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Abstract

Insulin-like growth factors (IGFs) are potent mitogens for
FRTLS rat thyroid follicular cells. IGFs also synergize the
independent mitogenic effects of thyrotropin-stimulating hor-
mone (TSH) and other agents that increase intracellular AMP
concentration.

We examined whether FRTLS cells and M12 cells, a
TSH-independent mutant cell line derived therefrom, secrete
IGF that regulates the growth of rat thyroid follicular cells.
Immunoreactive IGF-II, but not IGF-I, was found in media
conditioned by FRTLS cells; media from M12 cells contained
four- to fivefold higher concentrations. Medium conditioned by
FRTLS and M12 both stimulated *H]thymidine incorporation
in FRTLS and amplified the mitogenic effects of TSH. M12-
conditioned medium was more potent than FRTLS5-conditioned
medium.

Sm-1.2, a monoclonal antibody that recognizes IGF-I and
IGF-II but not insulin, inhibited basal DNA synthesis in
FRTLS and M12 cells and the mitogenic effects in FRTLS of
agents that are synergized by IGF, such as TSH, forskolin,
Bt,cAMP, and Graves’-IgG. Sm-1.2 did not inhibit the mito-
genic response to insulin. Thus, rat insulin-like growth factor
II (rIGF-II) is an autocrine growth factor that regulates
FRTLS growth, in part by amplifying the mitogenic response
to TSH. Results with M12 cells raise the possibility that en-
dogenous rIGF-II may partially mediate the TSH-independent
growth of these cells. '

Introduction

In recent years, regulation of thyroid cell growth has become a
topic of interest in numerous laboratories, including our own
(1-9). In pursuing this topic, we, like others, have employed as
a model the FRTLS line of rat thyroid follicular cells. Al-
though capable of being maintained in continuous culture,
FRTLS cells do not display other characteristics of trans-
formed cells, and after many years in culture, they retain many
of the differentiated functions of the thyroid follicular cell in
vivo (1). Although the growth of FRTLYS cells has been thought
to be almost entirely dependent upon the presence of thyrotro-
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pin-stimulating hormone (TSH), other agents that increase ef-
fective levels of intracellular cAMP, as TSH does, also stimu-
late DNA synthesis (5, 6, 9). Moreover, recombinant insulin-
like growth factor I (IGF-I),! which does not increase
intracellular cAMP concentration in FRTLS cells (9), none-
theless has an independent action to increase DNA synthesis
and replication in these cells and, most importantly, synergizes
the effect of TSH to increase DNA synthesis (8).

In examining the characteristics of the interactions be-
tween IGF-I and the cAMP-mediated growth pathway, we
conducted studies of the effects of sm-1.2, a monoclonal anti-
IGF antibody. Effects of this antibody on the growth of
FRTLS cells and their responses to various mitogens raised the
strong possibility that these cells produce an immunoreactive
IGF. We therefore performed experiments to examine this
question directly and, in so doing, obtained evidence that the
cells do indeed produce rat IGF-II (rIGF-II). This, in turn, led
us to additional studies of the functional significance of the
endogenous IGF. The evidence that FRTLS cells produce
rIGF-II, that this endogenous IGF-II acts as an autocrine
growth factor, and that it also conditions the response to other
mitogens constitutes the substance of this report. A portion of
these results has been presented in abstract form (10).

Methods

Special reagents. Monoclonal antibody to IGF-I (sm-1.2) was gener-
ously provided by Dr. Judson J. Van Wyk (University of North Caro-
lina, Chapel Hill, NC). This antibody cross-reacts with human IGF-II
(hIGF-II) and rIGF-1I1 (MSA-III-2) to the extent of ~ 5 and 1%, respec-
tively, but does not cross-react with insulin (11), a finding confirmed in
our laboratory. Polyclonal antiserum to human IGF-I (hIGF-I) for use
in RIAs was kindly provided by Dr. Richard W. Furlanetto (University
of Pennsylvania, Philadelphia, PA). This antiserum reacts with the
IGF-I of many species, including that of the rat. It is highly specific for
IGF-I, having < 5% cross-reactivity with hIGF-II or rIGF-II (12, 13).
The polyclonal antibody to rIGF-II used for RIAs cross-reacts with
IGF-I and hIGF-II to the extent of ~ 3 and 10%, respectively, but does
not cross-react with insulin (14). rIGF-II (7,100 mol wt) purified from
culture medium conditioned by the BRL-3A line of rat liver cells was a
gift from Dr. S. Peter Nissley (National Institutes of Health, Bethesda,
MD) (15). hIGF-11, purified from outdated human plasma, was a gift
from Dr. Rene Humbel (Zurich, Switzerland) (16). Purified bovine
thyrotropin (bTSH, 30 IU/mg) was kindly provided by the National
Hormone and Pituitary Program (National Institute of Diabetes and
Digestive and Kidney Disease, Bethesda, MD). Recombinant hIGF-I
used for radioiodination was kindly supplied by Creative Biomolecules
(Hopkinton, MA), and PP-12, a highly purified IGF-I binding protein,
by Dr. H. Bohn (Behringswerke, Marburg, FRG).

1. Abbreviations used in this paper: bTSH, bovine thyrotropin; hIiGF,
human insulin-like growth factors; IGF, insulin-like growth factors;
rIGF, rat insulin-like growth factors.
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Other materials. The remaining materials were purchased from
commercial sources, as follows: Coon’s modified Ham’s F-12 tissue
culture medium from Hazleton-KC Laboratories (Kansas City, KS);
calf serum, DME, penicillin-streptomycin solution, and RPMI 1640
from Gibco Laboratories (Grand Island, NY); transferrin, bovine in-
sulin, partially purified bTSH used in the maintenance of cell cultures,
dibutyryl cAMP (Bt,cAMP), methylisobutylxanthine, and SDS from
Sigma Chemical Co. (St. Louis, MO); fraction V of BSA, forskolin, and
goat anti-rabbit gamma globulin from Calbiochem (La Jolla, CA);
Sephadex G-50 from Pharmacia Fine Chemicals (Piscataway, NJ);
tissue culture dishes (24 wells; 16 or 75 mm?) and flasks (250 ml) from
Costar (Cambridge, MA); tissue culture dishes (35 X 10 mm and 100
X 20 mm) from Falcon Plastics (Cockeysville, MD); recombinant
IGF-I (Thr**-IGF-I) from Amgen Biologicals (Thousand Oaks, CA);
trypsin 1-300 from ICN Nutritional Biochemicals (Cleveland, OH);
normal mouse serum from Miles Laboratories Inc. (Elkhart, IN); chol-
era toxin from List Biological Laboratories, Inc. (Campbell, CA);
[methyl-*H]thymidine (6.5 mCi/mmol) and carrier-free Na'?’I from
DuPont New England Nuclear Research Products (Boston, MA); Sep-
Pak C-18 cartridges from Waters Associates (Milford, MA). Kits for
the RIA of cAMP were purchased from ImmunoNuclear (Stillwater,
MN). All other chemicais were of reagent or higher grade.

Culture techniques. FRTLS cells were routinely cultured in Coon’s
modified Ham’s F-12 medium supplemented with 5% calf serum and
three “hormones”: bTSH (1 mU/ml), insulin (1 ug/ml), and transfer-
rin (5 pug/ml) (3H medium). Cells were cultured in 250-ml flasks or
24-well plates at 37°C in an atmosphere of 95% air-5% CO, in a
humidified incubator as described previously (1).

Some experiments were performed with M12 cells, a clone of mu-
tant cells derived from FRTLS cells that grow in the absence of TSH
(17). These cells were grown in the same medium as FRTLS cells,
except that bTSH, insulin, and transferrin were omitted (H-free me-
dium).

Preparation of conditioned media for immunoassay. Subconfluent
cultures of FRTL5 cells or M12 cells in 100-mm dishes were washed
several times with Coon’s modified Ham F-12 medium supplemented
with 0.1% BSA. FRTLS cells were then cultured in the same medium
supplemented with insulin (1 ug/ml), transferrin (5 pg/ml), and bTSH
(1 mU/ml). M12 cells were cultured in the same medium, except that
bTSH was omitted. After 48 h of culture, medium from four dishes was
pooled and centrifuged. The clear supernatant was acidified with acetic
acid (final concentration, 1 M), dialyzed extensively against 1 M acetic
acid, and lyophilized. Comparable media were incubated in the ab-
sence of cells for use as controls.

Lyophilized conditioned media were resuspended in 1 M acetic
acid to dissociate IGFs from their binding proteins (18). IGFs were
then resolved from their binding proteins by one of two different
techniques. The first involved chromatography on a 2 X 50 cm Sepha-
dex G-50 column in 1 M acetic acid (18), a procedure that separates the
low molecular weight IGFs from their binding proteins. The column
had previously been calibrated with '’I-IGF-I or '*’I-rIGF-II and '*I-
PP-12 (19). Fractions corresponding to the inclusion volume of IGF-I
and -II were pooled and lyophilized.

In the second procedure, we used a manual reverse phase technique
previously adapted by Hsu and Hammond (20) to isolate IGFs and to
separate them from IGF binding proteins. Sep-Pak C-18 cartridges
were washed with 5 mlisopropyl alcohol, 5 ml methanol, and 10 ml 4%
acetic acid. The lyophilized conditioned media were resuspended in
0.5 ml of 1 M acetic acid and applied to the cartridge; this was then
washed with 10 ml of 4% acetic acid to remove any residual IGF-I
binding protein. IGFs were then eluted from the column with 5 ml of
methanol and the samples were lyophilized.

RIAs of IGF-I and rIGF-II. Recombinant hIGF-I and native
rIGF-1I were labeled with '2°I by methods described previously (21).
Samples for analysis prepared either by G-50 or by Sep-Pak chroma-
tography were redissolved in assay buffer for analysis, the quantity
added to each assay tube being equivalent to 4 ml of original uncon-
centrated medium. For assay of IGF-I, we used a technique previously
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described, with minor modifications (22). hIGF-I was used as the ra-
dioligand and Thr*®-IGF-I as a standard (21). The antibody against
IGF-I was employed in a final dilution of 1:20,000 and the separation
method was precipitation with goat anti-rabbit gamma globulin in the
presence of 6% polyethylene glycol. The sensitivity of the assay was 0.1
ng/tube. rIGF-II was assayed by the method of Moses et al. (14). The
antiserum was used in a final dilution of 1:1,000, and the assay sensi-
tivity was 1 ng/tube.

[PH]Thymidine incorporation. Studies of [*H]thymidine incorpo-
ration into DNA were performed as described previously (9). FRTLS5
cells were studied 5-7 d after plating into H-free medium, while M12
cells were studied 2-3 d after plating. Data were expressed as counts
per minute/well for triplicate determinations.

Biological activity of conditioned media. Subconfluent cultures of
FRTLS cells and M 12 cells were washed with Coon’s modified Ham’s
F-12 medium containing 0.1% BSA and then incubated for 50 h in the
same medium. Media were collected and centrifuged at 500 g, and the
clear supernatant was used in varying dilutions, with and without
bTSH, as culture medium for quiescent FRTLS celis in which [*H}-
thymidine incorporation was measured 48 h later. Control media had
not been conditioned by exposure to cells.

Cell proliferation. FRTLS cells were seeded into H-free medium
containing 5% calf serum in 60-mm culture dishes and incubated in
the same medium for 5 d. Cells then were changed to fresh medium to
which the appropriate concentrations of the test agents were added in
various combinations. After 5 d of incubation, cell numbers were
determined in a hemocytometer in quadruplicate samples for each
experimental condition.

In studies involving the replication of M12 cells, experimental
methods were identical, except that different incubation periods, as
indicated, were used.

cAMP accumulation. FRTLS cells were grown to confluence in 3H
medium in 24-well plates and were then maintained in H-free medium
containing 5% calf serum for 10 d. Monolayers were washed three
times with KRB, pH 7.4, containing 0.1% glucose, 0.1% BSA, and 1
mM methylisobutylxanthine. Cells were then incubated for 30 min at
37°C in 250 ul of the same buffer containing the appropriate concen-
trations of the test agents. Supernatants were then analyzed for cAMP
concentration by specific RIA (23).

Binding of '"*I-bTSH. bTSH was labeled by a gentle chloramine T
technique, as previously described (24), to a specific activity of 150
uCi/ug. '*I-bTSH binding to confluent FRTLS cells was performed (9,
23) in a modified KRB in which NaCl was replaced by sucrose in
sufficient concentration (280 mM) to maintain the tonicity of the
solution (modified KRB) as described previously (9, 23). Incubations
were carried out overnight at 4°C.

Statistical analyses. All experiments were performed at least three
times, with good concordance in the results obtained. Statistical analy-
ses of the results in each experiment were performed by means of
analysis of variance followed by the Neuman-Keuls test for multiple
sample intercomparisons (25).

Results

RIA for IGF-I and rIGF-II in conditioned media
IGF-I could not be detected in concentrates of media condi-
tioned by either FRTLS5 cells or M 12 cells, as judged from an
RIA capable of detecting 0.1 ng IGF-I per tube. Sinceé each
assay tube contained the equivalent of 4 ml of original, un-
concentrated conditioned medium, each milliliter of the origi-
nal medium must have contained < 25 pg IGF-I.
Concentrates of media conditioned by FRTLS5 cells or by
M12 cells inhibited the binding of '>I-rIGF-II to the poly-
clonal IGF-II antibody, and serial dilutions of media from the
two types of cells displayed parallelism with the standard assay
curve (Fig. 1). On this basis, it was possible to calculate, for two
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Figure 1. Inhibition of the binding of '?’I-labeled rIGF-II to a poly-
clonal anti-rIGF-II antibody by unlabeled rIGF-II and by varying di-
lutions of culture media conditioned by FRTLS cells or by M12
(TSH independent) mutant cells. Data are depicted on a log-logit
plot in which the ordinate represents B/B,. See text for experimental
methods.

separate observations, concentrations of 0.50 ng/ml and 0.62
ng/ml in media conditioned by FRTLS5 cells and 2.25 ng/ml
and 1.50 ng/ml in media conditioned by the M12 cells. Con-
trol media processed in a manner identical to conditioned
media did not contain detectable quantities of IGF-I or IGF-II.

Interaction of rIGF-II and TSH

To facilitate interpretation of many of the results obtained, it
became important to determine whether IGF-1I would amplify
the response of [*H]thymidine incorporation in FRTLS cells
to bTSH, as IGF-I had been shown to do (8). Therefore, the
ability of IGF II and of insulin in the absence and presence of
1071 M TSH to stimulate [*H]thymidine incorporation was
examined. At a concentration of 100 ng/ml, rIGF-II induced a
slight, but significant (P < 0.001), enhancement of [*H]-
thymidine incorporation into DNA. A moderate stimulation
was produced by 1079 M= TSH alone. When the two were
added together, a marked amplification of the individual re-
sponses was evident, values for [*H]thymidine incorporation
being much greater than those that would have been expected
from an additive response alone (Fig. 2). At a concentration of
1 wg/ml, insulin induced a greater stimulation of [3H]-
thymidine incorporation than 100 ng/ml rIGF-II did; none-
theless, the enhancement of the TSH response by insulin was
much less marked than that produced by rIGF-II.

Figure 2. Amplification
by rIGF-II and by insu-
lin of the stimulation of
[*H]thymidine incorpo-
ration into the DNA of
quiescent FRTLS cells.
Concentrations of the
various mitogens used
were as follows: bTSH,
107'° M, rIGF-II, 100
ng/ml; insulin, 1 ug/
ml. Bars represent
mean=SD of value ob-
tained in triplicate sam-
YIGFT INSULIN ples.

@R Alone
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Effects of conditioned media

When added alone, media conditioned by FRTLS cells or M12
cells, whether studied undiluted or diluted 1:2 or 1:3 with
Coon’s modified Ham’s F-12 medium containing 0.1% BSA,
slightly increased values of [*H]thymidine incorporation by
FRTLS cells. However, they distinctly increased the response
to varying concentrations of TSH. Medium conditioned by
M12 cells was more potent in its effects than that conditioned
by FRTLS cells (Fig. 3).

Effects of antibody sm-1.2 in FRTLS cells

Although the foregoing experiments provided strong evidence
that both the FRTLS cells and the M12 cells secrete IGF-II and
condition their media with a factor that influences the growth
of quiescent FRTLS cells as exogenous rIGF-II does, they do
not permit an assessment of the role that endogenous IGF-II
plays in the growth and mitogenic responses of the cells that
produce it. To evaluate these questions, we conducted a num-
ber of experiments with sm-1.2, a monoclonal antibody
against IGF-I that cross-reacts with IGF-II, but not with in-
sulin.

Responses of basal [?H]thymidine incorporation. Data
from all experiments involving FRTLS cells were examined to
determine whether sm-1.2 would affect basal thymidine incor-
poration, i.e., those low levels found in the absence of other
additives. In each of 43 instances, inhibition was produced by
the anti-IGF antibody. In these experiments, basal [*H]-
thymidine incorporation averaged only 365+192 cpm/well,
but it was reduced to an average of 58+22% of the respective
control values by the addition of sm-1.2 (10 ug/ml).

Responses to IGFs and insulin. In accord with previous
observations {9, 10), IGF-I (2.5-20 ng/ml) induced a concen-
tration-dependent stimulation of [*H]thymidine incorporation
into DNA, and as would be expected, this effect was com-
pletely inhibited by the addition of the anti-IGF antibody at a
concentration of 5 ug/ml (data not shown).

rIGF-1I, hIGF-II, and insulin each stimulated [*H]-
thymidine incorporation into the DNA of quiescent FRTLS
cells. Responses to rIGF-II and hIGF-II were inhibited in a
dose-dependent manner by the antibody sm-1.2 (Fig. 4), but
not by equivalent concentrations of normal mouse IgG (data
not shown). In contrast, even at the highest concentration

15 FRTLS MEDIUM MI2 MEDIUM
DOcontrot
Econditioned medium
[®4] THvmiove
INCORPORATION 10}~
cpm / well
( x 1073 )
5 -
oL
O -u -0 -9 o -1l -0 -9
TSH (log,e M)

Figure 3. Media conditioned by FRTLS cells and by M12 cells stim-
ulate [*H]thymidine incorporation into DNA in quiescent FRTLS
cells and amplify the increase in thymidine incorporation induced by
TSH. Conditioned media were collected after 50 h of culture and
were used at a 1:2 dilution as culture media for quiescent FRTLS
cells. Results shown are the mean+SD of triplicate observations.
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Figure 4. Effects of increasing concentrations of sm-1.2 on the mito-
genic response to a constant concentration of rIGF-II (MSA, 50
ng/ml), hIGF-II (50 ng/ml), or insulin (11 pg/ml). Results in the
presence of antibody were calculated as a percent of those observed
with the same concentration of rIGF-II, hIGF-II, or insulin in the ab-
sence of antibody, and the values shown represent the mean+SD of
those obtained in triplicate specimens in a single experiment. Abso-
lute values for [*H]thymidine incorporation (cpm/well; mean+SD)
in the absence of antibody were 207+61 in controls and 4,557+405
in specimens containing rIGF-II (P < 0.001); 182+2 in controls and
3,202+373 in specimens containing hIGF-II (P < 0.001); and
117462 in controls and 6,618+864 in specimens containing insulin
(P < 0.001). The results shown are typical of those obtained in six
other experiments.

tested, sm-1.2 had no effect on the mitogenic response to in-
sulin (Fig. 4).

In experiments with varying concentrations of rIGF-II and
insulin, the independent mitogenic effect of each was con-
firmed (26). Further, IGF-I did not amplify the effects of these
mitogens (data not shown), as it did in the case of TSH (9).

Response to TSH. In what we initially assumed would be
negative control studies, we examined the effect of sm-1.2 on
the mitogenic response to bTSH. As expected, increasing con-
centrations of bTSH produced a dose-dependent stimulation
of [*H]thymidine incorporation into DNA that, surprisingly,
was inhibited by sm-1.2. At a concentration of 10 ug/ml,
sm-1.2 inhibited the response to 10~° M bTSH by ~ 50%.
Normal mouse IgG had no effect.

Additional studies were conducted in which the effects of
varying concentrations of bTSH and sm-1.2, alone and in
combination, were assessed concomitantly (Fig. S). In these
experiments, the inhibitory effect of each concentration of an-
tibody was greatest at the lower concentrations of bTSH and
least at the higher concentrations of bTSH. Further, for each
concentration of bTSH, we observed a concentration of anti-
body beyond which no further inhibition of the response to
bTSH was observed. As a result, in these maximally inhibited
specimens, a dose-dependent stimulatory effect of bTSH on
[*H]thymidine incorporation was preserved.

Ensuing experiments were conducted in an effort to ascer-
tain the mechanism by which the anti-IGF antibody sm-1.2
inhibited the mitogenic responses to bTSH. When added di-
rectly to the radioreceptor assay mixture, a concentration of
sm-1.2 that strongly inhibited the mitogenic response to high
concentrations of bTSH had no effect whatsoever on the bind-
ing of tracer concentrations of '*’I-bTSH (data not shown).

Growth Modulation by Endogenous Insulin-like Growth Factors in FRTLS5 Cells
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Figure 5. Effects of increasing concentrations of sm-1.2 (1-40 ug/ml)
on the mitogenic response to varying concentrations of bTSH
(107"'-107% M). The results obtained with each concentration of
bTSH in the presence of antibody were calculated as a percent of
those obtained with the same concentration of bTSH in the absence
of antibody, and the values shown represent the mean+SD of those
obtained in triplicate specimens in a single experiment. Absolute
values for [*H]thymidine incorporation (cpm/well) in the absence of
antibody were 147+49 in controls and 515+104 in specimens con-
taining bTSH 107! M (P < 0.05); 254+131 in controls and
20,884+576 in samples containing bTSH 107'° M (P < 0.001);
102+4 in controls and 14,193+215 in samples containing bTSH
107° M (P < 0.001); 116+12 in controls and 18,396+345 in samples
containing bTSH 1078 M (P < 0.001). Closely comparable results
were obtained in two other experiments.

Because the stimulation of DNA synthesis that bTSH pro-
duces in quiescent FRTLS5 cells evidently depends on the in-
crease in cellular cAMP concentration that it produces (5, 6,
10), experiments were conducted to determine whether sm-1.2
would modify this response; however, no alteration of the
cAMP response to bTSH by sm-1.2 was observed (data not
shown).

Responses to Bt;cAMP, forskolin, cholera toxin, and
Graves’-IgG. Because the mitogenic effect of bTSH in quies-
cent FRTLS cells is mimicked by other agents that increase the
effective intracellular cAMP concentration (10), we examined
the effect of sm-1.2 on the ability of these agents to stimulate
[*H]thymidine incorporation into DNA. As anticipated, chol-
era toxin, forskolin, and Bt,cAMP, tested at their maximally
effective concentrations (10), as well as Graves’-IgG (9), were
all stimulatory to DNA synthesis, and their effects all were
inhibited in a concentration-dependent manner by sm-1.2
(Fig. 6).

Cell replication. Studies were conducted to determine the
effects of the anti-IGF antibody sm-1.2 on the stimulation of
cell replication induced by bTSH, IGF-I, and insulin (Fig. 7).
In four separate observations, cell counts at 5 d in specimens
treated with bTSH were 394+8.3% those in control specimens;
this increase was significantly diminished (P < 0.001) by the
addition of sm-1.2, since cell counts in the presence of sm-1.2
were only about double those in controls (Fig. 7). A smaller
enhancement of cell replication was produced by IGF-1, which
increased cell counts to an average of 148+6.9% of those in
control wells. As would be expected, the mitogenic response to
IGF-I was entirely abolished by sm-1.2, cell counts in the pres-
ence of IGF-I and antibody being indistinguishable from those
in control wells.

1549



100 e——e Choleratoxin
o—o0 Forskolin
o—0 Bt cAMP

a—a Graves-IgG

% OF
MITOGEN

grFect  °

L
(O] 5 10 20
Sml.2 (ug/ml)

Figure 6. Effects of increasing concentrations of sm-1.2 on the mito-
genic responses to cholera toxin (10 pg/ml), forskolin (10~ M),
Bt,cAMP (10~ M), and Graves’-IgG (2 mg/ml). The results for each
agent in the presence of antibody were calculated as a percent of
those obtained with same concentration of the agent in the absence
of antibody, and the values shown represent the mean+SD of those
obtained in triplicate specimens in a single experiment. Absolute
values of [*H]thymidine incorporation in the absence of antibody
(cpm/well; mean+SD) were 483+25 in controls and 4,734+160 in
the presence of cholera toxin; 653156 in controls and 12,208+709 in
the presence of forskolin; 896157 in controls and 7,157 in the pres-
ence of Bt,cAMP; and 306+136 in controls and 15,931+3,825 in the
presence of Graves’ IgG. For all differences between control and
stimulated values of [*H]thymidine incorporation, P < 0.001. Simi-
lar results were obtained in two other experiments.

Only two observations were available concerning the effect
of sm-1.2 in insulin-induced cell replication. At the concen-
tration tested, insulin alone caused only a slight (~ 30%) in-
crease in cell counts, and this was unaffected by the further
addition of sm-1.2.
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Figure 7. Effect of antibody sm-1.2 (10 ug/ml) on the stimulation of
replication in FRTLS5 cells induced by bTSH (107'° M), IGF-I (10
ng/ml), or insulin (1 ug/ml). Results shown represent the cell num-
ber per dish as a percent of that in basal (unstimulated) specimens.
Bars represent the means+SD of values obtained in four separate ob-
servations in the case of TSH and IGF-I. Bars represent the mean of
two observations in the case of insulin. Cell numbers in the presence
of TSH alone and IGF-I alone are significantly higher than basal
values (P < 0.001). The reduction in cell numbers induced by
sm-1.2 is significant in the case of both bTSH (P < 0.001) and IGF-I
(P < 0.05).

Effects of antibody sm-1.2 in M12 cells

Basal thymidine incorporation into DNA. As a reflection of
their ability to replicate in the absence of TSH or other added
mitogens, basal rates of [*H]thymidine incorporation into the
DNA of M12 mutant cells were higher than in FRTLS cells,
averaging 1,417+472 cpm (n = 3). As would be expected if the
greater rate of growth of M12 cells was due to their greater
secretion of rIGF-II into the culture media, addition of sm-1.2
produced a much greater inhibition of thymidine incorpora-
tion than that observed in FRTLS cells, reducing values of
thymidine incorporation in M12 cells by ~ 90% (155+55)
from control levels.

Cell replication. M12 mutant cells displayed vigorous
growth when cultured in 5% calf serum in the absence of other
specific mitogens. Growth of the cells was severely retarded by
the addition of sm-1.2 at a concentration of 10 ug/ml (Fig. 8).
In view of the possibility that the effect of sm-1.2 on the repli-
cation of M12 cells was due to an inhibition of the effect of
IGF-I present in the 5% calf serum in which they were grown,
comparable studies were conducted in M12 cells cultured in
Coon’s modified Ham’s F-12 medium containing 0.1% BSA.
In this medium, as expected, growth of the M12 cells was less
luxuriant, cell number in control dishes increasing by 32% in 5
d, whereas in the presence of sm-1.2 there was no increase
at all.

Discussion

The central observation that led to the present studies was our
finding that, in the FRTLS line of rat thyroid follicular cells,
IGF-I and IGF-II not only exert an independent mitogenic
effect, but also greatly amplify the action of bTSH to stimulate
DNA synthesis (8). Thus, our later observation that sm-1.2, a
monoclonal antibody against both IGF-I and IGF-II, pro-
duced a dose-dependent inhibition of the mitogenic effect of
bTSH in the absence of added IGF led us to examine whether
one or another of the IGFs might be produced by these cells.
The resulting studies provide strong evidence, we believe, that
IGF-II is synthesized by the FRTLS5 cell and secreted into its
culture medium, that endogenous IGF-II acts as an autocrine
growth factor for the FRTLS5 cell, and that it acts to augment
the mitogenic response of the FRTLS cell to TSH, the major
regulator of thyroid cell growth in this system.

The major evidence that FRTLS5 cells secrete IGF-II is the
direct demonstration that within 48 h of culture FRTLS5 cells
secrete into their media readily measurable concentrations of a
peptide that interacts in a specific RIA for IGF-II, producing
therein a displacement curve parallel to that generated by au-
thentic rIGF-II. By the same techniques, production of IGF-I
could not be detected.

Figure 8. Effect of

3or sm-1.2 on the replica-
20+ contRoL S tion of M12 cells.
CELLS/DISH \\,/ , Values at 1 d are the
(x107% ol P mean:+SD of those ob-
or’  sm-12 tained in four separate
P 8 dishes. Values at 4 and
5r I,—L. 7 d represent cell num-
N ) , bers in two separate
34 4 7 dishes for each time
DAYS point.
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Other evidence strongly indicates that the rIGF-II secreted
by the FRTLS cells plays an important role in regulating the
growth of FRTLS cells. It is perhaps not surprising that media
conditioned by FRTLS5 cells with rIGF-II should both stimu-
late [*H]thymidine incorporation in the absence of TSH and
amplify the comparable response to added TSH, since we had
already demonstrated similar effects of highly purified exoge-
nous rIGF-II. More significant, therefore, were the observa-
tions with the monoclonal anti-IGF antibody sm-1.2. Addi-
tion of this antibody to the culture medium permitted us to
eliminate and thereby to identify any functional effects of the
endogenous IGF-II that the FRTLS5 cells were secreting. The
principal consequence of adding sm-1.2 to the FRTLS culture
medium that we observed was an inhibition of the stimulatory
effect of bTSH on cell replication and [*H]thymidine incorpo-
ration. The extent of inhibition of [*H]thymidine incorpora-
tion varied directly with the concentration of sm-1.2 used and
inversely with the concentration of bTSH. Further, for each
concentration of TSH tested, a concentration of sm-1.2 was
evident beyond which addition of further antibody produced
no further inhibitory effect. We would suggest that the mito-
genic response to each concentration of bTSH observed at
these high levels of sm-1.2 represents the intrinsic mitogenic
effect of that concentration of bTSH, devoid of any amplifying
influence of endogenous rIGF-II. By the same token, we would
suggest that, in the FRTL5 cell, amplification of the response
to TSH is the principle autocrine effect of endogenous rIGF-II
with respect to growth.

It might be assumed that the ability of sm-1.2 to inhibit the
mitogenic responses to TSH was the result of other mecha-
nisms, rather than a blockade of endogenous rIGF-II. Several
such possibilities were examined directly and excluded. Thus,
the antibody did not inhibit either the specific binding of TSH
in FRTLS cells or the increase in cAMP accumulation induced
by TSH therein. Further, the possibility that sm-1.2 was in
some manner cytotoxic was excluded by the finding that con-
centrations of antibody highly inhibitory to the response to
TSH failed to inhibit the increase in thymidine incorporation
or cell replication induced by insulin.

In contrast, sm-1.2 did inhibit the independent mitogenic
responses to Bt,cAMP, forskolin, cholera toxin, and Graves’
IgG, all of which increase the effective intracellular cAMP
concentration. The effect of these agents, like that of TSH, is
amplified by IGF-I and IGF-II (8, 9). Therefore, the ability of
sm-1.2 to inhibit the response to these agents supports our
earlier suggestion that the amplifying interaction between the
cAMP-dependent pathway activated by TSH and the cAMP-
independent pathway activated by IGF takes place at some
post-CAMP site (9, 27).

Observations with sm-1.2 may also shed some light on the
biology of the M 12 mutant cells, which grow vigorously in the
absence of TSH. These cells condition their media with con-
centrations of rIGF-II four to five times higher than those
found in media conditioned by FRTLS cells, and the media
conditioned by M12 cells have a more pronounced stimula-
tory effect on both basal and TSH-stimulated [*H]thymidine
incorporation in quiescent FRTLS5 cells than media condi-
tioned by FRTLS5 cells. Moreover, basal thymidine incorpora-
tion in these cells, which is substantial as a reflection of their
spontaneous growth, is greatly inhibited by the addition of
sm-1.2, and cell replication is greatly retarded by the antibody.

These findings raise the possibility that the capacity of M 12
mutant cells to grow spontaneously may reflect, at least partly,

Growth Modulation by Endogenous Insulin-like Growth Factors in FRTLS5 Cells

the high level of rIGF-II that they produce. This is not to
suggest, however, that the mutation that makes these cells in-
dependent of TSH is one that results solely in enhanced pro-
duction of IGF-II. Indeed, the nature of the mutation remains
uncertain.

There is a clear and increasing precedent for the presence
of a variety of autocrine growth factors within different tissues
(28-46). With respect to the IGFs, several studies have pre-
sented evidence of their release into the medium by cells in
tissue culture (28-35). Further, recent studies have provided
evidence for the synthesis of IGFs in rat and human tissues, as
judged from measurements of tissue concentration and the
demonstration of the cellular localization of specific mRNAs
by in situ hybridization, respectively (36-46).

A precedent also exists for an endogenous IGF to modify
the response to an exogenous growth factor. In studies of por-
cine aortic smooth muscle cells and human fibroblasts, Clem-
mons and Van Wyk have found that sm-1.2, the same anti-
IGF antibody that we used, significantly inhibited both basal
thymidine incorporation and the mitogenic response to plate-
let-derived growth factor (47). These findings led to the sug-
gestion that platelet-derived growth factor-induced mitogen-
esis in these cell types is due in part to stimulation of the
production of an IGF-like peptide. We have no information
concerning the extent to which mitogenic agents whose action
in FRTLS cells is cAMP-mediated may exert their effect by
increasing the synthesis of the endogenous IGF-II, which then
stimulates growth. In all likelihood, however, this is not a
major mechanism by which agents like bTSH stimulate
growth in FRTLS cells. First, the persistence of a dose-depen-
dent mitogenic effect of TSH in the presence of increasing
amounts of anti-IGF antibody strongly indicates that TSH
was exerting an independent mitogenic effect. Second, the in-
crease in [*H]thymidine incorporation into DNA in FRTL5
cells induced by the addition of synergistic concentrations of
TSH and IGF-I is far in excess of the concomitantly measured
response to maximally effective concentrations of IGF-I
alone (9).

With respect to the thyroid cell, studies in primary cultures
derived from different species, such as the dog, sheep, human,
pig, and rat, have shown that growth factors, such as insulin
and epidermal growth factor, have an independent stimulatory
effect on growth and augment the response to TSH (1-3, 7,
48-50). However, in none of these instances has it been shown
that the cell type that responds to epidermal growth factor or
insulin produces either of the two growth factors. Conversely,
ours is not the first demonstration of the production of IGF-I
by a thyroid cell, since Mak and co-workers have reported
synthesis of IGF-I by ovine thyroid cells in primary culture
(51). However, these investigators did not provide any evi-
dence that this endogenous IGF-I subserves a significant func-
tional role in the ovine thyroid cell.

The most interesting questions that arise from these find-
ings are whether one or another IGF is produced by the thy-
roid in the living animal, and if so, whether it acts as a mitogen
locally, whether it modifies the response to TSH, and how its
production is regulated.
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