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ABSTRACT

Two events which commonly occur during transformation of murine
and avian fibroblasts by rei m viral oncogenes are production of transform
ing growth factor a (TGF-a) and suppression of tropomyosin synthesis.
TGF has been proposed as a mediator of transformation through auto-

crine stimulation. Suppression of tropomyosin synthesis may contribute
to the transformed phenotype through dÃ©stabilisation of actin microfila-

ments and cytoskeletal derangement. To determine whether suppression
of tropomyosin synthesis might be a consequence of the action of TGF-

Â«we studied tropomyosin synthesis in rat (normal rat kidney) and mouse
(NIH3T3) fibroblasts treated with TGF-a. In a serum-containing system,
addition of TGF-a or epidermal growth factor to normal rat kidney

monolayers in subnanomolar concentrations induced morphological
changes consistent with transformation. These changes were accompanied
by prominent suppression of synthesis of M, 36,000 and 39,000 tropo-

myosins. Similar suppression was observed in NIH3T3 cells. Inhibition
of tropomyosin synthesis began almost immediately after addition of
TGF-a and became progressively more pronounced during the succeeding

48 h. Suppression of tropomyosin synthesis was correlated with reduced
expression of 1.1- and 1.8-kilobase tropomyosin mRN As in both TGF-
treated normal rat kidney cells and v-Ki-r<u-transformed NIH3T3 cells.

Rapid onset of a specific block in utilization of newly synthesized tropo
myosin for formation of cytoskeletal elements was also demonstrated
following TGF-a treatment. The evidence suggests that this block may
be a specific effect of TGF-a treatment and that reduced expression of

tropomyosin gene products may be either an independent event or a
regulatory consequence of the block to utilization. The data support the
conclusion that suppression of tropomyosin synthesis in cells transformed
by a number of retroviral oncogenes results from the autocrine action of
TGF-a.

INTRODUCTION

Tropomyosin is a major structural and functional component
of the microfilament system of the cytoskeleton (reviewed in
Ref. l). Recent studies have shown that suppression of synthesis
of members of the tropomyosin family of proteins is a promi
nent biochemical event in murine and avian fibroblasts trans
formed by any of a number of retroviral oncogenes (1-5). We
found that, of all the proteins visualized by two-dimensional
gel electrophoretic analysis of NIH3T3 cells, the M, 37,000
and 41,000 tropomyosins were the only major cellular proteins
that: (a) were consistently suppressed in cell lines transformed
by six different retroviral oncogenes; (b) were suppressed during
the onset of morphological transformation in a cell line in
which oncogene expression was under hormonal control; and
(c) showed restoration to normal or greater levels of synthesis
in two revenant cell lines derived from oncogene-transformed
cells (2). These findings suggest that suppression of tropomy
osin synthesis may play a significant role in the expression of
the transformed phenotype in cells transformed by the onco
genes studied. The observation raises the important question of
how expression of these oncogenes (and their encoded proteins)
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is linked, biochemically, to the suppression of synthesis of a
specific set of cell proteins.

Expression of certain retroviral oncogenes has been associ
ated with the production of TGFs2 and it has been hypothesized

that these agents produce transformation through an autocrine
mechanism (6-8). This view is strongly supported by the recent
demonstration that constitutive production of TGF-a, due to
expression of introduced TGF genetic sequences, results in
neoplastic cell transformation (9). In clarifying the mechanism
of tropomyosin suppression it is therefore important to deter
mine whether that suppression arises directly as a consequence
of oncogene expression or is secondary to the autocrine action
of TGF. To obtain this information we have studied the pro
duction of tropomyosin in rat fibroblasts (NRK cells) treated
with TGF-a or with EGF, since both factors are known to
operate through the same receptor (10, 11). We found that
TGF-a, and to a lesser extent EGF, effectively suppressed
synthesis of the same tropomyosins affected by retroviral on
cogene expression, in conjunction with the appearance of mor
phological changes characteristic of transformation. NIH3T3
cells were affected similarly.

MATERIALS AND METHODS

Growth Factors. Recombinant human TGF-a was generously sup
plied by Dr. Rik Derynck, Genentech. Mouse EGF, receptor grade, was
from Collaborative Research, Inc. Porcine TGF-/9 was from R and D
Systems, Inc.

Cell Cultivation and Radiolabeling. NRK (clone 49F, passages 8 to
18) and NIH3T3 cells were cultivated in Dulbecco's modification of
Eagle's minimal essential medium supplemented with 10% fetal bovine

serum and antibiotics. Monolayers were grown to 50-70% confluency
(48 h) before experimental procedures were performed. For radiolabel-
ing, monolayers were rinsed with PBS and incubated for 1-4 h in
methionine-free Dulbecco's modification of Eagle's minimal essential
medium supplemented with [35S]methionine (50 Â¿iCi/ml;1100 Ci/
mmol). Monolayers were harvested by washing in ice-cold PBS followed
by scraping into PBS and centrifugation at 600 x g for 5 min.

Subcellular Fractionation. Cytoskeletal proteins were extracted by a
modification of the procedure of Fey et al. (12). Monolayers in 100-
mm plastic dishes were washed twice with ice-cold PBS and then
overlaid with 10 ml of SOL buffer. After 10 min on ice, SOL buffer
was removed. For this study, the SOL buffer, containing extracted
soluble cell proteins, was discarded. The residual monolayer, consisting
of nuclei and intact cytoskeletons (12), was gently rinsed twice with
cold PBS/5 HIMMgClz and then extracted for 10 min on ice with 2 ml
of CSK buffer. The CSK buffer, containing solubili/ed cytoskeletal
proteins, was recovered and its salts were exchanged for 0.2x PBS by
passage through a Sephadex G-25 column. After concentration to 1 ml
under vacuum, proteins were precipitated by addition of 5 volumes ice-

2The abbreviations used are: TGF, transforming growth factor; EGF, epider
mal growth factor; PDGF, platelet-derived growth factor, CSK, cytoskeleton;
PBS, phosphate-buffered (0.01 M, pH 7.4) isotonic saline; SDS, sodium dodecyl
sulfate; NRK, normal rat kidney; SOL buffer, 100 mM NaCl/300 mm sucrose/
10 mM piperazine-A',A''-bis(2-ethanesulfonic acid), pH 6.8/3 HIM MgCI2/0.5%
(w/v) Triton X-100/1.2 mM phenylmethylsulfonyl fluoride; CSK buffer, 250 mM
ammonium sulfate/300 mM sucrose/10 mM piperazine-yV,Af'-bis(2-ethanesulfonic
acid, pH 6.8/3 mM MgClj/0.5% (w/v) Triton X-100/1.2 mM phenylmethylsul
fonyl fluoride; poly(A)* RNA, polyadenylated RNA; cDNA, complementary
DNA.
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cold acetone:NH4OH (10:0.57). After standing on ice for 5 min, the
precipitate was recovered by centrifugation and dried under vacuum.

Two-Dimensional Polyacrylamide Gel Electrophoresis. Subcellular
fractions or intact whole cells were suspended in isoelectric focusing
lysis fluid (9.5 M urea/2% Nonidet P-40/5% 2-mercaptoethanol/2%
LKB ampholytes, pH 3.5-10). After vortexing to lyse cells or dissolve
fraction proteins, insoluble material was removed by centrifugation and
the sample was subjected to two-dimensional electrophoresis, staining,
and radiofluorography, as described (13). First dimension (isoelectric
focusing) gels contained 1% pH 3.5-10 and 1% pH 4-6 ampholytes
(LKB) and were electrophoresed for 12,000 V-h. Second dimension
(SDS-polyacrylamide gel electrophoresis) gels were 12% acrylamide.

Measurement of [35S]Methionine in Specific Proteins in Two-Dimen-

sional Gels. Gels for quantitation were processed and dried without
addition of fluors. Proteins were located by radiography and were
surrounded by a radiodense mask of X-ray film to exclude radioactivity
from proximate gel areas. Radioactivity was measured directly with a
Bicron model Bl probe coupled with a Ludlum model 2200 sealer/
ratemeter. Background activity was determined by counting regions of
the gel of comparable area which were free of evident labeled proteins.

RNA Extraction. Monolayers for RNA extraction were grown in
450-mm2 tissue culture dishes (Nunc). After a rinsing with cold PBS,

cells were quickly scraped into PBS and centrifuged at 600 x g. Cell
pellets were frozen in dry ice and stored at -80Â°C. RNA was extracted
by the guanidine-isothiocyanate-CsCl method and poly(A)" RNA was

prepared by the oligodeoxythymidylate cellulose method, as described
(14).

Northern Blot Analysis. RNA samples together with molecular size
markers (RNA ladder; BRL) were analyzed by electrophoresis in 1.6%
agarose-formaldehyde denaturing gels as described (14) and blotted to
nylon membranes (Genescreen; NEN) according to the manufacturer's

instructions. Prehybridization was performed in 50% formamide/1%
SDS/1 M NaCl/10% dextran sulfate/2x Denhardt's solution (14) at
35'C overnight. The cDNA probe [pTM4, cDNA for chicken skeletal
muscle a-tropomyosin (15), gift of A. MacLeod] was labeled with 32P

by nick translation (New England Nuclear; nick translation kit, used
according to manufacturer's instructions). It was hybridized to the blots

in the same solution for at least 24 h at low stringency (hybridization
at 35Â°C;washing, 2 x 30 min in 2x 0.15 M sodium chloride/0.015 M

sodium citrate/1% SDS at room temperature). After washing, mem
branes were wrapped (wet) in polyethylene film and radiographed at
-80Â°Cfor 6 h to 2 days.

RESULTS

Morphological Effects of TGF-a and EGF. Early passage
NRK cells are highly responsive to TGF-a, which is most
dramatically demonstrated by the appearance of anchorage-
independent colonies in semisolid medium (16-18). This re
sponse requires the additional presence of TGF-/8 and PDGF
(19). We elected to study the biochemical response to TGF-a
in monolayer cultures where, despite less dramatic morpholog
ical changes, cells were accessible for radiolabeling and bio
chemical procedures. Addition of TGF-ÃŸwas found to be un
necessary, presumably because the culture medium contained
adequate amounts of TGF-ÃŸand PDGF or related materials
derived from serum. Therefore, the effects of addition of TGF-
n could be specifically assessed.

Cells were plated and allowed to grow to confluency in the
absence or presence of either TGF-a or EGF at 5 ng/ml. The
appearance of the cells after 4 days, as seen by phase contrast
microscopy, is shown in Fig. 1. Untreated cells were flattened
and contact inhibited and showed little tendency to multilayered
growth (Fig. IA). TGF-a-treated cells showed a more spindle-
shaped morphology, were more densely crowded, and clearly
formed multilayered foci characteristic of transformed cells in
monolayers (Fig. IB). The cell mass obtained from TGF-treated
cultures was three times that obtained from controls. EGF-

B

?&$V?\tH>v
Fig. 1. Morphology of NRK cells treated with TGF-a or EGF. Monolayers

were incubated for 4 days. A, control culture; B, TGF-a, 5 ng/ml, added; C, EGF,
5 ng/ml, added.

treated cells were similar in morphology to those treated with
TGF-a although the effect appeared less marked at an equiva
lent concentration of growth factor (Fig. 1C).

Tropomyosin Synthesis in Confluent Monolayers. Cells were
plated and allowed to grow to confluency as described above.
After exposure to [35S]methionine for 4 h, total cell proteins
were analyzed by two-dimensional gel electrophoresis and ra
diography (Fig. 2). Four proteins, one each at M, 39,000 and
36,000 and two at M, -32,000, are identified in Fig. "LA.These

proteins have been identified previously by Matsumura et al. as
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Fig. 2. Effect of TGF-a and EGF on tro-
pomyosin synthesis in confluent monolayers
of NRK cells. NRK cells were allowed to grow
to confluency in the presence of growth factors.
Cells were radiolabeled with ["Sjmethionine
for 4 h and whole-cell protein extracts were
analyzed by two-dimensional polyacrylamide
gel electrophoresis. Regions of gel are shown
which include tropomyosins (apparent molec
ular weight, 21,000-45,000, pi 4-5.5). Acidic
proteins are oriented to the right. Arrows, NRK
cell proteins previously identified as tropomy
osins (22) and their apparent molecular
weights. A, control; B, TGF-a, 5 ng/ml, added;
C, EGF, 5 ng/ml, added.

tropomyosins of NRK cells (5). This identification was con
firmed in our cells by immunoprecipitation and subcellular
fractionation studies (data not shown). The M, 39,000 and
36,000 forms are the so-called "muscle-type" tropomyosins and

were shown by Matsumura et al. (5) to be suppressed in NRK
cells transformed by v-Ki-r<w (5). These proteins correspond to
the M, 41,000 and 37,000 mouse tropomyosins which are
suppressed during retroviral oncogene expression in NIH3T3
cells (2). The M, 32,000 NRK cell proteins are the "nonmuscle-
type" tropomyosins and correspond to the M, 35,000 tropo

myosins of mouse fibroblasts. These tropomyosins were not
inhibited in retrovirally transformed NIH3T3 cells (2) and were
reported to be increased in the microfilaments of NRK cells
transformed by \-Ki-ras (5).

When NRK cells were allowed to grow to confluence in the
presence of added TGF-a (5 ng/ml), synthesis of both M,
36,000 and M, 39,000 tropomyosins was strongly inhibited
after 48 h of treatment, with almost complete suppression of
the M, 36,000 protein (Fig. IB). Labeling of the M, 32,000
tropomyosins appeared very slightly reduced. Addition of EGF
at a similar concentration resulted in a partial inhibition of the
M, 39,000 and 36,000 proteins (Fig. 2C). In repetitions of this
experiment, the M, 36,000 tropomyosin was always strongly
inhibited by TGF-a, while the effect on the M, 39,000 tropo
myosin appeared more variable. Addition of TGF-/S, either
alone or in combination with TGF-a, produced no detectable
effect (not shown). The apparent quantitative difference in the
effect of TGF-a and EGF on both morphology and tropomyosin
synthesis, when used at the same nominal concentrations, may
be due to the commonly reported difference in specific activity
between these two factors (10) or alternatively to a difference
in potency of the preparations we obtained. This distinction
was not an issue in the present investigation and was not
pursued. The data serve to demonstrate that both TGF-a and
EG F can produce morphological changes associated with trans
formation and can also cause suppression of synthesis of spe
cific tropomyosins.

Time Course of Response to TGF-Â«.NRK cells were plated
and after 48 h growth were exposed to TGF-a (2 ng/ml) for
various periods before labeling and two-dimensional analysis of
whole-cell protein extracts. Suppressed synthesis of the M,
36,000 tropomyosin and partial suppression of the M, 39,000
tropomyosin were evident by inspection after 12 h of exposure
(Fig. 3). When radioactivity appearing in M, 36,000 and 39,000
tropomyosins was quantitated (see "Materials and Methods"),

it was clear that reduction in synthesis of both these tropomy
osins began almost immediately after addition of TGF-a (Fig.
4A). Synthesis of actin, the major microfilament protein, re
mained at or above control levels for at least 8 h.

The appearance of newly synthesized radioactive tropomyo-

0 hr

v Â«.â€¢>" t^ r

12 hr 24 hr

Fig. 3. Time course of effect of TGF-a on tropomyosin synthesis in NRK
cells. At 48 h after plating, TGF-a (2 ng/ml) was added to NRK monolayers. At
various times, cells were labeled for 4 h with [3!S]methionine and whole-cell
protein extracts were analyzed by two-dimensional electrophoresis. Gel regions
are shown, as in Fig. 2. Arrows, various tropomyosins. Period of exposure to
TGF-a is indicated in each panel and represents the midpoint of a 4-h labeling
period.

sin molecules in the cytoskeletal compartment ("entry rate")

was also examined at various times after addition of TGF-a.
Cytoskeletal extracts were prepared from duplicates of the
cultures described above. After analysis of proteins by two-
dimensional electrophoresis, radioactivity in specific tropomy
osins was quantitated. From these measurements, it appeared
that the entry rate of M, 36,000 and 39,000 tropomyosins
declined even more rapidly than the fall in their synthesis,
whereas the entry rate of new actin molecules rose to slightly
above control levels by 4 h after addition of TGF-a (Fig. 4Ã„).
This suggested that there might be a specific block in utilization
of new tropomyosin molecules for formation of cytoskeletal
structures independent of the reduction in rate of synthesis.

The entry rate (rate of appearance of radioactive tropomyo
sins in the cytoskeletal compartment) has two components, rate
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Fig. 4. Quantitative measurements of time course of effect of TGF-a on
synthesis of M, 36,000 and 39,000 tropomyosins. Replicate dishes of NRK cells
were prepared, and 48 h after plating, TGF-a (2 ng/ml) was added. After various
periods of exposure to TGF-a, cells were labeled with ["Sjmethionine. Cells
exposed to TGF-a for 1 and 2 h were labeled for I and 2 h, respectively; others
were labeled for 4 h. Cell extracts were prepared and identical amounts of protein
radioactivity (4 x 10* cpm) were analyzed by 2-dimensional electrophoresis.

Radioactivity incorporated into specific tropomyosins and into actin was deter
mined (see "Materials and Methods") and expressed as percentage of control
(zero-time exposure to TGF-a) labeling. Indicated exposure time is midpoint of
labeling period. (â€¢)M, 36,000 tropomyosin; (!'!) M, 39,000 tropomyosin; (â€¢)

actin. I, whole-cell protein extracts; B, cytoskeletal protein extracts, k, molecular
weight in thousands.

of synthesis and rate of utilization of newly synthesized mole
cules in cytoskeletal elements. To detect a specific block in
utilization, the contribution of the synthesis rate to the data
was eliminated by calculation of a utilization ratio

Utilization ratio
_ (cpm in TGF-treated CSK)/(cpm in TGF-treated whole cell)

(cpm in control CSK)/(cpm in control whole cell)

This ratio estimates the fraction of newly synthesized mole
cules entering the cytoskeletal compartment in TGF-a-treated
samples relative to the fraction in controls. Calculation of the
utilization ratio for .\f, 36,000 and 39,000 tropomyosins during
the initial hours after TGF-a treatment revealed a declining
utilization ratio for both species (Fig. 5). This confirmed the
rapid onset and progressive increase of a specific block in
utilization of new molecules for formation of cytoskeletal struc
tures.

The effect of TGF-a treatment on synthesis and utilization
of the M, 32,000 tropomyosins was also studied. Unlike the M,
36,000 and 39,000 forms, synthesis of these nonmuscle tropo
myosins showed an initial increase in synthesis, followed by a
return toward control levels (Fig. 6). This is consistent with the
finding of Matsumura et al. (5) that synthesis of these tropo
myosins was increased in NRK cells transformed by v-Ki-ras.
Interestingly, the entry of new M, 32,000 tropomyosins into
the cytoskeletal compartment was rapidly inhibited during the
initial hours of TGF-a treatment, despite their increased syn
thesis at the relevant times (Fig. 6). Therefore, a specific block
in utilization is evident in this case, without the necessity of
calculating utilization ratios.

Reversibility of Response to TGF-a. The morphological re
sponse of NRK cells to TGF-a is reversible on removal of the
growth factor (11). To test reversibility of the TGF-a effect on
tropomyosin synthesis, cells were treated with TGF-a for 24 h
and then washed and incubated for an additional 24 h, with or

DC
0.750 -
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Ã•* 0.500

0.250 -

Hours With alpha-TGF

Fig. 5. Time course of effect of TGF-a on fraction of newly synthesized
radioactive M, 36,000 and 39,000 tropomyosins entering the cytoskeletal com
partment relative to control samples (utilization ratio). From the data of Fig. 4
utilization ratios were calculated (see text). The control sample utilization was
the mean of the utilization for untreated samples labeled for I, 2, and 4 h. (â€¢)M,
36,000 tropomyosin; (11)M, 39,000 tropomyosin. k, molecular weight in thou
sands.
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Fig. 6. Effect of TGF-a treatment on synthesis and utilization of M, 32,000

tropomyosins. Radioactivity incorporated into M, 32,000 tropomyosins in whole-
cell and cytoskeletal preparations was determined in the same gels used for Fig.
4. The more basic of the two M, 32,000 tropomyosins is designated 32a. (â€¢)32a,
whole-cell; (D) 32b, whole cell; (â€¢)32a, cytoskeleton; (Â«)32b, cytoskeleton.
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48

Hours
Fig. 7. Reversibility of TGF-a-induced inhibition of tropomyosin synthesis.

Replicate dishes of NRK cells were incubated with 2 ng/ml TGF-a. After 24 h,
medium was replaced by TGF-free or TGF-a-containing medium and incubation
was continued for an additional 24 h. At indicated times, a 4-h labeling with
[35S]methionine was performed and whole-cell extracts were prepared. After two-
dimensional electrophoresis, radioactivity in specific tropomyosins was measured
and expressed as percentage of labeling in untreated cells. (â€¢)M, 36,000 tropo
myosin, TGF-a continuously present. (D) M, 36,000 tropomyosin, TGF-a re
moved after 24 h; (â€¢)M, 39,000 tropomyosin, TGF-a continuously present; (*)
M, 39,000 tropomyosin, TGF-a removed after 24 h. k, molecular weight in
thousands.

without growth factor, before radiolabeling (Fig. 7). Synthesis
of A/r 36,000 tropomyosin returned to near control levels after
withdrawal of TGF-a for 24 h. In the case of M, 39,000
tropomyosin, inhibition of synthesis did not progress, but res
toration toward normal levels did not occur during the 24 h
following TGF-a withdrawal. Evidently, synthesis of A/r 36,000
tropomyosin recovers relatively rapidly from TGF-induced in
hibition while synthesis for M, 39,000 tropomyosin recovers
more slowly.

Dose Response to TGF-a. A dose-response curve relating
tropomyosin synthesis and TGF-a concentration in NRK cells
was obtained by assay of radioactivity in specific proteins in
two-dimensional gels of whole-cell protein extracts (Fig. 8/1).
Maximal inhibition of tropomyosin synthesis was reached at
TGF-a concentration of 0.4-0.5 ng/ml, while half-maximal
inhibition of synthesis of both M, 36,000 and 39,000 tropo
myosins occurred at 0.1-0.2 ng/ml (18-36 PM). At concentra
tions above 2 ng/ml inhibition became less pronounced. The
effective concentration range for TGF-a in suppressing tropo
myosin synthesis is thus similar to that reported for other TGF-
induced effects (9).

Effect of TGF-a on NIH3T3 Cells. To ascertain whether
suppression of tropomyosin synthesis by retroviral oncogene
expression in NIH3T3 cells might be the result of an autocrine
mechanism, we determined whether TGF-a treatment of
NIH3T3 cells would affect tropomyosin synthesis. Subcon-

100 t
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_ NIH3T3

0.1 1.0 10.0
alpha-TGF (ng/ml)

Fig. 8. Dose response of TGF-a-induced suppression of synthesis of muscle-
type tropomyosins in NRK and NIH3T3 cells. At 48 h after plating, replicate
dishes of cells were incubated with varying concentrations of TGF-a. After an
additional 24 h, cells were labeled for 4 h with [35S]methionine, whole-cell proteins
were analyzed by two-dimensional electrophoresis, and labeling of muscle-type
tropomyosins was measured. A, NRK cells: (â€¢)M, 36,000 tropomyosin; (D) M,
39,000 tropomyosin. B, NIH3T3 cells: (â€¢)M, 37,000 tropomyosin; (D) M, 41,000
tropomyosin.

B

Fig. 9. Suppression of tropomyosin synthesis in NIH3T3 cells by TGF-a.
NIH3T3 cells were treated and analyzed as in Fig. 2. A, control; B, TGF-a.
Arrows, positions and apparent molecular weight of previously identified tropo
myosins (3).

fluent monolayers of NIH3T3 cells were exposed to various
concentrations of TGF-a for 24 h and tropomyosin synthesis
was assessed. Suppression of M, 37,000 and 41,000 tropomy
osins was detectable by inspection at 5 ng TGF/ml (Fig. 9). A
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dose-response curve showed that, although synthesis of tropo-
myosin in NIH3T3 cells is quite sensitive to TGF-a, it is less
so than in NRK cells, since maximal inhibition was not reached
even at 5 ng/ml (Fig. 8Ã„).Moreover, unlike the case of NRK
cells, the dose-response curves for M, 37,000 and 41,000 tro-
pomyosins were clearly discordant at the lowest concentrations.
It is possible that a similar divergence might be seen with NRK
cells if sufficiently low concentrations of TGF-a were used. The
pattern of tropomyosin suppression seen with TGF-a treatment
of NIH3T3 cells was the same as that reported previously in
cells transformed by various retroviral oncogenes, i.e., suppres
sion of synthesis of Mr 37,000 and 41,000 tropomyosins, with
minimal effect on M, 35,000 tropomyosins (2).

Effect of TGF-a Treatment on Tropomyosin mRNA Levels.
Hendricks and Weintraub (20) have reported that tropomyosin
suppression in avian cells transformed by the src oncogene is
associated with transcriptional inhibition. We confirmed a re
duction in expression of some tropomyosin mRNAs in v-Ki-
rai-transformed NIH3T3 cells by Northern blot analysis. Hy
bridization of the TM4 probe (chicken smooth muscle tropo
myosin cDNA) to poly(A)+ RNA from NIH3T3 cells at reduced

stringency revealed three mRNAs, at 2.3,1.8, and 1.1 kilobases
(Fig. 10, Lane I). In poly(A)+ RNA from NIH3T3 cells trans
formed by \-Ki-ras (cell line DT) the signal for the 1.8- and
1.1-kilobase forms was reduced, while that for the 2.3-kilobase
form was unchanged (Fig. 10, Lane 2). The mRNA for the
largest muscle-type tropomyosin in rat and human cells has

1

2.3
1.8

1.1

Fig. 10. Effect of retroviral transformation and TGF-a treatment on expres
sion of tropomyosin mRNAs. Northern blot analysis was performed on RNAs
from NIH3T3, DT (v-Ki-ros-transformed NIH3T3), NRK, and TGF-o-treated
NRK (2 ng/ml, 24 h) cells, as described in "Materials and Methods." Lane 1,
poly(A)* RNA, NIH3T3 cells, 1 ng; Lane 2, poly(A)* RNA, DT cells, 1 ng; Lane
3, total RNA, NRK cells, 10 ^g; Lane 4, total RNA, TGF-a-treated NRK cells,
10 >ig;Lane 5, as Lane 3, 5 ng RNA; Lane 6, as Lane 4, 5 /ig RNA. kB, kilobase.

been reported to be 1.1 kilobases in size (21, 22), while that for
the smaller nonmuscle tropomyosin in human cells has a re
ported size of 2.5 kilobases (21). These would correspond to
our 1.1- and 2.3-kilobase forms which would then code for the
M, 41,000 and 35,000 tropomyosins, respectively. The M,
37,000 tropomyosin, in all likelihood, is encoded by the 1.8-
kilobase mRNA. The marked reduction in expression of 1.1-
and 1.8-kilobase mRNAs, with little change in expression of
2.3-kilobase mRNA, is in agreement with the protein synthesis
data, where suppression of synthesis of the M, 41,000 and
37,000 tropomyosins was observed, while the Mr 35,000 non-
muscle tropomyosins were minimally affected (2).

To determine whether tropomyosin suppression by TGF-a
treatment was similarly associated with reduced mRNA expres
sion Northern blot analysis was performed on total RNA from
control and TGF-a-treated NRK cells (Fig. 10, Lanes 3-6).
Three mRNA species were again detected, with the same sizes
as observed for NIH3T3 cells. In RNA from TGF-a-treated
cells there was a notable reduction of the signal for the 1.1- and
1.8-kilobase species. The degree of reduction under the condi
tions used was at least 50%, since the signal obtained for those
RNAs with 10 Mgof RNA from TGF-a-treated cells was less
than or equal to that of 5 ng from untreated cells (compare Fig.
10, Lanes 4 and 5).

DISCUSSION

Evidence has accumulated to support an autocrine theory of
oncogenesis by activated cellular protooncogenes (6-8). In this
view, expression of oncogene-encoded proteins leads to activa
tion of genes for TGF-a and TGF-0 or other growth factors,
normally silent or down-regulated in adult tissues (10). Inap
propriate production of abnormal levels or types of growth
factors then promotes aberrant growth of the producing cell or
its neighbors. This theory has received its strongest support to
date from studies in which abnormal growth factor production
is obtained through introduction of appropriate genetic con
structs (9, 23-26). Most relevant to this study is the work of
Rosenthal et al. (9), who introduced an expression vector con
taining the gene for TGF-a into rat fibroblasts and isolated
clones which constitutively produced TGF-a. These cells exhib
ited the transformed phenotype, including the ability to produce
tumors in nude mice. Transformation was inhibited by addition
of anti-TGF monoclonal antibody. Thus, TGF-a production is
a sufficient condition for several of the properties associated
with transformation in the system studied.

All of the retrovirus-transformed cell lines in which we pre
viously reported suppression of tropomyosin synthesis (trans
formed by v-Ki-roÃ,v-Ha-ras, fes, fms, mos, and src) (2) have
been found to produce elevated quantities of TGF-a (11), and
studies in progress confirm increased expression of mRNA for
TGF-a in these cells.3 These cell lines are therefore candidates
for TGF-a-mediated transformation by the autocrine mecha
nism. Since suppression of tropomyosin synthesis is closely
associated with expression of the transformed phenotype in
cells expressing these oncogenes, it is relevant to ask whether
such suppression arises as a direct consequence of the activity
of oncogene-encoded proteins or is secondary to autocrine
effects of TGF-a. Therefore we asked whether suppression of
tropomyosin synthesis would occur in cells transformed by
addition of TGF-a.

NRK cells exposed to TGF-a exhibited the morphological

3D. S. Salomon and R. H. Bassin, manuscript in preparation.
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characteristics associated with transformation in monolayers
and also showed reduced synthesis of tropomyosin. Similar
suppression was observed in NIH3T3 cells. Moreover, the
pattern of suppression was identical to that seen in retrovirally
transformed cells: two tropomyosins with higher apparent mo
lecular weights were suppressed; while two with lower apparent
molecular weights were minimally affected (2). In both onco-
gene-transformed NIH3T3 cells and TGF-treated NRK cells,
suppression of tropomyosin synthesis by TGF-a treatment was
associated with reduction in the same mRNAs hybridizable to
a tropomyosin cDNA. Thus, suppression of tropomyosin syn
thesis by TGF-a and by expression of retroviral oncogenes have
similar characteristics. The findings support the conclusion that
suppression of tropomyosin synthesis in cells expressing retro-
viral oncogenes is a consequence of the autocrine action of the
TGF-a which they produce.

All of the known actions of TGF-a can be duplicated by
EGF, although the latter factor generally shows lower specific
activity (10). Moreover, the action of TGF-a is apparently
mediated through binding to the EGF receptor, since no specific
receptor for TGF-a has been detected (10). We found EGF to
produce a partial reduction in tropomyosin synthesis, consistent
with the usual activity relationship found for EGF and TGF-a,
although in the present study we have not eliminated a differ
ence in potency between our growth factor preparations. In
either case, it appears that abnormal activation of the EGF
receptor, either by TGF-a or by unusual amounts of EGF, is
apparently an initiating signal which leads to inhibition of
expression of specific tropomyosin mRNAs and consequent
suppression of tropomyosin synthesis.

Our data do not permit us to conclude that suppression of
tropomyosin synthesis is specific to the action of TGF-a. Since
our experiments were performed in a serum-containing system
which supplies TGF-/3, PDGF, insulin-like growth factor, and
probably other growth factors, it is possible that the action of
all or a combination of these factors, together with TGF-a, is
required to suppress tropomyosin synthesis, with TGF-a being
limiting in our experiments. In this connection, McKay et al.
(27) have reported that a Swiss mouse 3T3 cell line (NR6)
which lacks EGF receptor can be fully transformed by the
activated c-Ha-ras-1 gene. Similarly, Gebhardt et al. (28) have
shown that NR6 cells may be transformed in vitro by the \ ahi
oncogene. However, in this latter case, the cells were unable to
form tumors in nude mice, unlike the results described by
McKay et al. These observations suggest that the function of
TGF-a may be fully or partially replaced either by other growth
factors or by oncogene-mediated events which are independent
of TGF-a and/or the EGF receptor. Studies with NR6 cells are
currently in progress in our laboratory to determine whether
EGF receptor activation is, in fact, required for tropomyosin
suppression.

Suppression of synthesis of M, 36,000 and 39,000 tropomy
osins began almost immediately after addition of TGF-a, be
coming more pronounced during the succeeding 12-24 h. In
terestingly, reduction of their appearance in cytoskeletal com
ponents began at least as quickly and progressed even more
rapidly. Calculation of utilization ratios revealed a pronounced
specific block to utilization of new tropomyosin molecules for
formation of cytoskeletal elements beginning rapidly after ad
dition of TGF-a and becoming progressively more pronounced
during the next several hours. This block to tropomyosin utili
zation may be a specific effect of activation of EGF receptors
by TGF-a, with suppression of gene transcription arising in
dependently or as a regulatory consequence of reduced utiliza

tion. The finding that utilization of the M, 32,000 tropomyosins
was suppressed even when their synthesis was above control
levels supports this possibility.

Since the entry of actin into the cytoskeleton, presumably as
new microfilments, was undiminished while tropomyosin utili
zation was falling, it appears that the production of microfila-
ments with a reduced tropomyosin:actin ratio may begin rapidly
after TGF-a treatment. Tropomyosin-deficient microfilaments
may be unstable due to inability to resist the action of various
microfilament-depolymerizing proteins (29-32) or may be oth
erwise functionally impaired. Gross derangement of the micro-
filament structure, as detected by immunofluorescence micros
copy, has been reported to be well advanced by 3 h in rat
fibroblasts treated with TGF-a (33). Accumulation of defective
microfilaments during that period due to reduced entry of
tropomyosin into new microfilaments may provide the bio
chemical basis for this structural derangement.

From the available information the framework for a model
describing one possible pathway in oncogene action emerges:
(a) expression of retroviral oncogenes, in many cases, causes
activation of genes for TGFs, in particular for TGF-a; (b) TGF-
a may activate EGF receptors in an autocrine loop; (c) a
sequence of biochemical events is initiated by EGF receptor
activation which blocks the utilization of tropomyosins for
microfilament formation and suppresses expression of specific
tropomyosin genes; (</) deficient production and utilization of
tropomyosin result in accumulation of atypical actin microfil
aments, deficient in tropomyosin, which may be unstable and
otherwise unable to perform normal functions; (?) the resulting
cytoskeletal derangement contributes to the expression of the
transformed phenotype.

Finally, it should be stressed that the precise function of
tropomyosin in nonmuscle cells is largely unknown and may
include structural or functional activities in such cells apart
from its role in microfilaments. A case in point is the finding
by Lelievre et al. (34) that tropomyosin may regulate the oua-
bain-binding ability of the Na+-K*-ATPase of the cell mem
brane. It is possible that TGF-a, through its ability to suppress
the synthesis and utilization of tropomyosin, may disturb tro-
pomyosin-related cell functions in addition to those dependent
on microfilament integrity.
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