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ABSTRACT Incubation of mouse embryo fibroblasts (C3H/
1OT!/2) in media depleted ofthyroid hormone for 1 week rendered
the cells completely resistant to the transforming action ofan x-ray
dose, 4 grays, that yields transformation frequencies (no. foci per
surviving cells) of 10-3 in media supplemented with triiodothy-
ronine (T3) (1 nM). Studies on the timing of the additions or re-
moval of the hormone indicate that T3 was maximally effective
when added 12 hr before irradiation and that progression from
the time of irradiation to the appearance of foci (6 weeks) was in-
dependent of the presence or absence of the hormone. The de-
pendence of x-ray-induced transformation on the concentration
of T3 in the medium was virtually the same as that for augmen-
tation of Na+,K+-ATPase activity. The latter effect was used as
a measure of T3 induction of protein synthesis. A further indica-
tion of the involvement of protein synthesis in the process is the
abolition of T3- and x-ray-dependent transformation by cyclohex-
imide at a concentration (100 ng/ml) that inhibits 50% of protein
synthesis. We propose that thyroid hormone induces the synthesis
ofa host protein that is an obligatory participant in x-ray-mediated
transformation.

Guernsey et al. (1) found that removal ofthyroid hormones triio-
*dothyronine (T3) and thyroxine (T4) from serum-supplemented
media eliminated x-ray-induced neoplastic transformation of
both hamster embryo cells (primary or secondary cultures) and
C3H/10T'/2 cells without modifying their survival or growth
rates. Moreover, addition of 0.1 ,uM T3 to thyroid hormone-
depleted medium reestablished the expected frequency of
transformation.

In the present report we provide further details on the crucial
role of thyroid hormone in x-ray-induced neoplastic transfor-
mation of C3H/1OTl/2 cells including delineation of the time
when transformation is sensitive to T3, dependence of trans-
formation on T3 concentration, and the involvement of protein
synthesis. The results indicate that thyroid hormone plays a key
role in the initiation ofx-ray-induced neoplastic transformation
and that induction of protein synthesis may mediate this
response.

MATERIALS AND METHODS
Materials. AGl-X10 resin, chloride form, was purchased

from Bio-Rad, 3,3',5'-triiodo-L-thyronine was from Calbio-
chem, and other chemicals were from Sigma. Heat-inactivated
fetal calfserum, Eagle's medium, and antibiotics were obtained
from GIBCO; [35S]methionine (700 Ci/mmol; 1 Ci = 3.7 x 1010
becquerels) was from Amersham.

Cell Cultures and. Conditions. C3H/LOT'/2 (clone 8) mouse
embryo fibroblast cells, originally obtained from C. Heidel-

berger, were treated as described (2). Stock cultures were main-
tained at 370C, aerated with 5% CO2 in air, in Eagle's basal
medium containing 10% heat-inactivated fetal calf serum, pen-
icillin (50 units/ml), and streptomycin (50 kug/ml). T4 and T3
were removed from the fetal calfserum as described by Samuels
et aL (3) by adsorption to AG1-XLO resin. Stock 1 mM T3 in 50%
n-propanol was diluted with medium supplemented with 10%
resin-treated fetal calf serum to give the final concentration
desired. Media depleted of thyroid hormones were prepared
with 10% resin-treated fetal calfserum and an amount ofdiluent
equal to that added to thyroid-supplemented media. Cells were
incubated in T3-supplemented (+T3) or T3-depleted (-T3)
media for 1 week prior to exposure to x-irradiation. The cells
were reseeded and 24 hr later were x-irradiated with either 3
or 4 grays (1 gray = 100 rads) at room temperature at a dose rate
of 0.42 gray/min as described (1). Six weeks after irridation
(with weekly media changes), the cells were fixed and stained
with Giemsa and scored for transformation as described by Rez-
nikoff et aL (4). Both type II and III foci were scored as trans-
formed. Plating efficiency and surviving fraction ofcells follow-
ing irradiation were established as described (5).

Na+,K+-ATPase Assay. Growth-arrested cell cultures at con-
fluency were rinsed twice with Dulbeccos' phosphate-buffered
saline; then 10 ml media containing resin-treated fetal calf
serum and various concentrations ofT3 were added to the cul-
tures. The media were removed 4 days later, and the cells were
rinsed twice with phosphate-buffered saline and harvested with
a rubber policeman. A cell pellet was obtained by centrifuging
at 800 x g for 5 min and was stored at -70'C for up to 2 weeks.
The frozen cell pellet was thawed quickly, resuspended in

0.25 M sucrose/30 mM Tris/0.1% deoxycholic acid, pH 7.2,
and sonicated with a microtip in an ice-bath with three 7-sec
pulses at setting 6 (Sonifier Cell Disruptor, Heat Systems/
Ultrasonics, Plainview, NY), interrupted by 10-sec cooling pe-
riods. The sonicates (100-pul aliquots) were assayed for Na+,K+-
ATPase activity in 900 t1. of 120 mM NaGV20 mM KCl/3 mM
MgCl2/L mM EDTA/30 mM Tris/5 mM NaNJ3 mM Tris
ATP, pH 7.4, at 200C. Tandem assay tubes contained 1 mM
ouabain in the assay media. The tubes (in triplicate) were in-
cubated for 15 min at 37°C and the reaction was terminated by
the addition of 30% (vol/vol) ice-cold trichloroacetic acid and
immersion of the tubes in an, ice-water bath. After 40 min on
ice, the mixture was centrifuged at 10,000 x g for 4 min and
the P1 content ofthe supernatant was determined by the method
of Fiske and Subbarow (6). Protein content ofeach precipitated
pellet was determined by the method of Lowry et aL (7).
Na+,K+-ATPase activity was calculated as the difference in the
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activities obtained without and with ouabain in the assay

mixture.
Cycloheximide: Cell Survival and Protein Synthesis. For

assay of survival, cells were seeded at a density of 7.0 x 105/
10-cm dish; 24 hr later (time 0), the dishes contained -2.0 X

105 surviving cells. At time 0, cycloheximide was added to
groups of culture dishes to give final concentrations of 0, 1, 10,
100, 1000, 10,000, or 100,000 ng/ml. Thirty-six hours later the
total number of attached cells per plate was counted.
To study protein synthesis, 10-cm dishes were seeded with

1.5 X 106 cells per dish; 24 hr later (time 0), the dishes contain-
ed 4.0 x 105 surviving cells per dish. Cycloheximide was then
added to groups of dishes to final concentrations of 1, 10, 50,
100, and 1000 ng/ml. One hour after cycloheximide addition,
30 ,uCi of [3S]methionine was added to each dish and the dish-
es were incubated at 37°C in 5% CO2 in air for 1 hr. The medium
was then removed and the dishes were rinsed extensively with
phosphate-buffered saline. Each plate then received 2 ml of
buffered saline with 0.5% Nonidet P40 (British Drug House,
Pooler, England) in 1 mM EDTA. After the cells were detached
from the dish, the cell suspension was sonicated three times at
setting 6 for 10 sec with 10-sec cooling periods. To 1 ml of son-
icate was added an excess ofunlabeled methionine. The solution
was vortexed well and 0.2 ml of 30% trichloroacetic acid was

added. The solution was kept at 4°C for 30 min. One milliliter
ofthe precipitate mixture was put on 2.4-cm GFC filters (What-
man) with suction and the filters were washed extensively with
5% trichloroacetic acid under continuous suction. The filters
were assayed for 3S.

RESULTS
X-ray induced transformation and cell survival of C3H/10T'/2
cells were assessed in media supplemented with 10% resin-
treated fetal calf serum with or without added T3. As reported
(1), the removal ofthyroid hormone from the medium (by resin-
treatment of the serum) completely suppressed x-ray induced
transformation (Table 1). When T3 was added to the media (final
concentration, 0.1 ,uM), the transformation frequency was -2
X 10'. This frequency of transformation is similar to that ob-
tained with either resin-treated fetal calf serum supplemented
medium with added T3 or with medium supplemented with
unmodified fetal calf serum in our earlier study (1). Cells in-
cubated in T3-supplemented media for 1 week prior to irradia-
tion and then transferred to T3-deficient medium at the time
ofirradiation (time 0) exhibited only a slight decrease in the fre-

quency of transformation. Moreover, T3 pretreated cells trans-
ferred to deficient media 24 hr after irradiation and maintained
in the thyroid-depleted state for 6 weeks transformed at the
same frequency as the group exposed continuously to T3
throughout the entire 7 weeks of the experiment. These results
indicate that the effect ofT3 is exerted at the time ofirradiation
or soon thereafter, and that thyroid status plays little or no role
beyond initiation and fixation of radiation-induced transfor-
mation. This was confirmed by the finding that preincubation
in T3-depleted media for 1 week and supplementation with T3
for 12 hr before irradiation restored transformation frequency
to the same rate as in the cells pretreated with T3 for 1 week.
When T3 was added at the time ofirradiation the transformation
frequency was diminished; no transformation was observed
when T3 was added 12 hr or more after irradiation.

The dependence ofx-ray-induced transformation on the con-
centration of T3 in the medium is shown in Fig. 1. Maximal
transformation frequency was exhibited with cells exposed to
0.1 nM T3. The concentration-response relationship exhibited
a K112 of 10 pM T3. Fig. 1 also demonstrates the close similarity
in the concentration-dependence of the induction of Na+,K+-
ATPase and of transformation. Induction of Na+,K+-ATPase
was maximal at 1 nM T3, with a K%12 of 60 pM. In view of the
evidence indicating that T3 regulates Na+,K+-ATPase activity
by inducing de novo synthesis ofthe subunits (8, 9), these results
as well as the time-course data raise the possibility that T3 in-
duces the synthesis of host protein(s) that are involved in the
process of transformation. Further information on this possi-
bility was obtained with reverse T3, an inactive isomer of the
native hormone (9, 10), and with cycloheximide, a potent in-
hibitor of protein synthesis (11, 12).

As in the earlier trials (1), cells depleted of T3 were com-
pletely insensitive to x-ray induction of neoplastic transforma-
tion in vitro (Tables 1 and 2; Fig. 1). Cells exposed to T3 (1 nM)
12 hr before irradiation and grown in T3-depleted media 24 hr
after irradiation transformed at the maximum frequency (=10-).
In contrast, supplementation with reverse T3 (1 nM) for the
same interval yielded no transformations. Moreover, cyclohex-
imide at 50 ng/ml added and removed from the media concur-
rently with T3 (i.e., 12 hr before and removed 24 hr after ir-
radiation) suppressed transformation frequency by 40%. This
concentration and time of exposure to cycloheximide result in
71% cell survival and inhibit cellular protein synthesis by 20%
(Table 3). Exposure to cycloheximide at 100 ng/ml concurrently
with T3 (i.e., same 36-hr period) inhibited transformation en-

Table 1. Time-dependence of thyroid hormone modulation of x-ray-induced neoplastic transformation in vitro
Medium

At 12 hr
At 12 hr At after x- At 24 hr after x-ray and Transformed foci/ Transformation frequency

Pretreatment before x-ray x-ray ray thereafter for 6 weeks surviving cells (foci/surviving cells)
+T3 +T3 +T3* +T3 +T3 0/27,168t
-T3 -T3 -T3* -T3 -T3 0/27,160t
+T3 +T3 +T3 +T3 +T3 4/21,746t 1.8 x 10-4
-T3 -T3 -T3 -T3 -T3 0/35,760t
+T3 +T3 -T3 -T3 -T3 1/9,450 1.1 X 10-4
+T3 +T3 +T3 +T3 -T3 6/12,600 4.7 X 10-4
-T3 +T3 +T3 +T3. +T3 5/11,210 4.5 x 10-4
-T3 -T3 +T3 +T3 +T3 2/23,570t 8.5 x 10-5
-T3 -T3 -T3 +T3 +T3 0/12,750
-T3 -T3 -T3 -T3 +T3 0/16,480t

T3 was at 0.1 ;&M when present. X-irradiation was at .3 grays.
* No x-irradiation.
t Composite of two separate experiments.
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FIG. 1. Effect of varying concentrations of'T3 on transformation
frequency (o) and Na',K+-ATPase activity (v). For transformation
experiments cells were pretreated in various doses of T3 for 1 week
prior to irradiation (4 grays) and maintained in the same conditions
for the remainder of the experiment..

tirely (Table 2). At this higher dose of cycloheximide, approx-
imately 45% of the cells survived the 36-hr exposure to the in-
hibitor, and protein synthesis was inhibited by 50%.

DISCUSSION
Studies by Borek and Sachs (13-15) indicated that mammalian
cell transformation by radiation is composed ofearly steps when
initiation and fixation ofthe transformed state takes place as well
as later ones whereby the transformed phenotype is expressed.
The present report indicates that thyroid hormone plays a crit-
ical role in early events of x-ray-induced neoplastic transfor-
mation. This inference is based upon the complete inhibition
of x-ray-induced transformation when the cells are cultured in
medium free of thyroid hormone and the complete restoration
of sensitivity to transformation by addition only of T3 to the
medium, 12 hr prior to irradiation.
To deplete the cells of thyroid hormone, the fetal calf serum

used in the culture medium was treated with an anion exchange
resin. An important issue is the specificity of this procedure and
the possibility of extraction of other regulatory agents. The
available evidence supports the inference ofselective 'depletion
of T3 and T4 in that low molecular weight organic anions are

depleted only minimally, cortisol concentration (as a model ste-
roid) is decreased to a relatively small degree, and the total
protein content and electrophoretic patterns of serum proteins

Table 2. Effect of T3, rT3, and T3 + cycloheximide on

x-ray-induced neoplastic transformation in vitro

Medium Medium
12 hr 24 hr Transformed Transfor-

Pre- before after foci/surviving, mation
treatment x-ray x-ray cells frequency

-T3 +T3 -T3* 0/8,820 -

-T3 +T3 -T3 14/15,040. 9.3 x 10-4
-T3 -T3 -T3 0/15,130
-T3 +rT3 -T3 0/16,005 -

-T3. +T3t -T3 7/12,354 5.7 x 10-4
-T3 +T3S -T3 0/13,200 -

T3 was at 1 nM when present;. rT3, reverse T3 at 1 nM. Irradiation
was 4 grays.
* No x-irradiation.
t Plus cycloheximide at,50 ng/ml.
t Plus cycloheximide at 100 ng/ml.

Table 3. Effect of varying doses of cycloheximide on cell survival
and protein synthesis

Cell Protein
Cycloheximide, survival, synthesis,

ng/ml % %

0 100 100
1 100 ND

10 100 100
50 71 80
100 47 53

1,000 35 29
10,000 9 ND.

100,000 6 ND

Cell survival was based on a 36-hr exposure to the cycloheximide.
Protein synthesis datawere determined after a 2-hr exposure to cy-
cloheximide with [E"Smethionine included in the second hour. ND, not
done.

are unchanged (3). Resin treatment reduces T3 content of calf
serum from 150 to 2.0 ng/dl and T4, from 6.8 to 0.08 pkg/dL
Samuels et al (3) further showed that in GH1 cells in culture,
resin-treated calf serum gave biological responses identical 'to
those obtained with thyroidectomized calf serum. In studies to
be reported elsewhere, we found that C3H/1OT'A cells also
exhibit the same responses to T3 (i.e., the induction ofNa+,K+-
ATPase and cytochrome c oxidase) in culture media supple-
mented with either resin-treated fetal calf serum or thyroidec-
tomized calf serum.

Addition of T3 to the medium just 12 hr before irradiation
and removal 12 hr after irradiation elicits full expression oftrans-
formation. Moreover, the addition of T3 12 or 24 hr after irra-
diation yields no transformants even though the cells were
maintained in T3 supplemented media for the entire 6 weeks
required for expression ofthe transformed state. It is important
to note that, when T3 is added at the time of irradiation, there
is a dramatic reduction (80%) in transformation frequency.
These results indicate that T3 is required only during initiation
of x-ray-induced transformation but not at the later phase of
expression. Furthermore, it is evident that the critical period
for the presence of thyroid hormone in the culture medium is
the 12-hr period just prior to irradiation.
An important characteristic of thyroid hormone action is the

lag time of8-24 hr between the administration of the hormone
and the augmentation of protein synthesis (10, 16). The time
dependence of the action of T3 on transformation is consistent
with a possible induction of a host protein that acts in concert
with the events set in motion by irradiation.

The dependence of x-ray-induced transformation on T3 con-
centration falls within the range of hormone levels in the cir-
culation of intact animals under physiological conditions (10,
17). Maximal transformation frequency was observed at a T3
concentration of0.1 nM' with a Kens of 10 pM. The concentration-
dependence of T3 induction of the cell membrane-associated
Na+,K+-ATPase is similar to the T3-augmentation of transfor-
mation (Fig. 1). Considerable evidence has accumulated indi-
cating that thyroid hormone regulates this enzyme in vivo, via
nuclear receptors and induction of the coordinate synthesis of
both subunits (8, 9). It is important to note that thyroidal aug-
mentation of Na-,K+-ATPase in C3H/LOT1'a cells was elicited
in the same media (resin-treated fetal calfserum with and with-
out) as was T3 modulation of neoplastic transformation. More-
over, both responses to T3 (Na+,K+-ATPase and x-ray-induced
transformation) appear to have similar latent periods (i. e., 12-24
hr). These analogies raise the possibility that thyroid hormone
induces a host protein that mediates irradiation..induced trans-
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formation. This inference is supported by the finding that T3
modulation ofx-ray-induced transformation was suppressed by
cycloheximide at 50 ng/ml and eliminated at 100 ng/ml. The
latter concentration inhibits protein synthesis by 50% in C3H/
10TIh2 cells. Additionally, L-3,3'-5'-triiodothyronine (reverse
T3), an isomer without effect on protein synthesis (9, 10), had
no effect on neoplastic transformation (Table 2). Thus, the find-
ings to date merit further studies on the postulated thyroid-in-
duced pathways mediating experimental carcinogenesis and on
the possibility that these hormones play a significant role in
carcinogenesis in man.

We are grateful for the skilled technical assistance provided by Au-
gustinus Ong and Wendy Spielholz-Shear. This research was supported
by the Robert Wood Johnson Trust, National Cancer Institute Grants
CA22376, CA12536, CA23952, and CA13696, the National Foundation
for Birth Defects, and Contract DE-AS02-78EV04733 from the U.S.
Department of Energy.

1. Guernsey, D. L., Ong, A. & Borek, C. (1980) Nature (London)
288, 591-592.

2. Reznikoff, C. A., Bronkow, D. W. & Heidelberger, C. (1973)
Cancer Res. 33, 3232-3238.

3. Samuels, H. H., Stanley, F. & Casanova, J. (1979) Endocrinology
105, 80-85.

4. Reznikoff, C. A., Bertram, J. S., Brankow, D. W. & Heidelber-
ger, C. (1973) Cancer Res. 33, 3239-3249.

5. Borek, C., Miller, R., Pain, C. & Troll, W. (1979) Proc. Natl
Acad. Sc. USA 76, 1800-1803.

6. Fiske, C. N. & Subbarow, Y. (1925)J. Biol Chem. 66, 375-400.
7. Lowry, 0. H., Rosebrough, N. J., Farr, A. L. & Randal, R. J.

(1951)1. BioL Chem. 193, 265-275.
8. Lo, C.-S. & Edelman, I. S. (1976)J. BioL Chem. 251, 7834-7840.
9. Lo, C.-S. & Lo, T. N. (1979) Am. J. Physiol 326, F9-F13.

10. Oppenheimer, J. H. (1979) Science 203, 971-979.
11. Sisler, H. & Seigel, M. (1967) in Antibodies, eds. Gottlieb, D.

& Shaw, P. (Springer, New York), p. 283.
12. Obrig, T. G., Culp, W. J., McKeehan, W. L. & Hardesty, G.

(1971) J. Biol Chem. 26, 174-181.
13. Broek, C. & Sachs, L. (1966) Nature (London) 210, 276-278.
14. Borek, C. & Sachs, L. (1967) Proc. Natl Acad. Sci. USA 57,

1522-1527.
15. Borek, C. & Sachs, L. (1968) Proc. Natl Acad. Sci. USA 59,

83-85.
16. Tata, J. R. (1970) in Biochemical Actions of Hormones, ed. Lit-

wack, G. (Academic, New York), Vol. 1, pp. 89-133.
17. Bernal, J. & Refetoff, S. (1977) Clin. Endocrinol 6, 277-249.

Cell Biology: Guemsey et aL


