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Differentiated rat thyroid epithelial cells, infected in vitro with a temperature-
sensitive mutant of the Kirsten murine sarcoma virus, expressed at the permissive
temperature (33°C) some phenotypic properties typical of transformed cells,
including morphological features, colony formation in agar, and induction of
tumors in newborn animals. Specific functional markers of these differentiated
cells, i.e., synthesis/secretion of thyroglobulin, synthesis of thyroglobulin mRNA
and iodide uptake, were blocked during growth at 33°C. Normal morphology,
failure to grow in agar, and the requirement of hormones for optimal growth were
all restored after shifting to the temperature nonpermissive for transformation
(39°C), though the typical differentiated functions remained blocked. Infection
with a leukemia helper virus clone (Moloney or Kirsten murine leukemia virus)
did not lead to the loss of the differentiated phenotype of rat epithelial thyroid
cells, thus demonstrating that the loss of the differentiated phenotype is caused by
the sarcoma virus component. These results indicate that the expression of some
of the phenotypic properties of transformed differentiated rat thyroid epithelial
cells is under the direct control of the p21 thermosensitive activity, whereas the
block in the expression of two typical differentiation markers of thyroid epithelial
cells is irreversible and probably controlled by different mechanisms.

Of the numerous functional, biochemical, and
morphological changes induced in virally trans-
formed cells, inhibition of the expression of the
differentiated phenotype is one of the most strik-
ing (26).

It is a general and well-documented behavior
of RNA and DNA tumor viruses to modify the
normal pattern of the differentiated functions of
a cell after infection. Infection with Rous sarco-
ma virus prevents both the synthesis of melanin
and the assembly of melanosomes in melano-
blasts (10), inhibits the incorporation of collagen
into the extracellular matrix in fibroblasts (1, 6,
30, 33, 38), prevents the synthesis of myosin and
the fusion of myoblasts (17, 27), and reduces the
amount and size of proteoglycans in chondro-
blasts (36). Avian erythroblastosis virus blocks
the differentiation program of immature erythro-
cytes in culture (8). Among DNA tumor viruses,
simian virus 40 transforms human placental cells
which then synthesize low levels of human cho-
rionic gonadotropin (12). Similar effects on the

production of oQ-fetoprotein, albumin, and trans-
ferrin were observed in simian virus 40-infected
rat fetal liver cells (13).
We have recently demonstrated the trans-

forming potential in vitro of Kirsten murine
sarcoma virus (KiMSV) in epithelial cells of a
clear endodermal origin, such as rat thyroid cells
(20, 21). Two different cell lines (FRT-L and
T-79) derived from normal rat thyroid gland
when infected with two strains of the KiMSV,
the KiMSV (Moloney murine leukemia virus;
MoMuLV) or the KiMSV (Kirsten Murine Leu-
kemia virus; KiMuLV), change morphology.
begin to proliferate rapidly. show a high colony-
forming efficiency when grown in agar, and form
tumors when transplanted into syngeneic rats.
The tumors morphologically resemble undiffer-
entiated adenocarcinomas. Moreover, differen-
tiated thyroid cells transformed by KiMSV lose
two of their most specific differentiation func-
tions, i.e., thyroglobulin (TG) secretion and
iodide uptake.
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In line with previous work performed with
other differentiated systems, we infected the
cloned population of rat thyroid cells (FRT-L)
with a KiMSV mutant temperature sensitive for
transformation to study the correlation between
transformation and differentiation. It is already
known that KiMSV exercises its oncogenic ac-
tion by means of a single transformation-specific
protein, a 21 .000-dalton protein (p21 las) coded
for by the viral genome (42). The viral gene
encoding this protein is derived from a family of
cellular oil( genes (i-us family) which are broadly
conserved evolutionarily and transcribed fre-
quently in a wide variety of normal cells (18, 40).
The KiMSV ts mutant used in this study (42)
produces the p21 i-as protein required for cellu-
lar transformation, but the protein is significant-
ly more thermolabile than the wild-type p21.
suggesting that it is structurally altered. KiMSV
ts infection of FRT-L cells in culture was used
here to determine whether the p21 transforming
protein also affects the expression of the differ-
entiated functions in this cell system.
We report here that the KiMSV mutant, like

the wild-type KiMSV (MoMuLV) and another
strain of the KiMSV (KiMSV KiMuLV), inhib-
its the expression of two differentiated functions
typical of the thyroid gland when the cells are
grown at the permissive temperature (330C).
Several properties of KiMSV t.s-infected cells
characteristic of transformed cells. such as mor-
phological changes and ability to grow in agar.
appear at the permissive temperature for trans-
formation (33°C) and disappear at the non-per-
missive temperature (39°C). By contrast. func-
tions that are specific differentiation markers of
the original cells. i.e.. TG synthesis/secretion
and iodide uptake. are irreversibly lost at both
permissive (33°C) and nonpermissive (39°C)
temperatures. Our data also suggest that, at least
for TG synthesis. the irreversible block occurs
at the site of the TG gene transcription.

MATERIALS AND METHODS

Cells and viruses. FRT-L cells. derived from Fischer
rat thyroid glands as described by Ambesi-Impiom-
bato et al. (4). were grown in mF12 medium plus 6H.
which is modified Ham F1' medium containing 5%
calf serum (GIBCO Laboratories. Grand Island. N.Y.)
plus six growth factors (6H: insulin, hydrocortisone.
transferrin. thyrotropin. somatostatin. and the tripep-
tide glycyl-hystidyl-lysine).
The 424 cell line has properties identical to those

of the FRT-L line but grows in 0.5%-f calf serum plus
the six factors. The wild-type cell line was obtained
by transforming the FRT-L cells with KiMSV itWt
(MoMuLV) (20. 21). BALB 3T3. NIH 3T3. NRK
(normal rat kidney). NRK58967 (40). and C-127 cells
(42) wvere all grown in Dulbecco modified Eagle medi-
um containing 10%/c fetal calf serum (GIBCO). The
KiMSV wiit (MoMuLV) and the KiMSV ts (MoMuLV)

viruses were obtained from C-127 cells infected with
these two virus strains (42).

Infection of cells and virus titration. FRT-L cells
were infected at 33°C wvith the KiMSV ts mutant
essentially as described for infection of these cells with
the KiMSV (KiMuLV) virus (21).
FRT-L cells were plated at 3 x 105 cells per dish (60

mm; Falcon Plastics, Cockeysville. Md.) and wvere
infected the next day with 1 ml of undiluted fresh
supernatants from C127 cells infected with the 731
KiMSV ts (MoMuLV) virus in the presence of Poly-
brene (2 p.g/ml final concentration) and incubated for I
h at 37°C in an atmosphere of 5% CO, in air. After that
time. 4 ml of fresh medium containing Polybrene (2
p.g/ml) was added to the dishes. The mutant virus
preparation contained 10' focus-forming units per ml.
which had been titrated on normal rat kidney cells.
After two passages at 33°C. FRT-L cells transformed
by the ts virus were cloned. All clones obtained were
kept in vitro for a few passages and then were stored
frozen in liquid nitrogen to prevent phenotypic alter-
ations. TS is the uncloned population; A-6. A-18. A-I.
A-16. A-19. A-4. and A-2 are some of the clones
studied in detail.
Transforming virus produced by the infected thyroid

cells was titrated onto either SC-1 or BALB 3T3 cells
(20).
The reverse transcriptase assay was performed as

described previously (14).
The soft agar colony assay was performed according

to Macpherson and Montagnier (31).
Tumor induction. Newborn Fischer rats (3 to 4 h

old) were injected subcutaneously with 106 cells in a
final volume of 0.1 ml of tissue culture medium, and
rats were palpated in the inoculated region twice each
week. Tumor excision. fixation. and staining proce-
dures were performed as described previously (20).
The iodide uptake assay was performed as described

previously (20).
Cell labeling, TG immunoprecipitation, and sodium

dodecyl sulfate (SDS)-polyacrylamide gel electrophore-
sis. Cell lines were grown until nearly confluent in the
usual medium in 60-mm dishes. washed with phos-
phate-buffered saline, and incubated overnight in 2 ml
of methionine-free medium containing 2% dialyzed
fetal calf serum and 200 p.Ci of V5S]methionine per ml
(>600 Ci/mmol; 1 Ci = 3.7 x 1010 Bq) (Amersham
Corp.). The medium was then analyzed by immuno-
precipitation. Samples of 500,000 cpm were mixed
for 1 h at 37°C with 5 to 10 p1 of anti-rat TG
antibody purified by affinity chromatography and
preabsorbed with an excess of unlabeled rat purified
TG (2). The Staphlvococcus aureis immunoprecipita-
tion technique was used as described previously (3).
For direct immunoprecipitation. the samples were left
overnight at 4°C: then the pellets were washed five
times with 100 mM Tris (pH 7.4)-150 mM NaCI-5 mM
EDTA-1% Triton X-100-1% sodium deoxycholate
and dissolved in 25 p.1 of 100 mM Tris-hydrochloride
(pH 6.8)-2% mercaptoethanol-2'% SDS-20% glycerol-
0.002% bromophenol blue.

Discontinuous slab gel electrophoresis of proteins
was performed as described by Laemmli (29).

Radioimmunological assays of rat TG were per-
formed according to published procedures (28).
DNA extraction and hybridization. High-molecular-

weight DNA was prepared from confluent cell mono-
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layers by the procedure of Gross-Bellard et al. (25).
Nick translation of the cloned DNA was performed as
described previously (32). Nitrocellulose filters (Milli-
pore Corp., Bedford, Mass.) were soaked in water for
2 h in 20x SSC (1 x SSC = 0.15 M NaCl plus 0.015 M
sodium citrate) and dried under light before use.
Samples (10 ,ul) of single-stranded DNA at various
concentrations were then spotted on the filter, and the
paper was dried again under the light. The filters were
soaked for 1 min in 0.1 M NaOH-1.5 M NaCl. for 1
min in neutralizing buffer (0.2 M Tris-hydrochloride
[pH 7.0]-2x SSC), and for 1 min in 2x SSC; they were
then dried in vacuo at 80°C for 2 h. Before hybridiza-
tion, the filters were pretreated for 24 h at 42°C with
prehybridization buffer (5 x Denhardt solution-50%
formamide-5 x SSC-1% glycine-250 pLg of denatured
calf thymus DNA per ml) (44). The filters were then
hybridized for 24 h at 42°C in plastic bags containing
(per ml) 1 x 106 to 2 x 106 cpm (108 cpm/lpg) of a nick-
translated DNA probe representative of a portion of
the rat TG gene (16) in hybridization buffer (50%
formamide-1 x Denhardt solution-6x SSC-100 ,ug of
denatured calf thymus DNA per ml). After hybridiza-
tion, the filters were washed twice in 0.1% SDS-2x
SSC at 25°C for 30 min, twice in 0.1% SDS-0.1 x SSC
at 58°C for 30 min, once at 25°C in 2x SSC for 20 min.
The filters were then dried and exposed at -70°C to
Kodak X-ray film, with the use of intensifying screens.

Cytoplasmic RNA extraction and hybridization. Cy-
toplasmic RNA was purified from cultured cells by
previously reported procedures (9). Briefly, cells were
collected, washed three times with cold phosphate-
buffered saline, and pelleted at 1,000 x g for 5 min at
4°C. The washed cells were suspended in 1 ml of ice-
cold buffer (0.4 M NaCl-0.01 M Tris [pH 7.9]-0.001 M
EDTA) for 2 x 107 cells. Nonidet P-40 was added to a
final concentration of 0.5%. Nuclei were pelleted by
centrifugation at 1,500 x g for 5 min at 4°C. The
supernatants were brought to 0.5% in SDS and treated
for 5 min at 37°C with 500 ,ug of proteinase K per ml,
and then the RNA was extracted twice with phenol-
chloroform and ethanol precipitated. Dot-blot experi-
ments were performed essentially as described for
DNA blots, except that the alkali and neutralization
treatments of filter paper were omitted.

RESULTS
Properties of the FRT-L cells transformed by

the ts KiMSV. FRT-L rat thyroid epithelial cells
were infected with the KiMSV ts strain of
KiMSV (MoMuLV) and grown at the permissive
(33°C) and nonpermissive (39°C) temperatures.
FRT-L cells grow in islets that adhere to the
plate and exhibit a typical epithelial morphology
(21). Figure IA shows KiMSV ts-infected FRT-
L cells (uncloned) grown at 33°C. The cells are
somewhat spindle shaped and grow in a disor-
dered way, a phenotype reminiscent of the same
cells transformed by another strain of KiMSV
(21) or by the wild-type KiMSV (not shown).
Figure 1B shows the same cells after shifting to
the nonpermissive temperature of 39°C and after
5 days of growth at this temperature. The cells
become morphologically similar to the uninfect-

ed cells and more adherent to the plate. A
similar pattern of transformation and morpho-
logical reversion was observed with other clones
(A-18, A-19, A-16, A-1, A-4, A-2; data not
shown) of ts-infected cells isolated from the
original uncloned population transformed by the
ts virus (Fig. 1C and D). Table 1 lists some of the
properties exhibited by the TS population and
by various clones isolated from it. These proper-
ties are compared with those of uninfected FRT-
L or of FRT-L cells infected with the ivit
KiMSV. Virus production was tested in the
culture medium by the reverse transcriptase
assay and by focus formation on BALB 3T3
cells. With the latter technique, only the trans-
forming component of the Kirsten complex
(KiMSV-MoMuLV) can be detected and mea-
sured. Virus production was high as measured in
the reverse transcriptase assay in the uncloned
TS cells at both permissive and nonpermissive
temperatures (Table 1). Uninfected FRT-L cells
showed no virus production. Clone A6 is repre-
sentative of several clones (A-19, A-16, A-4, A-
2) isolated after transformation that were also
positive for virus production in the reverse tran-
scriptase assay. The A18 clone behaves as a
transformed clone (see below) and does not
produce virus; thus, it represents a nonproducer
clone, infected only by the defective component
of the Kirsten complex. Clone A6 consistently
produced high levels of transforming virus as
measured by the focus-forming assay in fibro-
blasts grown at 37°C. The absence of transform-
ing activity found in the supernatant media from
the A-18 clone is in agreement with the results
obtained with the reverse transcriptase assay.
Transformed cells grown at 33°C were inocu-

lated subcutaneously in newborn Fischer rats.
In our conditions, they were expected to behave
as malignant, since we have observed that the
subcutaneous temperature of the rat does not
exceed 34°C (a temperature which is still permis-
sive for transformation). In fact, all clones were
able to induce tumor growth, and the neoplasms
resembled carcinomas histologically (data not
shown). These results are in agreement with
those obtained with adult rats injected with cells
transformed by two wild-type strains of KiMSV
(21, 45).
When assayed for their growth capacity in

semisolid media, all of the ts-induced clones
showed high colony-forming efficiency at 33°C.
At 39°C, almost no colonies formed, and the few
that did were much smaller than those growing
at the permissive temperature.

Effects of temperature shift on growth and
hormone requirements of KiMSV ts-infected
FRT-L cells. Normal FRT-L cells require the
addition of six growth factors (4) to the culture
medium for optimal growth. Uninfected FRT-L
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FIG. 1. FRT-L cells transformed by KiMSV ts virus grown at permissive and nonpermissive temperatures.
(A) FRT-L-TS grown at 33°C. (B) FRT-L-TS grown at 33°C and then shifted to 39°C for 5 days. (C) Cloned
population A-6 grown at 33°C. (D) Cloned population A-6 grown at 33°C and then shifted to 39°C for 5 days. Cells
were propagated in vitro for 5 to 7 days. fixed with 95% ethanol-40% formaldehyde (9:1), and then
photographed. Magnification, x341.

cells in these growth conditions had a doubling
time of 58 h and reached a saturation density of
1.5 x 106 cells per 60-mm plate (Table 2). By
contrast, cells infected with the KiMSV ts virus
and grown at 33°C no longer required these
growth factors. This property might be due to
the fact that cells transformed in vitro by sarco-
ma viruses are able to produce their own growth

factors in the culture medium (15). Furthermore,
all of the infected clones showed an increased
growth rate at the permissive temperature (Ta-
ble 2). The addition of the growth factors had no
effect on either saturation density or doubling
time at the permissive temperature, but, inter-
estingly, both cloned and uncloned transformed
FRT-L cells growing at the nonpermissive tem-
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TABLE 1. Characteristics of FRT-L clones infected with KiMSV ts

Virus production
Growth Tumor Colony

Cells temp Reverse FFU/ inciden- efficiency
(OC) transcrip- mlF ces' in agar"

tase' l

FRT-L (uninfected) 37 6.7 0 0/10 0

TS 33 521 2,200 8/8 58
39 520 800 3

A-18 33 12.3 0 6/6 83
39 1.7 0 5

A-6 33 941.5 27.400 8/8 90
39 415 18,800 4

A-1 33 NTe NT 3/3 82
39 NT NT 1

FRT-L infected with KiMSV 37 221 NT NT 49.2
wt (MoMuLV)

cExpressed as picomoles of [3H]dTTP incorporated per 106 cells.
b Expressed as focus-forming units per milliliter of medium as titrated at 37°C on BALB 3T3 cells.
Only cells grown in culture at 33°C were tested for tumorigenicity in vivo by subcutaneous injection into

Fischer newborn rats (106 cells per rat). Tumors appeared between 13 and 20 days after injection.
d Calculated by the formula [(number of colonies formed)/(number of plated cells)] x 100.
e NT, Not tested.

perature reacquired, in part, their dependence
on growth factors. All of the infected popula-
tions grown at 39°C in the presence of the six
hormones exhibited a doubling time comparable
to that of control FRT-L cells. When maintained
at the nonpermissive temperature without the
addition of hormones, all of the clones studied
showed a clear decrease of their growth rate and
a four- to fivefold decrease in saturation density
as compared with the same infected cells main-
tained in the presence of the hormones.

Effect of temperature shift on TG production
and iodide uptake. Cells were either grown con-
tinuously at 33°C or grown at 33°C and shifted to
39°C, and the analysis was performed 5 days
after the shift to ensure that all cells had under-
gone at least one replication cycle. The cells
were labeled with [35S]methionine overnight,
and the culture supernatants were immunopre-
cipitated with a purified antibody against rat TG.

Figure 2 shows the results of immunoprecipi-
tation and gel electrophoresis obtained with su-

pernatants from control FRT-L cells and the A6
clone grown at the two temperatures. Identical
results were obtained with all other KiMSV ts-
infected clones (data not shown).
The results obtained with the uninfected FRT-

L cells are shown in Fig. 2A.
Immunoprecipitation was performed with a

purified antibody against rat TG (3). As previ-
ously demonstrated (5), these cells produce in
the culture medium high levels of TG. The major

band present in lane 1 is TG, as demonstrated by
its comigration with purified authentic 12S TG
(lane 3) and by displacement of this band when
the culture supernatant had been immunopreci-
pitated with the same antibody preabsorbed with
cold purified TG (lane 2).

Figure 2B shows a gel in which two tech-

TABLE 2. Growth properties of 371 KiMSV
(MoMuLV) transformed cell lines

Dou-
Cell Growth con- bling Saturation
line ditions" time density'

(h)

FRT-L 37°C + 6H 58 1.5 x 106
- 6H ND' ND

TS 33°C + 6H 26.4 3 x 106
- 6H 26.4 3 x 106

TS 39°C + 6H 67.2 1.2 x 106
- 6H 88.8 0.44 x 106

A6 33°C + 6H 28.8 2 x 106
-6H 28.8 2 x 106

A6 390C + 6H 52.8 1.8 x 106
- 6H 84 0.46 x 106

A18 330C + 6H 24 2 x 106
-6H 24 2x10"

A18 390C + 6H 57.6 2.1 x 106
-6H 91.2 0.5 x 106

a6H = the six growth factors described in the text;
+ and - indicate the presence or absence of these
factors.

b Number of cells per 60-mm plate.
' ND, Not determinable.
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FIG. 2. SDS-polyacrylamide gel analysis of im-
munoprecipitates obtained from supernatants of FRT-
L transformed cells. Cells were labeled with
[35S]methionine. and the supernatants were analyzed
for the presence of TG. (A) Supernatants of FRT-L
control cells, lanes 1 and 2; lane 3: rat 330,000-dalton
12S TG. (B) Lanes 1, 2, 5, 6, 10, and 11 show the
results of direct immunoprecipitation; lanes 3, 4, 7, 8,
12, and 13 show the results obtained with culture
media immunoprecipitated with the S. aireis tech-
nique. Lane 9 shows the migration of authentic rat
330,000-dalton 12S TG. Cells from the A-6 clone were

either labeled at 33°C or shifted to 39°C for 5 days and
then labeled as described in the text. Slab gel electro-
phoresis was performed with 6% polyacrylamide. Pan-
el C is the same gel autoradiogram represented in
panel B. but exposed for a shorter period of time.

niques were used: the S. alreius precipitation
(used also in the experiment shown in Fig. 2A)
and the direct immunoprecipitation. The S. aur-

eiis technique was used in lanes 3-4, 7-8, and 12-
13. In lanes 3-4 are the immunoprecipitates
obtained with uninfected FRT-L with and with-
out displacement, respectively.
The band present in the high-molecular-

weight region of the gel comigrates with the
control rat TG (330,000 daltons) in lane 9. This is
more clearly represented in Fig. 2C, in which a

shorter time of exposure to the X-ray film of the
same gel is shown. In lanes 7-8 and 12-13 are
shown the immunoprecipitation data obtained
with the A6 clone grown at permissive and
nonpermissive temperatures; no bands migrat-
ing exactly as TG are present either at the
permissive or at the nonpermissive temperature.
But a protein in the high-molecular-weight re-

gion of the gel was always observed, whether or

not the preabsorbed antibody was used (Fig. 2B
and C). Thus, this protein which also migrates
slightly faster than 12S TG probably represents a
protein nonspecifically bound to the S. aiureius
protein. Clearer results were obtained with the
direct immunoprecipitation, as shown in lanes 1-
2, 5-6, and 10-11. In this assay, FRT-L uninfect-
ed cells showed a band near the top of the gel
(lane 2); this band disappeared when the im-
munoprecipitation was done with the anti-TG
antibody preabsorbed with purified unlabeled
TG (lane 1), thus showing that it represents
authentic TG; the other bands present in lane 2
probably represent degraded TG. The same di-
rect immunoprecipitation with the normal (lane
6) and preabsorbed antibody (lane 5) was done
with supernatants from the A6 clone grown at
either the nonpermissive or the permissive tem-
perature. The gel revealed no clear band in the
molecular weight region corresponding to the
12S TG subunit (lane 9). Thus, the immunopre-
cipitation data either with the Staphylococcus
technique or with direct immunoprecipitation
demonstrate that the secretion of TG into the
culture medium is blocked after transformation
and is not restored at the nonpermissive tem-
perature. Identical results were obtained by us-
ing cell lysates instead of culture supernatants
for the immunoprecipitation, indicating that not
only TG secretion but also synthesis was
blocked in the ts-transformed cells (data not
shown).
The results concerning TG secretion were

confirmed in radioimmunoassays (Table 3). The
supernatant from uninfected FRT-L cells con-
tained high levels of TG, whereas KiMSV ts-
infected cells grown at 33°C contained undetect-
able or extremely low amounts of TG in the
culture supernatants. After a 5-day shift to
growth at 39°C, none of the infected clones
tested reacquired the ability to secrete TG into
the medium. In Table 3 are reported the data
obtained with the uncloned ts population as well
as with six of the several clones obtained.
We also tested the ability of the infected cells

grown at the two temperatures to concentrate
radioactive iodide added to the culture medium.
The cells transformed by the ts virus lost this
property irreversibly, even when tested up to 5
days after the temperature shift to 39°C (Table
3). The data also indicate that the effect on the
differentiated phenotype is dependent on the
transforming component of the virus complex,
as the same cells infected only with the leukemic
viruses (MoMuLV or KiMuLV) retained the
capacity to concentrate iodide and to secrete TG
(Table 3).

Effect of temperature shift on TG mRNA.
Cytoplasmic RNA from the various infected or
uninfected cell lines was hybridized to in vitro
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nick-translated cloned TG DNA representative
of a portion of the rat TG gene (16). Figure 3A
shows the results of the dot-blot hybridizations
performed with RNA from uninfected FRT-L,
from the various clones of FRT-L cells infected
with KiMSV ts at permissive and nonpermissive
temperatures, from FRT-L cells infected with
the KiMSV wt (MoMuLV) (46), and from two
lines of FRT-L cells infected with the nontrans-
forming KiMuLV helper. RNA specific for the
TG gene was detected in the uninfected or
KiMuLV-infected FRT-L cells, whereas RNA
from FRT-L cells transformed by either the wt
or ts viruses and at both 33 and 39°C did not
hybridize to the same DNA clone.

Presence of TG-specific DNA in the chromo-
somal DNA of transformed cell lines. The molec-
ular clone of rat TG DNA described above was
used to test for the presence of sequences ho-
mologous to this clone in the chromosomal DNA
of the various KiMSV-transformed lines. Dot-
blot hybridizations indicated the presence of
DNA homologous to the TG cloned DNA in all
lines tested: uninfected FRT-L and FRT-L cells
infected with ntt as well as with ts viruses (see
Fig. 3B). Thus, at least the portion of the TG
gene homologous to the cloned TG DNA is
present in the chromosomal DNA of the various
transformed lines.

DISCUSSION
Carcinomas are the most common neoplasms

of humans, and the biology of carcinoma cells
differs considerably from that of sarcoma cells
(19). Identification of changes in transformed
epithelial cells may provide a tool to study the
disturbance of regulation of epithelial cell
growth and differentiation.
The epithelial rat thyroid cells transformed by

the Kirsten sarcoma virus (20, 21) represent a
unique system for these studies. Transformation
of cells by tumor viruses results in (i) a decrease
in anchorage and density-dependent growth, (ii)
changes in cellular morphology and, generally,
(iii) a modification of the specific differentiated
cell properties. In several instances, the differ-
entiated cells infected in vitro by different types
of retroviruses lose their differentiated features
(6, 10, 22, 34, 36). In the case of Abelson virus-
transformed B lymphocytes, several clonal pop-
ulations of transformed cells have been isolated
that retain their ability to synthesize one of the
specific differentiation products of these cell
lines, i.e., immunoglobulin ,u or K chains (43).
Much work has been done with retroviruses

that are temperature sensitive in their transform-
ing ability in an effort to better understand the
interaction of viral replication with the pheno-
typic program of the cell that results in a loss of
differentiated cell properties and in the expres-

TABLE 3. Differentiated thyroid functions in FRT-
L cells infected with KiMSV is

Growth Iodide up- TG pro-
Cells temp take" (%) duction"

(OC)

424 33 9.2- NT

FRT-L

TS

A-18

A-6

A-1

A-2

A-4

A-16

37
39

33
37
39

33
39

33
39

33
39

33
39

33
39

33
39

10.9
(14)

NT
19.7
NT

0.5
(0.35) 0.6

0.5
(1.6) 0.5

0.6
(0.5) 0.5

NT
0.6

NT
NT

NT
NT

NT
NT

394
842.5
170.2

ND

ND
2.5

ND
1.1

ND
ND

ND
ND

2.1D.1
ND

33 NT ND
39 NT ND

A-19 33 NT ND
39 NT 1.5

FRT fibroblasts" 37 0.75 NT
NRK fibroblastsd 37 0.5 ND
FRT-L MoMuLV" 37 10.0 283.3
FRT-L KiMuLV' 37 9.5 41.6

' Expressed as percentage of the total 1251 added,
uptake by 106 cells. The values obtained with cells at
39°C were measured after 5 days of temperature shift.
Values in parentheses are those obtained after a 24-h
shift. NT, Not tested.

b Expressed as nanograms of TG produced per
milliliter by 106 cells as determined by radio-
immunoassay. The values at 39°C were obtained after
5 days of temperature shift. ND. Not detectable.

FRT, Fischer rat thyroid.
"NRK, Normal rat kidney.
eFRT-L cells infected only with MoMuLV.
- FRT-L cells infected only with KiMuLV.

sion of transformation markers. In some cases,
the differentiated functions of the cells are reac-
quired after the shift to the temperature nonper-
missive for transformation. This is the pattern
observed by Graf et al. (23) with avian erythro-
blasts transformed by a ts mutant of avian
erythroblastosis virus in which it appears that a
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FIG. 3. Dot-blot analysis of cytoplasmic RNA and chromosomal DNA from uninfected and virus-infected
FRT-L cells. (A) Cytoplasmic RNA was extracted from the uninfected, KiMSV Wti, KiMSV ts, or KiMuLV-
infected FRT-L cells, and dot-blot hybridizations were performed by using the TG-specific DNA probe as
described in the text. In the case of all KiMSV-transformed cells, 25 ,ug of RNA was used. The bottom row
shows the results obtained with two different lines of KiMuLV-infected FRT-L cells. (B) High-molecular-weight
DNA was extracted as described in the text and hybridized by dot blot to the TG-specific DNA probe. The
amount of the DNA used was 10 ,ug. Pla indicates a positive control of hybridization obtained by hybridizing the
32P-labeled TG recombinant plasmid to unlabeled pBR322 (100 ng).

virus-encoded product must be continuously ex-
pressed to maintain the block in the differentia-
tion program of this specific cell lineage and,
therefore, also to maintain the leukemic state of
the cells. In other cases, the loss of the differen-
tiating potential of the cells is independent of the
expression of the transforming gene after infec-
tion with a retrovirus. The infection of limb bud
chondroblasts with ts mutants of Rous sarcoma
virus, for instance, markedly inhibits chondro-
genesis at both permissive and nonpermissive
temperatures (24). Dissociation among transfor-
mation parameters has also been observed by
Weber and Friis, using a particular type of ts
mutant of Rous sarcoma virus and chick embryo
fibroblasts (47). The virus effect on differentiat-
ed cells in culture might also be more complex,
involving alterations and differential expression

of the properties analyzed. For example, in
BALB 3T3 fibroblasts infected with KiMSV, the
relative rate of in vitro procollagen synthesis is
clearly regulated by the transforming protein,
whereas the latter protein is not required for the
relative increase in the proportions of type III
procollagen observed after transformation, as
such proportions remain unchanged after the
cells are shifted to growth at the nonpermissive
temperature (7). In the system described here of
rat thyroid cells infected with a ts strain of
KiMSV, the transforming product seems to in-
terfere with some cell parameters, such as
growth control, but the most specific properties
of these cells, i.e., TG production and iodide
uptake, are irreversibly lost at both the permis-
sive and nonpermissive temperatures.
As shown by immunoprecipitation and radio-
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immunoassay, the KiMSV ts-infected FRT-L
cells do not reacquire the ability to produce TG
in the culture supernatants when shifted to
growth at the nonpermissive temperature. The
effect of the virus on the expression of the
differentiated phenotype is clearly dependent on
the transforming virus present in the Kirsten
complex, since FRT-L cells infected only with
the helper virus component of the complex
(either KiMuLV or MoMuLV) secrete TG and
concentrate iodide at levels comparable to those
of uninfected FRT-L cells.
The RNA blot hybridization studies show that

RNA specific for TG is not present in the
cytoplasm of KiMSV ts-infected FRT-L cells at
the permissive or nonpermissive temperature.
The presence of DNA that hybridizes to a por-
tion of the rat TG gene (16) in the chromosomal
DNAs of all of the cloned lines infected by the ts
KiMSV excludes the possibility that a complete
deletion of the rat TG gene accounts for the
absence of TG mRNA in the transformed lines.
However, more detailed studies now in progress
in our laboratory show that the structure of the
TG gene is not altered after infection with the
transforming virus. This has been controlled by
hybridization experiments done with other
cDNA clones, representative of the whole cod-
ing region of the TG gene (A. Fusco and P. P. Di
Fiore, unpublished data).
The results reported here are compatible with

the hypothesis of either a transcription or a
maturation block of the TG mRNA in cells
infected by the ts KiMSV.
Some properties of ts virus-infected rat thy-

roid cells, such as cell morphology and growth
properties, are thermosensitive: the drastic mor-
phological changes typical of the transformed
lines disappear completely after only 24 h of
growth at the nonpermissive temperature. It is
interesting to note that the efficiency of colony
formation in agar in the case of both KiMSV ts-
infected or KiMSV wit-infected FRT-L cells (see
Table 1) is very high. This is at variance with the
common observation that transformed epithelial
cells usually display no growth capacity in agar
(19). However, there are cases described in the
literature of epithelial cells transformed in vitro
by oncogenic viruses which show low levels of
colony formation in agar. These systems include
cells transformed by adenovirus (37), mink epi-
thelial cells transformed by an endogenous re-
trovirus (39), and neuroretinal chick embryo
cells transformed by Schmidt-Ruppin Rous sar-
coma virus (11).
Presumably, the effect of the ts KiMSV on the

morphology and agar growth of FRT-L cells is
dependent on the virus transforming product,
the p21 kinase protein that is thermosensitive, as
shown previously for KiMSV ts-transformed

fibroblasts (42). Normal growth rate and the
requirement for hormones are also restored after
the temperature shift.

Kirsten sarcoma virus-transformed rat and
mouse fibroblasts are known to secrete a growth
factor into the culture supernatants which in-
duces growth to high density at low serum
concentrations (35). Preliminary evidence ob-
tained in our laboratory indicates that a similar
factor is produced by the Kirsten-transformed
FRT-L cells (M. Ferrentino et al., unpublished
data). A block in the production of this factor
after the temperature shift to 39°C might account
for the changes in growth properties and the
reacquired hormonal dependence of the FRT-L
cells. Alternatively, transformed FRT-L cells
might lose one or more of the hormone recep-
tors, for example, the receptor for the thyrotro-
pic hormone, which is present on the plasma
membranes of uninfected FRT-L cells (41, 48).
This receptor might reappear after the tempera-
ture shift and might therefore be identified as a
typical differentiated property of thyroid cells
which is under the direct control of the p21
transforming protein. Further experiments are
needed to discriminate fully between these two
possibilities.
The data presented emphasize the complexity

of the effect of KiMSV on FRT-L cells. The
changes in epithelial morphology and growth
properties require the continuous expression of
the viral transforming gene function, as demon-
strated by the suppression of these malignant
properties at the nonpermissive temperature.
The irreversible suppression of TG synthesis
and iodide uptake could be interpreted in the
light of three different hypotheses.

(i) A residual p21 transforming activity might
be present even at the nonpermissive tempera-
ture.

(ii) The dissociation in the behavior of trans-
formation versus differentiation markers could
be ascribed to a pleiotropic effect of the p21
protein. It is reasonable to imagine that the two
effects, transformation and block of differentia-
tion, are under the control of two different
domains of the p21 protein, only one of which
(the one controlling the transformation phenom-
enon) is temperature sensitive.

(iii) The loss of the differentiated phenotype
might be caused by events not necessarily relat-
ed to the oncogene expression but dependent on
the virus cell interactions that can cause irre-
versible alterations in the cellular genome struc-
ture or in its expression.
To discriminate between these hypotheses,

experiments are in progress to determine wheth-
er epithelial rat cells retain or lose their differen-
tiated phenotype after infection at 39°C.
Further studies are in progress in our labora-
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tory to analyze whether the structure of the TG
gene has been modified by the transformation
event(s) in such a way as to render the infected
cells incapable of synthesizing the TG molecule.
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