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ABSTRACT

Previously, it has been demonstrated that thyroid hormone is an
important cofactor of the initiation of oncogenesis in viro and in vitro. In
order to determine the mechanism of thyroid hormone modulation of the
initiation of carcinogenesis we have addressed the hypothesis that thyroid
hormone regulates the expression of the critical protooncogene at the
time of exposure to the carcinogen, and that the transcriptional activity
of the protooncogene correlates with the ability of a carcinogen to
"activate" the oncogene and thus modulate the subsequent transformation

event. It has previously been shown that 3-methylchoIanthrene transfor
mation of C3H/10T1/2 mouse embryo cells in culture is the result of
activation of the k-ras oncogene. We report here that thyroid hormone
modulates 3-methylcholanthrene transformation of C3H/10T1/2 cells in
a dose-dependent manner that is similar to a thyroid hormone dose-
dependent modulation of k-rai-specific RNA levels in these cells. Further,
nuclear transcriptional run-on experiments suggest that the thyroidal-
induced changes in K-ras RNA levels are a result of a regulation of K-
ras transcription. These data support the hypothesis that thyroid hormone
modulation of transformation is through regulation of protooncogene
expression. It was of further interest to find that 3-methylcholanthrene-
transformed ( 311/1(111/2 cells have lost the sensitivity to thyroid hor
mone regulation of "activated" K-ras oncogene transcription and subse
quent K-ras-specific RNA levels.

INTRODUCTION

Hormones are known to have dramatic effects on carcinogen
esis, affecting both the initiation of transformation and the
neoplastic phenotype (for review see Ref. l). Previously, it was
demonstrated that thyroid hormone was an important cofactor
of transformation in vitro induced by X-irradiation (2-4), chem
icals (5), or viruses (6-8). The results of these studies are similar
to numerous reports in the literature indicating that thyroid
hormone modulates tumor development in animals (for review
see Ref. 9). Both in vitro studies (3, 5) and animal studies (7,
10-12) indicate that one of the effects of thyroid hormone is
on the initiation phase of carcinogenesis. That is, the thyroidal
status of the animal or cell culture system at the time of
exposure to the carcinogen modulates the frequency of subse
quent tumors or foci of transformed cells in vitro. It was shown
that thyroid hormone had no effects on the promotional stages
of transformation in vitro (3, 5) or in vivo (10-12).

In order to determine the mechanism of thyroid hormone
modulation of the initiation of carcinogenesis, we have extended
the previous data to address the hypothesis that thyroid hor
mone regulates expression of the protooncogene at the time of
exposure to the carcinogen; and that the transcriptional activity
of the protooncogene correlates with the ability of a carcinogen/
mutagen to "activate" the oncogene and thus modulate the

subsequent transformation event.

Received 11/11/86; accepted 3/24/87.
The costs of publication of this article were defrayed in part by the payment

of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1This work was supported by USPHS Grant CA36483 from the National

Cancer Institute and Grant AM25295 (University of Iowa Diabetes and Endocri
nology Research Center).

2To whom requests for reprints should be addressed.

It has been demonstrated in mouse fibroblasts in culture (13,
14) and mouse fibrosarcomas (15) that the chemical carcinogen
3-MC3 specifically activates the c-K-ras protooncogene. Parada

and Weinberg (14) clearly show that in three separate clones of
3-MC transformed C3H/10T1/2 cells (13), the same unique
oncogene had been activated and that this oncogene was K-ras
(14). Therefore, since 3-MC uniquely activates the K-ros pro
tooncogene in C3H/10T1/2 cells, we addressed the hypothesis
that thyroid hormone regulates 3-MC-induced transformation
of C3H/10T1/2 cells and that this regulation correlates with
the regulation of c-K-ras protooncogene expression.

MATERIALS AND METHODS

Cell Culture and Transformation Assays. C3H/10T1/2 clone 8 mouse
embryo fibroblast cells (kindly provided by J. S. Bertram) and 3-
methylcholanthrene-transformed 10T1/2 cells (C3H/MCA clone 16
obtained from American Type Culture Collection) were treated as
originally described (16). Stock cultures were maintained at 37Â°C,
aerated with 5% CO2 in air, in basal medium Eagle's containing 10%
heat-inactivated PCS, penicillin (50 units/ml), and streptomycin (50
jig/ml). Thyroid hormones (thyroxine, T4, and triiodothyronine, T3)
were removed from the fetal calf serum by adsorption to AG1-X8 resin
as described by Samuels et al. (17). Stock 1 mM T3 in 50% n-propanol
was diluted with medium supplemented with 10% resin-treated PCS
(rt-FCS) to the concentration desired (+T3). Medium depleted of thy
roid hormones (-T3) were prepared with 10% resin-treated PCS and
an amount of diluent equal to that added to the thyroid-supplemented
media. For transformation assays C3H/10T1/2 cells were preincubated
in -Ta medium for 1 week prior to the experiments. 24 h before
exposure to 3-MC, the cells were seeded at a density of 3000 cells/10-
cm dish in medium supplemented with the appropriate dose of T3 or
diluent. The cells were exposed to 1 fig/ml 3-MC for 24 h; after which
time the medium was removed, rinsed twice with phosphate-buffered
saline, and all cells were fed with -T3 medium. The cells were main
tained in â€”T3for 6 weeks (with weekly media changes) when the cells

were fixed and stained with toluidine blue and scored for transformation
as described by Reznikoff et al. (18). Only type III foci were scored as
transformed. Plating efficiency and surviving fraction of cells following
seeding and exposure to 3-MC were obtained as described (19).

Dot-Blot Analysis of RNA. Cellular RNA was isolated by the guani -
dinium isothiocyanate/hot phenol method as described by Maniatis et
al. (20). Hybridization probes used were the chicken c-DNA clone for
/3-actin, v-K-ros (Sstll-Hincll k-ros-specific fragment of Ki-AfSfO, c-
myc (Clal-EcoRl subclone of the human c-myc 3rd exon) obtained
from Oncor, Inc. These probes were nick translated in the presence of
[a-32P]dCTP (3,000 Ci/mmol) to specific radioactivities of approxi
mately 10*cpm/fig DNA. Dot-blot analysis was carried out as described

by Muller et al. (21). The RNA was dissolved in water, boiled, then
quick-cooled on ice, and equal amounts were applied to sheets of
nitrocellulose paper using a Hybri-dot manifold system (Bethesda Re
search Laboratories) or a Slot-blot manifold system (Schleicher and
Schnell). The nitrocellulose filters had previously been equilibrated with
20XSSC (lxSSC:0.15 M NaCl and 0.015 M sodium citrate). After

3The abbreviations used are: 3-MC, 3-methylcholanthrene; PCS, fetal calf

serum; SDS, sodium dodecyl sulfate; DTT, dithiothreitol; SSC, standard saline
citrate (0.15 M sodium chloride:0.015 M sodium citrate, pH 7.4); T3, triiodothy
ronine.
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applying the RNA, the filters were baked for 4 h at 80Â°Cand prehybri-
dized overnight at 45Â°Cin a buffer containing 0.75 M NaCI, 0.05 M

sodium phosphate (pH 7.5), 0.005 M EDTA, 0.2% sodium dodecyl
sulfate, 10 mg of glycine per ml, 5x Denhardt reagent (Ix Denhardt
reagent: 0.05% each of Ficoll, bovine serum albumin, and polyvinyl-
pyrrolidone), 0.25 mg of denatured salmon sperm DNA per ml, and
50% formamide. The blots were then hybridized for 20 h at 45Â°Cwith
the nick-translated probe (105-106 cpm) per ml of hybridization buffer

(same as prehybridization buffer except Denhardt reagent was decreased
to 1x). After hybridization, the blots were washed four times in (5 min
each at room temperature) 2xSSC, 0.1% SDS and then three times,
20 min each at 50Â°Cwith O.lxSSC, 0.1% SDS. The blots were exposed
to X-ray film with intensifying screens at -70Â°C.The developed auto-

radiograms were scanned by a densitometer (GS 300 densitometer,
Hoefer Scientific Instruments).

Transcription with Isolated Nuclei (Nuclear Run-on Transcription).
Nuclei were isolated from C3H/10T1/2 and MCA/C3H cells previ
ously adapted to +T3 or -T3 media for 36 h following the procedures
outlined by Marzluff and Huang (22). The cells were harvested by
centrifugation and resuspended in buffer I (0.32 Msucrose, 3.0 MCaCl2,
20 IHM magnesium acetate, 0.1 HIM EDTA, 0.1% Triton X-100, 1.0
mM DTT, 10.0 min Tris, pH 8.0) at a density of 5 x 10'-2 x IO7cells/

ml. The cells were homogenized (40 strokes) in a Dounce homogenizer
fitted with a tight pestle. The homogenate was diluted with 1 to 2
volumes of buffer II (2.0 M sucrose, 5.0 mM magnesium acetate, 0.1
mM EDTA, 1.0 mM DTT, 10.0 mM Tris, pH 8.0) and then layered
over a cushion of buffer II occupying one third of the volume of a
centrifuge tube. This was then centrifuged at 30,000 x g for 45 min at
4"C. The nuclear pellet was resuspended at 5 x 107-2 x 10" nuclei/ml

in storage buffer (25% glycerol, 5.0 mM magnesium acetate, 0.1 mM
EDTA, 5.0 mM DTT, 50.0 mM Tris, pH 8.0), quick-frozen, and stored
in liquid nitrogen. The procedures used for the in vitro nuclear run-on
transcription were as described by Brown et al. (23). One hundred /il of
nuclei were incubated in 250-Â¿ilreactions containing 100 mM Tris (pH
7.8); 50 HIMNaCI; 350 mM ammonium sulfate; l mg of heparin per
ml; 4 mM MgCl2; 3.5 mM DTT; 0.4 mM EDTA; 0.1 mM phenylmeth-
ylsulfonyl fluoride; 20% glycerol; 1 mM each of ATP, UTP, and CTP;
and 2.5 tiM (250 nd) of [Â«-"P]GTP (NEN, 800 Ci/mmol). Incubation
was at 32Â°Cfor 45 min. The reaction was stopped by adding 10 volumes
of a solution containing 1% SDS, 10.0 HIMEDTA (pH 7.0) and one-
tenth volume of 2 M sodium acetate (pH 5.0). The RNA was isolated
as described by Marzluff and Huang (22) and the quantitation of specific
RNA transcripts was determined essentially as described earlier for
dot-blots and as detailed in the figure legends.

RESULTS

Table 1 shows the results of two separate experiments inves
tigating triiodothyronine effects on the transformation of C3H/
10T1/2 cells by 3-MC. Both experiments demonstrated almost
identical patterns of T3 dose-dependent effects on the frequency
of transformation. Cells grown in the absence of thyroid hor
mones showed a significant resistance to 3-MC induced-trans
formation. This is similar to previous experiments with X-rays
(2, 3), benzo(a)pyrene and jV-methyl-A/'-nitro-A/-nitrosoguani-

dine (5). In the presence of T3 the cells showed a dose-dependent

enhancement of transformation with maximum transformation
frequencies obtained when cells were incubated with IO"9 M T3

for 24 h prior to and 24 h during 3-MC exposure.
Fig. 1 demonstrates the relative levels of K-ras protooncogene

RNA in 10T1/2 cells incubated in various concentrations of T3
for 36 h. Thyroid hormone modulation of protooncogene li
ras RNA is similar to T3 effects on transformation (Fig. 2). The
RNA in Fig. 1 was obtained from cells in log phase of growth
to approximate the conditions in the transformation experi
ments. Similar results were obtained when the RNA was ob
tained from cells growth arrested at confluency: relative levels
of K-ras protooncogene RNA were 1.00, 1.51, 3.18, 3.86, and
3.00 for the five T3 concentrations listed in Figs. 1 and 2, from
depleted to 10~7 M T3, respectively. Routinely these blots were

treated to remove the probe and rehybridized to /3-actin to
confirm that equal amounts of RNA were added to blots. Fig.
3 shows that the pattern of K-ros protooncogene RNA levels is
not a generalized response to T3. It is seen that c-myc RNA
levels demonstrate a different response to T3. The relative c-
myc RNA levels were 1.00, 0.66, 0.63, and 0.70 from depleted
to 10~9M T3 concentrations, respectively.

To determine whether or not the thyroid hormone regulation
of protooncogene-specific RNA is the result of transcriptional
regulation, we investigated transcription of K-ros protoonco
gene in nuclei isolated from HIT 1/2 cells adapted to either
medium depleted of thyroid hormones or media containing
10~9 M T3. The in vi/ro-labeled RNA was hybridized to nitro

cellulose blots carrying DNA of K-ros and /3-actin. Fig. 4 clearly
shows that T >regulates the transcriptional activity of the K-ras

protooncogene; and that the changes in RNA levels (Fig. 2 and
3) reflect a regulation of c-K-ros transcription. The relative
amount of T3-induced c-K-ros transcription reflected in the
nuclear run-on experiment (relative to â€”T3)in Fig. 4 is 3.8.
This is very similar to the 3.4-fold-increased RNA levels seen
in Fig. 1 at IO"9 M T3 and the 3.8-fold increase found in

confluent C3H/10T1/2 cultures. This strongly suggests that
the observed T3-dependent pattern of c-k-ras RNA level (Fig.
1) is due to hormonal regulation of the c-k-ras gene transcrip

tion.
We then investigated whether the transcriptional regulation

of k â€¢/â€¢Â«>â€¢by thyroid hormone was intact in transformed cells.

Fig. 5A shows that in 3-MC-transformed C3H/10T1/2 cells,
the hormonal modulation of k-ros RNA levels has been lost.

Additionally, Fig. 5B demonstrates that the thyroid hormone
regulation of k-rÂ«.vtranscription, as determined in nuclear run-
on experiments, is not intact in 3-MC-transformed C3H/10T1/
2 cells. Thus, the ability of thyroid hormone to regulate K-ros

RNA levels through transcriptional regulation has been lost
when the cell is transformed.

Table I T3effects on the transformation ofC3H/IOTi/2 cells with 3-methylcholanthrene

I , concentration (\i )

Depleted 10- 10-" 10-

* Frequency of transformation was calculated as no. of type III foci/total surviving cells.
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to-7

Experiment1No.
of type IIIfociTotal

survivingcells1
reci. oftransformation"Experiment

2No.
of type IIIfociTotal

survivingcellsFreq.
of transformation212,3501.6

xIO"1614,0484.3

x IO"4712,1505.8

xIO"11013,1107.6

x IO"41011,8708.4

xIO-11213,0559.2

x IO"41110,9101.0

xIO'31512,9801.2x

IO"3910,1008.9

xIO"466,1709.7

x IO-4
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Fig. 3. RNA slot-blot analysis of c-myc-specific RNA levels in C3H/10T1/2
cells as described in Fig. 2 legend and text.
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Fig. 4. Hybridization of labeled RNA to DNA dots. Nuclei were prepared
from growth phase C3H/10TI/2 cells previously incubated for 36 h in either -Tj
media or +T3 media (10"' M T3). Equal amounts of RNA (cpm) were used for

each hybridization to dots of DNA probes for k-ras and Â¿-actin. Filters were
treated as described in the text. The RNA was detected by autoradiography.

0) Ta Concentration (M)
TO

Fig. I. RNA dot-blot analysis of k-ros-specific RNA levels in growth phase
C3H/IOT1/2 cells incubated with various concentrations of T3 for 36 h, after 3-
day pretreatment in â€”T3media. Relative levels of RNA are a densitometric scan
of the dots.
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Fig. 2. A comparison of the dose-dependent effect of T3 on the transformation
of IOT1/2 cells by 3-MC (left ordinate) and on the relative RNA levels of K-rflj
protooncogene (right ordinate). Transformation assays were as described in the
text. The relative RNA levels were determined by densitometrically scanning the
RNA dot-blot analysis (Fig. I) and analytically weighing the area of the scan.

DISCUSSION

Previously, thyroid hormone has been found to play a critical
role in the induction of neoplastic transformation of C3H/
10T1/2 cells by X-rays (2, 3), benzo(a)pyrene, and /V-methyl-
./V"-nitro-./V-nitrosoguanidine (5). However, to date, it has not

been determined which oncogene has been activated in C3H/
10T1/2 cells by these carcinogenic agents. Therefore, in order
to test the hypothesis that thyroid hormone regulates the

20 10 5 2.5 1.25 ug RNA

-T3

+T3

t â€¢â€¢*
t â€¢â€¢â€¢

B.

Fig. 5. A, RNA dot-blot analysis of k-ros-specific RNA levels in C3H/MCA
cells incubated in either -T3 or +T3 media (10'* M T3) for 36 h. Similar results

(not given) were found for various longer incubation periods. B, hybridization of
labeled RNA to DNA dots. Nuclei were prepared from C3H/MCA cells previously
incubated for 36 h in either -T3 or +T3 media (10"' M T3). Equal amount of

RNA (cpm) were used for each hybridization to dots of DNA probe for k-ras.
Filters were treated as described in the text. The RNA was detected by autoradi
ogram.

expression of the critical oncogene, we had to utilize a system
where a specific carcinogen activates a unique oncogene in
C3H/10T1/2 cells; and then determine if thyroid hormone
regulates expression of the protooncogene correlative to the
transformation event.

Neoplastic transformation of rodent fibroblastic cells in cul-
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ture (13, 14) and induction of fibrosarcomas in rodents by 3-
MC has been documented ( 15). Recently, it has become evident
that the 3-MC-induced carcinogenesis in fibroblasts is associ
ated with the specific activation of the K-ras oncogene (13-15).
Of particular importance is that Parada and Weinberg (14) have
demonstrated the unique presence of the activated K-ras onco
gene in C3H/10T1/2 cells transformed by 3-MC. Therefore we
have addressed the hypothesis that thyroid hormone regulates
the transcriptional activity of the k-ras protooncogene; and that
the expression level at the time of exposure to 3-MC correlates
with the ability of 3-MC to activate the oncogene and result in
modulation of the transformation event. The reactivity of a
mutagen with DNA resulting in mutations with a gene has been
shown to be directly proportional to the extent of single-
stranded regions (transcriptional activity of a gene) when ex
posed to the mutagen (24, 25).

Table 1 demonstrates that thyroid hormone, in a dose-de
pendent manner, modulates the transformation of C3H/10T1/
2 cells by 3-MC. It is important to note that the cells were
exposed to T3 for only a 24-h pretreatment prior to, and 24-h
during, exposure to 3-MC. This critical period of incubation
with thyroid hormone has been established with X-irradiation
(3) and benzo(a)pyrene (5) transformation of C3H/10T1/2
cells. This protocol is also compatible with the importance of
thyroid hormone effects on protooncogene expression during
the exposure to the carcinogen. The pretreatment is character
istic of a lag period of thyroid hormone action (26, 27). Con
sistent with our hypothesis, Fig. I shows that the level of k-ros
protooncogene RNA is modulated by thyroid hormone in a
dose-dependent manner. This is not a generalized molecular
response to T3 since c-myc protooncogene RNA levels remained
virtually unchanged in C3H/10T1/2 cells maintained in various
doses of T3. Although thyroid hormone regulates the expression
of numerous genes, and possibly other oncogenes, it is signifi
cant that the k-ras protooncogene that is activated by 3-MC
demonstrates a T3 dose-dependent induction of RNA that cor
relates closely with the T3 dose-dependent induction of trans
formation by 3-MC (Fig. 2). The maximum response of trans
formation and K-ras expression was found at a T3 concentration
of 10"' M. This is consistent with the previously reported

dissociation constant of the thyroid hormone nuclear receptor
in C3H/10T1/2 cells to be 1-2 nM triiodothyronine (28). That
the changes in RNA reflect a thyroid hormone regulation of k-
ras gene transcription is shown by the nuclear run-on experi
ments (Fig. 3). It has been well documentated that nuclear run-
on transcription reflects the number of RNA polymerase mol
ecules engaged in transcription of the equivalent sequences in
vivo at the time the cells were harvested (23, 29, 30). When
compared to nuclei isolated from cells maintained in thyroid
hormone-depleted media, there was a 3.8-fold greater k-ros-
specific transcriptional activity in the nuclei isolated from cells
grown in IO"9 M T3. This is consistent with the 3.4-fold higher
k-ras RNA levels measured in Figs. 1 and 2 at 10~9 M T3 and
3.8-fold increase found in confluent C3H/10T1/2 cells at 1(T9

M T3. This would indicate that the observed pattern of thyroid
hormone dose-dependent modulation of RNA levels (Figs. 1
and 2) are the result of regulation of k-ras protooncogene
transcription. The specificity of T3 regulation of K-ras transcrip
tion is shown in Fig. 3 demonstrating a lack of transcriptional
regulation of /3-actin. While the results presented here do not
conclusively prove our hypothesis, they do support the hypoth
esis that thyroid hormone modulation of 3-MC transformation
of C3H/10T1/2 cells is a result of the transcriptional activity
of the protooncogene (k-ras) at the time of exposure to the

carcinogen/mutagen; thus effecting the efficiency of the carcin
ogen to activate the oncogene and transformed the cell. It may
be that other hormones and cofactors of carcinogenesis act
through similar mechanisms. Other hormones are known to
modulate transformation of cells in culture (31, 32) and tumor
induction (1,9). Additionally, recent reports indicate that other
hormones regulate RNA levels of specific oncogenes (33-35).

When k-ras protooncogene of C3H/20T1/2 cells is activated
by 3-MC, the transcriptional regulation by thyroid hormone is
lost (Fig. 4). It is not known whether bypassing thyroidal
regulation of the critical oncogene is important to the induction
or maintenance of the neoplastic state. However, the loss of
responsiveness to thyroid hormone as a result of transformation
is also found in other inducible pathways, such as the cell
membrane (Na-t-K)-ATPase. It was found that transformation
of several rodent and human fibroblast cultures with X-rays,
chemicals, or virus eliminates the normal pathway of thyroid
induction of (Na-t-K)-ATPase activity (28). Also of interest are

the recent reports investigating ras oncogene activation in es
trogen-responsive breast cancers. Kasid et al. (36) have shown
that when an activated v-ros" is transfected into the estrogen-
responsive human breast adenocarcinoma cell line MCF-7, the
cells are converted to ones that are hormonally unresponsive
and more highly tumorigenic. The loss of responsiveness to
hormones may not just be characteristic of the neoplastic phe-
notype; but may actually be an intimate aspect of the transfor
mation process.

The ras gene products are homologous to the signal trans
ducing G proteins (37). G proteins have been implicated in the
/3-adrenergic modulation of the slow inward Ca2+ current in the

heart (38) and adenylate cyclase activity in yeast cells (39). Our
findings of thyroid hormone regulation of k-ras protooncogene
expression may, in part, explain some of the relationships
between thyroid hormone and the sympathetic nervous system
(40).

In summary, we have provided evidence that at least part of
the dramatic effects of thyroid hormone on carcinogenesis may
involve the regulation of oncogene expression. Regulating the
transcriptional activity of the protooncogene during exposure
to the carcinogen may regulate the activation of the oncogene
and subsequent transformation. Additionally, we have found
that the normal thyroidal inducibility of k-ros is lost when the
oncogene is activated causing cell transformation.
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