonpermissive temperatures and
then enucleated were unable to express p85 and any morpho-
logical or CMTC alterations after they were shifted to the per-
missive temperature: This result indicates that the lesion in
ts110 MuSV resides in the nucleus, possibly involving some

Proc. Natl. Acad. Sci. USA 78 (1981) 5597

reaction concerned with the production of active p85 cytoplas-
mic mRNA. Inhibition of RNA synthesis with actinomycin D
prior to shifting the cells to the permissive temperature blocks
the subsequent synthesis of p85 and the morphological altera-
tions associated with transformation, further suggesting a nu-
clear lesion in ts110 MuSV (28).

Knowledge of the sequence of events necessary to give the
pleiotrophic effects of transformation will increase our under-
standing of the biological complexity of this process. It would
also allow us to detect the primary site of action of the src gene
product. This information could be useful in the early detection

of malignant transformation.
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