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Abstract Transferrin, an abundant bone marrow con-
stituent, has been shown to be a potent mitogen in vitro
in the prostate cancer cell line PC3. T4 (L-thyroxine)
and T3 (3¢,3,5-tri-iodo-L-thyronine) are regulators of
cell metabolism. In this study, the e�ects of nonphysio-
logical concentrations (about two orders of magnitude
higher) of T4, T3, T2 (3,5-di-iodo-L-thyronine), RT3
(reverse T3, 3¢,5¢,3-tri-iodo-L-thyronine) and transferrin
(about three orders of magnitude lower) were tested on
the prostate cancer cell lines PC3, DU145 and LNCaP,
and the breast cancer cell line MCF-7. In PC3 cells, in-
creased proliferation by transferrin could be reversed by
the addition of T3 or T4. T4 decreased proliferation in
all cell lines tested, while transferrin increased prolifer-
ation in PC3 cells only. T3 decreased proliferation in
PC3, LNCaP and MCF-7 cells but had no e�ect on
DU145 cells. T4 and T3 gave two-state behavior in
LNCaP cells. These results were combined to determine
the essential iodines which produced the observed pro-
liferative e�ects. Cell lines responded di�erently to T4,
T3, T2, RT3 and transferrin suggesting a speci®c inter-
action among the compounds tested and the di�erent
cell lines. Finally, regulation of gene expression was
demonstrated using DU145 cells. Upregulation of c-fos
mRNA was observed in cultures at early time-points in
the presence of T4, transferrin or both. Decreased ex-
pression was observed at later time-points with no ex-
pression at 4 h. An explanation for these results may be
a change in thyroid hormone receptor/ligand a�nity.
Thus, the interactions between thyroid hormones and
cancer cells may be di�erent from those between thyroid
hormones and normal cells.
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Introduction

Prostate cancer is the second leading cause of cancer-
related deaths in men [3]. A unique property of prostate
cancer cells is that metastasis usually occurs to bone [1,
17] and results in blastic lesions with poor bone integrity
but dense bone formation. Transferrin is an abundant
iron-carrying protein in bone marrow. Transferrin in-
creases proliferation of prostate cancer PC3 and DU145
cells [10, 29] and MCF-7 cells with the addition of high-
density lipoproteins [14]. Inhibition of proliferation in
the presence of suramin, an anticancer drug, in prostate
cancer cell lines PC3 and DU145 is reversed by the ad-
dition of transferrin [10].

Prostate cancer cell lines di�er in several respects in-
cluding their response to androgens, vitamin A and vi-
tamin D, all of which require receptor binding followed
by DNA transcription. Vitamin D3 has been investigated
in prostate cancer cells for receptor content and anti-
proliferative e�ects [5, 13, 15, 24, 35, 36, 47]. 1,25-
Dihydroxyvitamin D3 has an antiproliferative e�ect on
LNCaP and PC3 cells but no e�ect on DU145 cells [35].
Vitamin A (retinoic acid) receptors are known to form
dimers with vitamin D3 receptors [47]. A biphasic pro-
liferative response (stimulation and inhibition) has been
observed following the addition of vitamin A to LNCaP
cells [11] and in normal, benign hyperplasia and malig-
nant prostatic epithelial cells [23]. Androgens have dis-
tinct e�ects on prostate cancer cells. PC3 and DU145
cells proliferate in the absence of androgen while LNCaP
cells require androgen for proliferation [18, 37, 39].

Thyroid hormones (T4, T3, and RT3) di�er in the
position of their iodines which interact with receptor
proteins and the iodine moiety confers speci®city. It has
been demonstrated that the di�erence in the position of
the iodines between T4 and T3 is essential for receptor
binding and that iodine at the 5¢ position (T4) results in
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2% of the a�nity to receptor T3 [41]. Thyronine com-
pounds with di�ering iodine substitutions may bind
di�erent proteins. An early study concluded that the
iodines on thyroid hormones are necessary only for
transport and that a methylated thyronine elicits the
same responses as T3 [7]. Investigations of the electro-
static interactions between T4 and prealbumin have
shown that binding is a function of interactions between
the negativeness of iodine and positive charges in the
binding pocket [43].

The c-erbA protein is a thyroid hormone receptor
which is a member of the steroid hormone receptor
family [31, 42, 48]. The v-erbA protein encodes a viral
thyroid hormone receptor which acts as a constitutive
repressor of thyroid hormone-responsive genes [8]. The
v- and c-erb proteins bind response elements in
the absence of hormone and suppress transcription [8].
The addition of T3 to cells containing c-erbA results in
transcription of responsive genes while the addition of
T3 to cells with v-erbA and c-erbA proteins results in
continued suppression showing that v-erbA is dominant
[8]. Mutated thyroid hormone receptors (v-erbA) are
well characterized, cause erythroleukemia in birds [12,
26] and have been shown to in¯uence actions of EGF
(epidermal growth factor) receptors (v-erbB) [12].

Thyroid hormones are involved in gene regulation for
growth and development [22, 30] and exert their actions
by thyroid receptor interaction with DNA. In prostate
cells, investigations of c-fos and c-jun have indicated that
these proto-oncogenes can be regulated by androgens.
TPA (12-o-tetradecanoylphorbol 13-acetate), an activa-
tor of protein kinase C (PKC), causes increased c-fos
and c-jun (AP-1, activated protein) mRNA which
counters androgen-induced increased levels of prostate
speci®c antigen (PSA) mRNA in LNCaP cells [32].
Similarly, c-fos and c-jun repress androgen receptor-
mediated gene induction in LNCaP cells [45]. The
prostate cancer cell line PC82 implanted into nude mice
shows decreased c-fos expression after androgen with-
drawal [27].

Interactions among thyroid hormone receptor and
proto-oncogenes have been demonstrated in other sys-
tems. For example, c-erbA receptors in¯uence c-jun and
c-fos activity [9, 34, 44, 46]. In osteoblasts, T3 decreases
proliferation, and decreases EGF-enhanced c-fos/c-jun
mRNA expression [40]. Similarly, thyroid hormone
receptors and retinoic acid receptors repress c-fos and
c-jun expression in pituitary GH1 cells [25]. Thyroid
hormones may or may not compete with AP-1 (c-fos and
c-jun proteins) for binding to DNA response elements
[2, 33].

The relationships between thyroid hormone receptor
and cancer cells have been investigated and binding
constants (no di�erence) and receptor numbers have
been compared for breast cancer, normal breast tissue,
central nervous system tumors, epitheliomas, and sar-
comas [19].

In this study, we demonstrated that the addition of
thyroid hormones at nonphysiological concentrations

(approximately two orders of magnitude higher) can
alter proliferation. Using the observed e�ects we were
able to determine the essential iodines which elicit the
observed cellular event. These iodines may be involved
in interactions with thyroid hormone receptor protein.
We further demonstrated that, although thyroid hor-
mone concentrations are high, the hormone exerts its
e�ect through an expected pathway involving regulation
of RNA synthesis. Thus, thyroid hormones may interact
di�erently with these cancer cells than with normal cells
due to decreased binding of ligand to receptor. This
interaction may be integral to the cancerous state.

Materials and methods

Chemicals

L-thyroxine, 3¢,3,5-tri-iodo-L-thyronine, 3¢,5¢,3-tri-iodo-L-thyro-
nine, 3,5-di-iodo-L-thyronine, transferrin, RPMI 1640, Ham's F12
nutrient mixture, DME, M199 and D-glucose were purchased from
Sigma Chemical Company (St. Louis, Mo.). Sodium pyruvate,
penicillin-streptomycin, trypsin and a RadPrime labeling system
were purchased from Gibco BRL (Grand Island, N.Y.). Bradford
reagent was purchased from Bio-Rad Laboratories (Hercules,
Calif.). 3H-Thymidine and a32P dCTP were purchased from NEN
Life Sciences Products (Boston, Mass.). A total RNA isolation
system was purchased from Promega (Madison, Wis.). Magna-
Graph nylon transfer membrane was purchased from Micron
Separations (Westborough, Mass.). A rapid downward transfer
system was purchased from Turboblotter (Schleicher & Schuell,
Keene, N.H.). Rapid-hyb bu�er was purchased from Amersham
Life Science Products (Arlington Heights, Ill.). OPTIFLUOR was
purchased from Packard BioScience B.V. (The Netherlands).

Cell lines

All established cell lines were obtained from the ATTC catalogue
and have been described previously. The prostate cancer cell lines
used were LNCaP [16], DU145 [39] and PC3 [18]. The breast cancer
cell line used was MCF-7 [38] and was a gift from Cheryl Conover
(Mayo Clinic and Mayo Foundation). For some control experi-
ments (see Discussion) primary cultures of porcine vascular smooth
muscle cells were utilized and have been previously described [21].
DNA probes c-fos and Tieg were a gift from T.C. Spelsberg (Mayo
Clinic and Mayo Foundation).

Growth medium

Prostate cancer cell lines were maintained in RPMI 1640 (pH 7.4)
containing 10% fetal bovine serum. Breast cancer cells were
maintained in 45%/45% Ham's F12 nutrient mixture/DME con-
taining 4.5 g/l glucose, 10% fetal bovine serum and 1.0 mM sodium
pyruvate. Porcine vascular smooth muscle cells were maintained in
phenol red-free M-199 medium containing Earle's salts, 200 mM
L-glutamine and 10% fetal bovine serum. Serum-free medium was
essentially the same as that described above but contained 1.0%
penicillin-streptomycin.

Proliferation assays

The proliferation assays have been described previously [28].
Brie¯y, cell cultures were kept in incubators at 37 °C in an atmo-
sphere containing 5% CO2 for the total time of cell growth. Initial
cell cultures were grown and maintained in medium until con¯uent.
Con¯uent cells were trypsinized to facilitate cell detachment and
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excess trypsin was removed by centrifugation followed by resus-
pension in fresh medium. Resuspended cells were placed in 24-well
plates at a density of approximately 25,000 cells/well for prostate
cancer cells and 1/10 dilution of a con¯uent ¯ask for breast cancer
cells and incubated for at least 24 h in serum-containing medium to
allow cell attachment. LNCaP cells required 48 h incubation in
serum-containing medium to achieve su�cient cell attachment.
After the cells had attached to the wells, serum-containing medium
was replaced with serum-free medium followed by incubation for
48 h before titration of e�ectors. E�ectors were added either di-
rectly to each well or diluted to a ®nal concentration in fresh serum-
free medium and added to aspirated wells. In either case, the results
were the same and are expressed as a percentage of control where
no e�ectors were present.

Cells were grown with e�ectors for at least 24 h before the ad-
dition of 3H-thymidine (1.0 lCi) for a minimum pulse of 6 h which
was followed by determination of thymidine incorporation and
protein content. For comparison, MCF-7 cells were pulsed for 18 h
(data not shown) and the results were the same as with the 6-h pulse.

Thymidine incorporation was determined by methods previ-
ously published [28]. Brie¯y, the medium was aspirated from the
wells and the cells were washed twice with ice-cold phosphate-
bu�ered saline (PBS). When cell attachment was weak (LNCaP
cells) the cells were washed once with PBS at 37 °C. Proteins were
precipitated by the addition of 10% trichloroacetic acid (TCA) to
the wells and the plates were kept on ice for a minimum of 10 min.
Wells were rinsed once with 10% TCA and 0.1 N NaOH (500 ll)
was added to the wells to solubilize the proteins. The plates were
incubated for 20 min at 37 °C and then stored overnight at 4.0 °C.
Aliquots (100 ll) were counted on a Beckman scintillation counter
and the results were normalized for the protein content in each
well. The protein content was determined by the method of Brad-
ford [4]. The results of the thymidine uptake experiments were
con®rmed with cell counts.

Thyroid hormones were resuspended in NaOH (£0.02 N) and
the ®nal concentration of NaOH was less than 4.0 ´ 10)4 N. Ti-
trations of NaOH at concentrations reaching 4.0 ´ 10)3 N had no
e�ect on cell proliferation in this system (data not shown). Thus,
wells containing only vehicle were not included in the experiments.

Statistical analysis

All data were analyzed using one-way ANOVA and Students t-test
to obtain P-values. Deviations of the mean are shown for all data
and calculated using standard methods. The results are expressed
as percentage of control where no e�ectors were added to the cells.

Northern blot analysis

Total RNA was isolated with the total RNA isolation system using
the manufacturer's protocol with modi®cations. Brie¯y, a 75-cm
¯ask of con¯uent cells was rinsed twice in ice-cold PBS and de-
naturing solution (1.0 ml) was added to the ¯ask. The slurry
(0.5 ml) was transferred to a tube, sodium acetate solution (60 ll)
was added, the tube was vortexed. Phenol-chloroform solution
(0.5 ml) was added to the tube, which was vortexed and left on ice
for 15 min. The tube was centrifuged for 20 min at 13,000 g. The
top phase was transferred to a new tube and isopropanol (0.5 ml)
was added and the tube was stored overnight at )20 °C. The tube
was centrifuged at 13,000 g for 20 min and the supernatant was
discarded. The pellet was resuspended in denaturing solution
(0.5 ml) and isopropanol (0.5 ml), and the tube vortexed and stored
overnight at )20 °C. The tube was centrifuged at 13,000 g for
20 min, the pellet was resuspended in 75% ethanol/25% diethyl-
pyrocarbonate (DEPC)-treated water and the tube was vortexed.
The tube was centrifuged at 13,000 g for 20 min and the pellet was
resuspended in DEPC water (50 ll). The RNA concentration was
determined by absorbance at 260 and 280 nm.

RNA (20 lg/lane) was separated by electrophoresis on a 1.0%
agarose formaldehyde (1 M) gel at a constant 80 V for a time

su�cient for the dye front to reach the bottom of the gel according
to a published protocol [6]. RNA was transferred to a nylon
membrane using the rapid downward transfer system according to
the manufacturer's protocol for neutral transfer. Total RNA (18
and 28 S) was visualized by staining the blot with 0.03% (w/v)
methylene blue in 0.3 M sodium acetate [6]. The membrane was
hybridized using Rapid-hyb bu�er from Amersham with 32P-
labeled probes prepared with a RadPrime labeling system accord-
ing to the manufacturer's speci®cations. Autoradiography was
done at )70 °C using Kodak Scienti®c imaging ®lm.

Results

Thyroid hormones, transferrin and PC3 cells

Transferrin, when added to cultures of prostate cancer
PC3 cells, stimulated cell proliferation. Titrations of
transferrin were done to determine the dilutions at which
increased cell proliferation occurred and was linear with
transferrin (data not shown), which ensured that the ef-
fects of additional compounds would be observed. Thus,
at the dilutions used, transferrin was not saturating. The
dilutions of transferrin used in the experiments increased
proliferation by 100±150% (Fig. 1A, lane 5, 0.63 ng/ml;
Fig. 1B, lane 5, 0.96 ng/ml) compared to control cultures
(Fig. 1A±D, lane 6) but increases of up to 250% were
attainable (data not shown). Titration of T3 (Fig. 1A)
and T4 (Fig. 1D) to PC3 cell cultures caused a reduction
in the stimulatory e�ect of transferrin (Fig. 1A,D, lane
5). Titration of RT3 to cell cultures had no e�ect on cells
incubated with or without transferrin (Fig. 1B,C). At the
highest concentrations of T3 and T4 (Fig. 1A,D, lane 4)
cell proliferation was less than that of control cells (lanes
6) grown in serum-free medium.

Titration of T3 or T4 to PC3 cell cultures without
transferrin decreased cell proliferation compared to
control cells (data not shown) in a fashion that was
similar to experiments with cell lines that were unre-
sponsive to transferrin (see below).

Thyroid hormones, transferrin and DU145 cells

DU145 cells were tested for increased proliferation in
the presence of transferrin. Transferrin had no e�ect
when added to DU145 cell cultures (data not shown).
Titration of T4 to DU145 cell cultures decreased cell
proliferation (Fig. 2B, lanes 1±4) compared to control
cultures (Fig. 2B, lanes 5 and 6). Titration of T3 or RT3
to DU145 cell cultures had no e�ect on proliferation
compared to control cultures (Fig. 2A,C).

Thymidine uptake in duplicate sets of four wells each
containing control cells was determined to evaluate the
degree of experimental deviation between controls in the
same experiment in addition to the experimental devia-
tion between repeat experiments. This method was used
in all subsequent experiments. The di�erences between
control sets were small (<10%) and insigni®cant when
compared only to each other (compare lanes 5 and 6,
Fig. 2A±C).
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Even though transferrin had no e�ect on DU145
cells, additional experiments were done to ensure that no
interactions occurred between the thyroid hormone and

transferrin (data not shown). The results of experiments
done with or without transferrin were virtually identical.
Thus, DU145 cells only responded to the addition of T4.

Thyroid hormones, transferrin and LNCaP cells

LNCaP cells were tested for increased proliferation in the
presence of transferrin. Transferrin had no e�ect when
added to LNCaP cell cultures (data not shown). LNCaP
cells displayed two behaviors that were dependent on the
concentrations of T3 or T4 added to the culture. At low
concentrations of T3 or T4, proliferation was stimulated
compared to control cultures (Fig. 3A,B, lanes 1 and 2).
At higher concentrations of T3 or T4, proliferation was
inhibited compared to control cultures (Fig. 3A,B,
lane 4). Titration of RT3 to LNCaP cell cultures resulted
in increased cell proliferation only (Fig. 3C).

The di�erences between control sets were slightly
larger (<20%) in some cases than those observed in
other cell lines (compare lanes 5 and 6, Figs. 1±4), but
these di�erences did not a�ect the observed trends.

Even though transferrin had no e�ect on LNCaP
cells, additional experiments were done to ensure that no
interactions occurred between the thyroid hormone and
transferrin (data not shown). The results of experiments
done with or without transferrin were virtually identical.
Thus LNCaP cells displayed two types of behavior fol-
lowing the addition of T3 or T4 to cell cultures, and only
increased proliferation following the addition of RT3.

Thyroid hormones, transferrin and MCF-7 cells

MCF-7 cells were tested for increased proliferation in
the presence of transferrin. Transferrin had no e�ect
when added to MCF-7 cell cultures (data not shown).
Titration of T3 or T4 to MCF-7 cell cultures decreased
cell proliferation (Fig. 4A,B, lanes 1±4) compared to
control cultures (Fig. 4A,B, lanes 5 and 6). Titration of
RT3 to MCF-7 cell cultures had no e�ect on prolifera-
tion compared to control cultures (Fig. 4C).

The di�erences between control sets were small
(<10%) and insigni®cant when compared only to each
other (compare lanes 5 and 6, Fig. 4A±C).

Fig. 1A±D Thyroid hormones, transferrin and PC3 cells. PC3 cells
were grown for 24 h in the presence of added e�ectors. Cells were
pulsed for 6 h with 3H-thymidine to determine di�erences in cell
proliferation. All counted samples were normalized by protein
content and plotted as a percentage of control to which no e�ectors
were added. All e�ector concentrations were determined in
quadruplicate for each experiment and n represents the number
of experiments. E�ectors used were: A transferrin (0.63 ng/ml) and
titration of T3, n � 4 and P < 0.001; B transferrin (0.96 ng/ml)
and titration of RT3, n � 4 and P < 0.008; C titration of RT3
alone, n � 4 and P < 0.113; D transferrin (0.63 ng/ml) and
titration of T4, n � 4 and P < 0.001

b
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Even though transferrin had no e�ect on MCF-7
cells, additional experiments were done to ensure that no
interactions occurred between the thyroid hormone and
transferrin (data not shown). The results of experiments
done with or without transferrin were virtually identical.
Thus, MCF-7 cells responded to titration of T3 or T4 to
cell cultures, while RT3 had no e�ect.

Titration of 3,3¢-di-iodo-L-thyronine to cell cultures

T2 was tested on all the cell lines used in this study. The
addition of T2 to LNCaP cells caused an increase in
proliferation (Fig. 5D) greater than that observed with
the addition of RT3 (Fig. 3C) but no decrease in prolif-
eration was observed. The addition of T2 to PC3 and
MCF-7 cell cultures decreased proliferation compared to

Fig. 2A±C Thyroid hormones, transferrin and DU145 cells.
DU145 cells were grown for 24 h in the presence of added
e�ectors. Cells were pulsed for 6 h with 3H-thymidine to determine
di�erences in cell proliferation. All counted samples were normal-
ized by protein content and plotted as a percentage of control to
which no e�ectors were added. All e�ector concentrations were
determined in quadruplicate for each experiment and n represents
the number of experiments. E�ectors used were: A titration of T3,
n � 3 and P � 0.011; B titration of T4, n � 3 and P < 0.001;
C titration of RT3 where n � 4 and P � 0.851

Fig. 3A±C Thyroid hormones, transferrin and LNCaP cells.
LNCaP cells were grown for 24 h in the presence of added
e�ectors. Cells were pulsed for 6 h with 3H-thymidine to determine
di�erences in cell proliferation. All counted samples were normal-
ized by protein content and plotted as a percentage of control to
which no e�ectors were added. All e�ector concentrations were
determined in quadruplicate for each experiment and n represents
the number of experiments. E�ectors used were: A titration of T3,
n � 4 and P < 0.001; B titration of T4, n � 7 and P < 0.001;
C titration of RT3, n � 4 and P � 0.001
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control cultures (Fig. 5A,C). The addition of T2 to
DU145 cell cultures had no e�ect on cell proliferation
(Fig. 5B).

Thyroid hormone comparison

Four di�erent cancer cell lines responded di�erently to
the addition of thyroid hormones. Binding of hormone

to receptor protein may involve interaction of negatively
charged iodine with positive charges on the receptor
protein. These interactions may determine the speci®city

Fig. 4A±C Thyroid hormones, transferrin andMCF-7 cells.MCF-7
cells were grown for 24 h in the presence of added e�ectors. Cells
were pulsed for 6 hwith 3H-thymidine to determine di�erences in cell
proliferation. All counted samples were normalized by protein
content and plotted as a percentage of control to which no e�ectors
were added. All e�ector concentrations were determined in quadru-
plicate for each experiment and n represents the number of
experiments. E�ectors used were: A titration of T3, n � 4 and
P < 0.001; B titration of T4, n � 6 and P < 0.001; C titration of
RT3, n � 4 and P � 0.79
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for ligand-receptor binding so that a comparison of the
responses to thyroid hormones in relation to the di�er-
ences in the position and the number of iodines might
indicate di�erences between receptor proteins.

All four cell lines responded to titration of T4. Ti-
tration of T3 was ine�ective only in DU145 cells. Two
responses were observed in LNCaP cells in response to
titration of T3 or T4. RT3 had no e�ect on PC3,
DU145, or MCF-7 cells, but resulted in increased pro-
liferation of LNCaP cells. T2 was ine�ective in DU145
cells only.

The thyroid hormones tested di�er structurally in the
position and number of iodines. A comparison of the
responses of the cell lines tested in relation to the num-
ber and position of the iodines that are on each com-
pound is shown in Table 1. Extrapolation of the results
was used to determine the iodines that are essential
(Table 1, bottom row) to the elicitation of the observed
cellular responses. The prostate cancer cell line PC3 and
breast cancer cell line MCF-7 may require a minimum of
iodines in the 3 and 5 positions. The prostate cancer cell
line DU145 may require a minimum of iodines in the
5¢ and 5 positions of L-thyronine. The prostate cancer
cell line LNCaP may require a minimum of iodines in
the 3 and 5 positions to stimulate proliferation while an
iodine in the 3¢ position may inhibit proliferation.

Northern analysis

Cultures of the prostate cancer cell line DU145 were
treated with transferrin (0.63 ng/ml), T4 (2 ´ 10)5 M),
or transferrin and T4. Exposure times were 4, 2, 1 and
0.5 h. The nylon membrane containing the total RNA

was probed with 32P-labeled c-fos (Fig. 6A) or
32P-labeled Tieg (Fig. 6B) cDNA probes. The autora-
diographic results showed that both transferrin and T4
were e�ective in inducing c-fos mRNA with exposure
times of 0.5±1 h (Fig. 6A, lanes 2±4 and 7) compared to
control cultures (Fig. 6A, lane 1). With longer exposure
times expression of c-fos mRNA decreased to zero. In
contrast, no change in Tieg mRNA expression (Fig. 6B)
compared with control cultures was observed with either
compound with any exposure time.

Discussion

The action of hormones on cancer cells has been a
topic of great research interest and speculation as to
the mechanism of hormone action has varied with
di�erent cell lines. In this study, we showed that non-
physiological concentrations of thyroid hormones had
a marked e�ect on prostate and breast cancer cell lines.
Prostate and breast cancers may have common muta-
tions in the thyroid hormone receptor leading to a
cancerous state.

Thyroid hormones have several points where inter-
action of ligand and receptor might occur. In biological
systems, T3 and T4 di�er by one iodine but are quite
di�erent in cellular response with T3 being the more
potent e�ector.

A logical explanation of the data presented in this
study is that the ligand a�nity for the thyroid hormone
receptor has decreased. This has been observed previ-
ously in studies in which v-erbA, a viral oncogene, has
been shown to result in a receptor protein with abolished
ligand binding capability [31].

A unique situation exists with LNCaP cells which
required testing compounds with iodines in various po-
sitions in L-thyronine to determine possible speci®c in-
teractions between ligand and receptor. Two types of
proliferative behavior could be accounted for by di�er-
ences in the position of the iodines by extrapolation of
the results from all the compounds tested. Comparison
of cells grown with RT3 (Fig. 3C) or T2 (Fig. 5D) show

Table 1 Proliferation responses of the cell lines to thyroid hor-
mones in relation to the number and position of their iodines. The
results were extrapolated to determine the iodines that are essential
(bottom row) to the elicitation of the observed cellular responses

Hormone Iodines PC3 DU145 MCF-7 LNCaP

T4 3¢, 5¢, 3, 5 Neg Neg Neg Pos/neg
T3 3¢, 3, 5 Neg None Neg Pos/neg
RT3 3¢, 5¢, 3 None None None Pos
T2 3, 5 Neg None Neg Pos
Essential
iodines

3, 5 5¢, 5 3, 5 3, 5 for
stimulation;
3¢ for inhibition

Fig. 5A±C Titration of 3,3¢-di-iodo-L-thyronine to cell cultures.
Cultures were grown for 24 h in the presence of T2. Cells were
pulsed for 6 h with 3H-thymidine to determine di�erences in cell
proliferation. All counted samples were normalized by protein
content and plotted as a percentage of control to which no e�ectors
were added. All e�ector concentrations were determined in
quadruplicate for each experiment and n represents the number
of experiments. Cell lines were: A PC3, n � 4 and P < 0.001;
B DU145, n � 4 and P � 0.046; C MCF-7, n � 3 and P < 0.001;
D LNCaP, n � 4 and P < 0.001

b

Fig. 6 Northern analysis. Cultures were untreated control (lane 1),
or treated with transferrin and T4 (lane 2, see below for
concentrations), T4 (2 ´ 10)5 M, lanes 3±6), or transferrin
(0.63 ng/ml, lanes 7±10). Treatments were for 0.5 h (lanes 2, 3
and 7), 1 h (lanes 4 and 8), 2 h (lanes 5 and 9), 4 h (lanes 6 and 10).
The membrane was probed with c-fos (A) or Tieg (B)
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a greater stimulation of proliferation following the ad-
dition of T2 (iodines 3 and 5), so that even though pro-
liferation was stimulated by RT3 (iodines 3¢, 5¢ and 3),
a greater magnitude was achieved by inclusion of iodine
5 and exclusion of iodines at 3¢ and 5¢. Thus, the es-
sential iodine that results in inhibition of cell prolifera-
tion, by extrapolation of these results, may be at
position 3¢. The iodines that contribute to increased cell
proliferation are at positions 3 and 5.

Our data for LNCaP cells indicate that the two
proliferation responses may be due to thyroid hormone
binding on two di�erent receptors where speci®city is
determined by interactions between speci®c iodines and
charges on the receptor protein. Therefore, the term
``biphasic'' would be inappropriate for describing this
situation.

The prostate cancer cell line PC3 and breast cancer
cell line MCF-7 behaved in a similar fashion with pro-
liferation inhibited by compounds containing iodines at
position 5 and possibly position 3 (Fig. 5A,C). The be-
havior of the prostate cancer cell line DU145 was the
easiest to delineate: iodines at positions 5 and 5¢ were
necessary to inhibit proliferation.

Other investigators have de®ned a medium for MCF-
7 cells which supports cell growth and allows observa-
tion of the stimulatory e�ects of transferrin [14, 20]. For
the continuity of this study we determined that a dem-
onstration of the stimulatory e�ects of transferrin on
breast cancer cells was unnecessary. In our system the
e�ects of transferrin may be indistinguishable due to
other factors including the absence of high-density
lipoproteins. In any event, we expected that T2, T3 and
T4 would counter the e�ects of transferrin in a fashion
similar to the e�ects in PC3 cells.

Several lines of evidence suggest that the e�ects of
thyroid hormones on cancer cells is not due to an in-
herent artifact of this system. Di�erent thyroid hor-
mones elicited di�erent e�ects on di�erent cell types. T4
was the only hormone that consistently decreased pro-
liferation in all cell types. However, low concentrations
of T4 stimulated proliferation of LNCaP cells. So that
even though all cells ultimately responded to T4 by a
decrease in proliferation, the behavior was not uniform
across all cell lines. No hormone gave a uniform re-
sponse across all cell lines. This latter observation would
be expected since the cell lines tested are not uniform in
their response to other hormones [11, 23, 35].

A further demonstration of nonuniformity is shown
by the elicitation of a cell response to T2. These results
suggest that changes in iodine position and number can
give results that are explained by interactions between
ligand and receptor. Further experimentation is neces-
sary to delineate all mechanisms.

A concern was that high concentrations of thyroid
hormones (10)5 M) may have been toxic to the cell
cultures. Thyroid hormones (10)5 M) were added to
cultures of vascular smooth muscle cells and serum
(10% ®nal concentration) was used to stimulate prolif-
eration of cells grown in serum-free medium for 24 h.

The results showed that the thyroid hormones did not
inhibit proliferation compared to control cultures (data
not shown). The vascular smooth muscle cells were
primary cultures and should have been more sensitive to
added e�ectors than the cell lines used in this study.
Thus, it appeared that serum-containing medium at-
tenuated the e�ects of nonphysiological concentrations
of thyroid hormones. Furthermore, a nonuniform re-
sponse of di�erent cell lines to hormones suggests a
more speci®c interaction not involving toxicity.

A concern was that cells displaying only inhibition of
proliferation would require lower hormone concentra-
tions than those used in this study to display stimulation
of proliferation. PC3 and MCF-7 cells were tested for
stimulation of proliferation by treatment with T3 and
T4 at concentrations down to 10)8 M and no change
was observed. Thus, proliferation trends could be used
to determine the essential iodines.

Hormone receptor binding followed by receptor
hormone complex-DNA interaction and ®nally RNA
expression is a pathway expected if these nonphysio-
logical concentrations of hormones are exerting their
e�ect through the classical pathway. We were able to
demonstrate with limited experiments that the condi-
tions used for proliferation assays also a�ect mRNA
expression of the proto-oncogene c-fos. This ®nding is
important in proposing an explanation for the observed
phenomena.

An upshot of these ®ndings is that although trans-
ferrin did not a�ect proliferation of DU145 cells, it did
a�ect c-fos mRNA expression. These results were un-
expected and suggest that the e�ects of transferrin
treatment on mRNA regulation should be tested in all
cell lines. Experimental concentrations of transferrin
were determined by titration to PC3 cells and choosing a
point where increased proliferation was su�cient to
observe countering e�ects. A concentration of 0.63 ng/ml
transferrin is three orders of magnitude lower than
physiological concentrations and the e�ects of transfer-
rin may still need to be determined.

A unique aspect of this study was that we showed
that nonphysiological concentrations of hormone can
elicit responses that may occur at physiological con-
centrations in normal cells. A thyroid hormone con-
centration increase of two orders of magnitude is large
for a biological system. However, from a biochemical
view this increase would be expected for a receptor with
signi®cant change in a�nity for ligand due to mutation
in the ligand binding region. Further research is neces-
sary to con®rm thyroid receptor protein status and
possible correlations with data from this study.
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