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ABSTRACT 
The TSH-dependent expression of amyloid precursor-like proteins 

and the secretion of their ectodomain (sAPP) in rat thyroids coincide 
with increased rates of thyrocytc proliferation. To analyze whether 
the secretion of sAPP and the proliferation of thyrocytes are regula- 
torily linked, we employed [“Hlthymidinc or 5-bromo-2’-deoxyuridine 
assays and found that conditioned culture medium stimulated the 
proliferation of FRTL-5 cells depending on the content of sAPP. These 
observations prompted experiments with sAPP-derived peptides 
known to stimulate the growth of APP-deficient fibroblasts. Using 

autoradiography and radiochemical assays, we observed that an io- 
dinated 19-mer sAPP peptide was bound specifically to the surface of 
FRTL-5 cells. Binding of this peptidc was followed by a 2- to R-fold 
increase in cell proliferation, which reached a plateau at 1 nM. This 
effect was significant only when cells were cultured in nonconfluent 
monolayers, and contact inhibition did not interfere. Our observations 
indicate that sAPP and sAPP-derived peptides increased the propor- 
tion of proliferation-competent FRTL-5 cells and suggest that sAPP 
may be a new member in the family of peptides invo!ved in the growth 
regulation of thyrocytes. (Enclocrinolofiy 13’7: 1975-1983, 1996) 

T HE DEVELOPMENT and regulated growth of epithe- 
lial tissues depend largely on the controlled prolif- 

eration of epithelial cells and the adjacent connective tis- 
sue. The proliferation of epithelial cells is, in turn, under 
the control of extracellular and cellular signals, including 
a variety of regulatory peptides. Because some of these 
peptides are manufactured and released by epithelial cells 
themselves, they act as an essential part of autocrine or 
paracrine mechanisms. The regulatory function of these 
peptides is considered to mediate or modify the local 
actions of classical hormones. At least some of these reg- 
ulatory peptides can be regarded as an interface of central 
importance, c.8. between a circulating hormone such as 
TSH and the growth of cells (for review, see Ref. 1). Thy- 
rocytes of the unstimulated gland are in a stationary state, 
but are provided with the capacity to proliferate (2) at an 
average potential of about five cell divisions during the life 
span of the adult organism (3). In a variety of species, TSH, 
which acts by way of the CAMP system, has at least a dual 
role, in that it simultaneously promotes differentiated 
functions, P.S. thyroglobulin synthesis and iodide trans- 
port (4, 5) and the proliferation of thyrocytes (6), suggest- 
ing that CAMP may directly operate as a positive signal for 
both types of cellular responses (for review, see Ref. 7). 
Alternatively, as observed in thyrocytes of some species, 
including FRTL-5 cells, growth might be a secondary ef- 
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feet, in that thyrocytes release growth-promoting factors 
after the stimulation of cells with TSH (8). 

A growth-promoting activity has also been ascribed to the 
proteolytically released ectodomain of the P-amyloid pre- 
cursor protein (APP) (9; for review, see Ref. 10). API’ is a 
single membrane-spanning glycoprotein known to serve as 
the macromolecular precursor for the amyloid (A/3) peptide 
that is generated by specific proteolytic processing of API’ 
and found in senile plaques and neurofibrillar tangles in the 
cerebral cortex of patients afflicted with Alzheimer’s disease 
(11; for reviews, see Refs. 12 and 13). APP is almost ubiqui- 
tously expressed, showing a high degree of evolutionary 
conservation (14, 15), but also a heterogeneity due to alter- 
native splicing resulting in the generation of at least five 
different forms of primary transcription products: APP563, 
695, 714, 751, and 770. In addition to this heterogeneity, 
proteins closely related to APPbelong to a highly conserved 
protein family, for example the Golgi-localized amyloid pre- 
cursor-like protein 1 (APLPl) from mouse brain (16), the 
Droso$riln APPL protein (17) or APLP2 from mouse brain, 
and several nonneuronal organs (18). APPL and the APLPs 
are homologous to API’ and to each other, but they lack the 
A/3 domain of API’ and are, therefore, unable to serve as a 
precursor for AP-amyloid. 

Proteolytic cleavage close to the membrane-spanning do- 
main of APP/APLP results in the release of SAPI’, the se- 
creted derivative of API’ (19; for review, see Ref. 20). sAPP 
constitutes almost the entire extracellular part of APP/APLP 
and carries a number of biologically relevant domains (for 
reviews, see Refs. 10, 13, and 20). The growth-promoting 
activity of sAPP was discovered by Saitoh and colleagues, 
who showed that API’-deficient fibroblasts regain their pro- 
liferative capacity upon the addition of sAPP or sAPI’- 
derived peptides to the culture medium (9). 
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We recently observed that amyloid precursor-like proteins 
(APP/APLP) are highly expressed in thyrocytes, where 
API’/ APLP undergo 0-glycosylation (21), iodination, and 
proteolytic cleavage, resulting in release of the N-terminal 
fragment (sAPI’) into the extracellular space (22). Increased 
expression and 0-glycosylation of APP/APLP and proteo- 
lytic release of sAPP coincide with thyroid growth in rats and 
with the TSH-induced proliferation of thyrocytes in vitro (22). 
In FRTL-5 cells, we have detected three forms corresponding 
to API’ 695,751, and 770 (22), suggesting that the sAPP from 
these cells includes major biologically relevant motifs of the 
API’/ APLP ectodomains. Based on- this information from 

Cell culture 

FRTL-5 cells were cultured in F-12 medium (Coon’s modification, 
supplemented with 5% calf serum, 1 mu/ml TSH, 2 pg/ml insulin, 10 
FM hydrocortisone, 10 rig/ml Gly-His-Lys, 10 rig/ml somatostatin, and 
5 pg/ml transferrin) at 37 C in 5% CO2 (23). Various concentrations of 
sAPI’-derived peptides or growth factors were applied as indicated in 
the text. To determine whether sAPI’-derived peptides also operate 
without TSH, cells were cultured in the same medium, but in the absence 
of TSH and calf serum. 

Biosynthetic radiolabeling of FRTL-5 cells 

FRTL-5 cells were grown for 3 days in the absence or presence of TSH, 
preincubated in cyst‘eine- and methionine-free F-12 medium with or 

of API’. Immunoprecipitates were washed three times for 20 min each 

without TSH for 60 min, and labeled with 3.7 megabecquerels (MBq)/ml 
[“sS]Translabel (ICN, Costa Mesa, CA) for 3 h. sAPP was immunopre- 
cipitated from the medium, after denaturation by boiling with 1% SDS, 

time with 10 rnM Tris-HCI (pH 8.0), 150 rnM NaCl, 1% Nonidet P-40,0.5% 

with the aid of an antibodv directed against the N-terminal ectodomain 

taurocholic acid, and 0.1% SDS and once with 10 mM Tris-HCl, pH 7.4; 
boiled for 5 min in sample buffer; and subjected to PAGE analysis (see 
below). Gels were fixed, incubated in Amplify solution (Amersham) for 
fluorography, dried, and exposed to prcflashed Kodak XAR-5 film (East- 
man Kodak, Rochester, NY). Fluorographs were densitometrically 
scanned using a dual wavelength scanner (CS 910, Shimadzu, Kyoto, 
Japan). 

experiments with thyrocytes irr sift and ill vitro, we ad- 
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We used FRTL-5 cells, a diploid”nontransformed line of rat 

dressed the question of whether the expression of API’/ 

thyroid follicle cells (23) whose growth in culture is depen- 

APLP, the TSH-induced release of sAPP, and the increased 

dent upon the presence of TSH and a number of growth 

uroliferation of thvrocvtes are reeulatorilv linked. 

factors, including insulin-like growth factors (IGFs) (8, 24- 
30). For studies on the binding of sAPP to the cell surface of 
thyrocytes, we synthesized a variety of sAPI’-derived pep- 
tides, including an iodinatable 19-mer peptide with two ty- 
rosine residues at the N- and the C-terminal portions en- 
closing the growth-promoting pentapeptidk (RERMS) 
domain of sAPI’. Our observations allow the conclusion that 

Preparation of conditioned media 

sAPP is effectively promoting the growth of FRTL-5 cells and 
that the TSH-induced growth of thyrocytes might be related 
in part to this activity of sAPP. 

Materials and Methods 

FRTL-5 cells were seeded at high cell density (5 X 10” cells/ flasks) and 
grown in F-12 medium without calf serum in 75.cm’ Falcon flasks for 
3 days. The media were freed of cellular constituents by centrifugation 
(10 min at 4000 x s at 4 C) before use in the cell proliferation assays. The 
presence of sAPP was tested by SDS-PAGE and immunoblot usmg an 
antibody against the N-terminal ectodomain of API’. 

Materials 
Separation of high and low mol wt proteins from 
conditioned medium by ultrafiltration 

FRTL-5 cells were obtained from American Type Culture Collection 
(Rockvillc, MD; CRL 8305). Antisera against the C-terminus of APPwere 
prepared using a peptide consisting of the last 19 C-terminal amino acids 
with an additional cysteine on the N-terminus of the peptide (synthe- 
sized by Chiron Mimotopes, Clayton, Australia). The peptide was con- 
jugated to keyhole limpet hemocyanine by use of 3-maleimidobenzoic 
acid N-hydroxysuccinimide ester (31). The conjugated peptide was 
emulsified with Frcund’s complete adjuvant (1:2, volivol; Sigma Chem- 
ical Co., Deisenhofen, Germanv) before immunization. Male New 
Zealand White rabbits were primed at the age of about 6 months, 
followed by three or four booster injections at 2- to 3-week intervals. The 
antisera were collected 2 weeks after the last booster injection by can- 
nulating the ear artery. The specificity and affinity of the antisera were 
tested by immunoblot, immunopreci$tation, and immunocytochemical 
procedures (not shown). In addition, the mouse monoclonal antibody 
22Cll against the denatured N-terminus (32) and a rabbit antiserum 
recognizing the native N-terminus of Al’Pwere kindly provided by Drs. 
K. Bevreuther and G. Multhaup, Center of Molecular Biology, University 
of Heidelberg (Heidelberg, Germany). 

Recombinant basic fibroblast growth factor (bFGF), transforming 
growth factor-p (TGFP), IGF-I, and IGF-II were obtained from Boehr- 
inger Mannheim (Mannheim, Germany). 5-Bromo-2’.deoxyuridine 
(BrdU), monoclonal anti-BrdU antibody, [“Hjthymidine, and [“51]Nal 
were purchased from Amersham Buchlcr (Braunschweig, Germany). 
The 17-mcr sAPP peptide containing residues 319-335 of APP695, the 
pentapeptide RERMS, the tetrapeptide RMSQ, and an iodinatable 19. 
mer peptide (see below) were synthesized by S. Rawer, Perkin Elmer 
Applied Biosystems (Weiterstadt, Germany). Collagen from rat tails was 
dried and sterilized by UV radiation and solubilized in 0.1’26 acetic acid 
for 48 h, as described by Strom and Michalopoulos (33). All other chem- 
ical reagents were of the highest analytical grade. 

Media were centrifuged for 20 min in Centricon concentrator tubes 
(Amicon, Witten, Germany) with 100 kDa exclusion pore size (20 min; 
1000 x s). The high mol wt fraction containing proteins above a mo- 
lecular mass of 100 kDa including sAPP was concentrated about 2-fold. 
The conditioned medium and the low mol wt fraction were dialyzed 
overnight against F-12 medium without calf serum, using a Spectra/I’or 
membrane with a 3.5 kDa exclusion size (Spectrum, Houston, TX). The 
high mol wt fraction was dialyzed with a 50 kDa exclusion size. Cells 
on collagen-coated coverslips (see below) were cultured for 70 h in 
conditioned medium of normal sAPP content or in medium containing 
the high or low mol wt protein fractions. The proliferation assay was 
performed as described below. Complementary to the enrichment or the 
removal of sAPP by filtration, the sAPP content of conditioned medium 
was selectively lowered by immunoprecipitation (see below). 

Immunoprecipitation of sAPP from conditioned medium 

Thirty microliters of the rabbit antiserum directed against the native 
N-terminus of API’ and 30 ~1 preimmune serum for the control exper- 
iment were preabsorbed to 180 ~1 protein A-Sepharose (1:2, volivol; in 
PBS) for 1 h on a rotation device at 4 C. The protein A-Sepharose 
antibody complex was pelleted and washed three times with PBS before 
its use for immunoprecipitation of sAPP from 20 ml conditioned me- 
dium. The precipitation was performed three times at 4 C. After im- 
munoprecipitation, an aliquot of the medium was used for gel electro- 
phoretic analysis. The media were dialyzed overnight against F-12 
medium without calf serum, using a Spectrail’or membrane with a 50 
kDa exclusion size. Cells on collagen-coated coverslips were cultured for 
70 h in conditioned medium containing the normal sAPP content or a 
residual amount of sAPP after partial removal by immunoprecipitation 
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The proliferation assay with conditioned medium was performed as 
described below. 

Binding of iodinated peptide to the surface of FRTL-5 cells 

To analyze the binding properties of sAPP to FRTL-5 cells, a 19.mer 
peptide containing two additional tyrosine residues at the amino- and 
carboxy-terminal ends of the 17-mer sequence (Y-A-K-E-R-L-E-A-K-H- 
R-E-R-M-S-Q-V-M-Y) was radiolabeled with [‘251]NaI. Binding of io- 
dinated 19.mer to FRTL-5 cell monolayers was visualized by light mi- 
croscope autoradiography and quantified by a radiometric binding 
assay. 

lorlirlntio,r oftl~e 19.mcr sAPP peptide. Twenty-four micrograms of 19.mer 
peptide were iodinated for 30 min with 0.5 U lactoperoxidase (no. 
L-2005, Sigma). The incubation mixture consisted of 44.5 MBq [‘251]NaI, 
0.0003% H,O,, and 100 rnM Tris-HCI in a final volume of 45 ~1. The 
labeling was stopped by adding 455 ~1 0.1% trifluoroacetic acid (TFA) 
in H,O. The peptide was bound to a C,, column (no. 36935, Millipore 
Corp., Milford, MA), and unbound [ 1251]NaI was removed by washing 
with 30 ml 0.1% TFA. The [‘?]19-mer was eluted in 0.5 ml 0.1% TFA 
in acetonitrile, lyophilized in an atmosphere of N,, resuspended in 10% 
dimethylsulfoxide in PBS to a final concentration of 0.1 mM 19-mer 
peptide containing 37 MBq [“‘I]NaI, and analyzed by SDS-PAGE and 
autoradiography. The specific radioactivity resulting from this proce- 
dure was 3.7 terabecquerels/mmol peptide. 

Autorndiogrqhic detcctim of the rndiolnbeled 19-mer sAPP peptide. Cells in 
suspension were prepared by treatment of cultured cells with 5 mM 
EDTA in PBS for 10 min at 37 C, followed by washing with ice-cold F-12 
medium without calf serum. Cells were pelleted in a microfuge at 100 
x g for 3 min at 4 C, and aliquots of 6 X lo5 cells were incubated with 
the appropriate concentrations of iodinated 19-mer (0.1 and 10 nM) in the 
presence or absence of 10 PM unlabeled 17-mer for 45 min at 4 C in F-12 
medium devoid of calf serum. Unbound peptide was removed by wash- 
ing with 0.1% gelatin in PBS (three times for 5 min each time) before the 
cells were fixed in 2% glutaraldehyde in PBS for 30 min, washed twice 
with double distilled water, and attached to poly-L-lysine-coated slides. 
For light microscope autoradiographs, slides were coated with Ilford L4 
photographic emulsion (Ilford, Essex, UK), exposed for 11 days, and 
developed in Kodak D19 developer (34, 35). 

Cell proliferation assays 

The fraction of cells entering the DNA synthesis phase of the cell cycle 
was used as the criterion for proliferation and assessed by determining 
the rate of [3H]thymidine incorporation or by the application of the BrdU 
incorporation assay. 

For the [“Hlthymidine incorporation assay, cells were sparsely seeded 
(10,000 cells in each well of a 6-well Falcon plate, Becton Dickinson, 
Heidelberg, Germany) and cultured for 3 days in F-12 medium and for 
an additional 3 days in the same medium without TSH. After this 
pretreatment, SAW-derived peptides in F-12 medium without calf se- 
rum at the concentrations indicated in the text or conditioned medium 
were added for 70 h. Cells were washed twice with thymidine-free 
DMEM without calf serum and incubated with 185 kBq [‘Hlthymidine 
for 3 h. The incubation was stopped by washing with PBS. Cells were 
fixed for 30 min in 100% methanol in acetic acid (1:3, vol/vol) and 
washed five times with 1.6 ml ice-cold 10% trichloroacetic acid. After 
extraction by overnight incubation in 1 ml 1 N NaOH, the radioactivity 
was counted in 7 ml scintillation cocktail (Rotiszint, Carl Roth, 
Karlsruhe, Germany) using a 1600 TR Tri-Carb Liquid Scintillation 
Analyzer (Packard Canberra, Frankfurt, Germany). 

For the BrdU assay (36), FRTL-5 cells were cultured on glass cover- 
slips coated with collagen. Coverslips were coated by pipetting 800 ~1 
of a 1:20 dilution of the rat tail collagen stock solution on the surface of 
coverslips. After 18 h, the coverslips were rinsed in double distilled 
water and dried. Thirty thousand cells were sparsely seeded on collagen- 
coated coverslips and cultured in F-12 medium. After 6 days of culture, 
the medium was removed, and cells were washed in PBS and cultured 
in conditioned medium or F-12 medium without calf serum but con- 
taining the concentrations indicated in Results of one of the sAPI’- 
derived peptides or together with 1 mg/ml BSA and one of the growth 

factors for 70 h. Cells were washed twice in DMEM and incubated with 
1 PI/ml labeling reagent (BrdU and 5-fluoro-2’-deoxyuridine at a ratio 
of lO:l, wt/wt; Amersham Buchler) in DMEM for 3 h. Cells with labeled 
nuclei were considered to have reached the S phase of the cell cycle and 
to represent proliferation-competent cells. The percentage of labeled 
cells was determined by immunofluorescence detection of BrdU. For this 
purpose, the cells were washed three times with PBS; fixed with a 
solution of 90% ethanol, 5% acetic acid, and 5% H,O for 30 min; labeled 
with an anti-BrdU antibody (code RPN202, Amersham Buchler) sup- 
plemented with a nuclease to enable accessibility of the antibody to 
incorporated BrdU (37); and incubated with 5-(4,6-dichlorotriazin-2-yl)- 
aminofluorescein hydrochloride (DTAF)-labeled goat antimouse IgG, 
each for 60 min, at room temperature. 

SDS-PAGE and immunoblotting 

FRTL-5 cells were cultured for 6 h in F-12 medium without calf serum. 
Media were collected at 4 C and concentrated by centrifugation in 
Centricon concentrator tubes with pores of an exclusion size of 50 kDa 
(Amicon). Cells were washed twice with PBS and lysed for 30 min at 4 
C in 500 ~1 lysis buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5% 
Triton X-100,2 mM phenylmethylsulfonylfluoride, 5 mM iodoacetamide, 
1 mM EDTA, and 24 trypsin inhibition units/ ml of the trypsin inactivator 
aprotinin] before they were cleared by centrifugation. Fifteen micro- 
grams of protein of cell lysates and 18 ~1 of lo-fold concentrated medium 
were boiled for 5 min in sample buffer [50 mM Tris-HCI (pH 6.8), 4% SDS, 
25 mM dithiothreitol, and 12% glycerol], separated by SDS-PAGE on a 
6% reducing gel (38), and transferred to nitrocellulose. The blots were 
immersed overnight in blocking solution (6% casein, 1% polyvinylpyr- 
rolidone-40, and 10 mM EDTA in PBS, pH 6.8) and incubated for 90 min 
with the mouse monoclonal anti-API’ antibody (22Cll) or with the 
rabbit antiserum directed against the C-terminal portion of API’. Blots 
were washed eight times for 5 min each time with 0.3% Tween 20 in PBS, 
incubated for 60 min with peroxidase-labeled secondary antibody, and 
washed again. The API’-specific bands were visualized by chemilumi- 
nescence (ECL, Amersham Buchler) and documented on Kodak XAR-5 
films. 

Microscopy 

BrdU-labeled cells were analyzed in a Zeiss Axiophot fluorescence 
microscope (Zeiss, Oberkochen, Germany). 

Unstained light microscope autoradiographs were analyzed in a TCS 
4D Leica laser scanning microscope (Leica, Bensheim, Germany) that 
detected the light reflected from the autoradiographic silver grains. The 
localization of silver grains on cells was made possible by using the 
corresponding phase contrast images. 

Analysis of quantitative data 

The percentage of proliferation-competent FRTL-5 cells in each ex- 
periment, as analyzed by BrdU incorporation, was defined as the S phase 
index (as a percentage of the total). All measurements were repeated at 
least three times by counting a minimum of 1000 cells in each experiment 
and expressed as the mean ? SD. Data were analyzed for statistical 
differences by Student’s unpaired t test. P < 0.05 was considered 
statistically significant. 

Results 

Our assumption that sAPP might play an autocrine role in 
the growth regulation of thyrocytes was based on the finding 
that APP/APLP are expressed and proteolytically released 
by rat thyrocytes in a TSH-dependent fashion coinciding 
with the proliferation of thyroid tissue (22). In this report, the 
results on the effects of sAPP and sAPP-derived peptides are 
entirely based on experiments with FRTL-5 cells. 
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Effect of conditioned medium on the growth of FRTL-5 cells 

FRTL5 cells expressed APP/ APLP, as shown by immu- 
noblotting of cell lysates (Fig. 1) using either an antiserum 
against the C-terminus (lanes 2 and 4) or an antibody against 
the ectodomain (lanes 1 and 3) of APP. Two major bands 
were identified that corresponded to the immature endo- 
plasmic reticulum (110 kDa) and the mature Golgi-processed 
(130 kDa) forms of APP/APLP. We previously observed that 
the higher molecular mass of the Golgi-processed form of 
thyrocytes is mainly the result of the transfer of 0-glycans to 
certain serine or threonine residues (21). The soluble form of 
APP/APLP, sAPP, was detectable by immunoblot tech- 
niques, using the antibody directed against the ectodomain 
of APP/APLP (lane 3 in Fig. 1). sAPP exhibited a molecular 
mass of about 120 kDa. Antiserum directed against the C- 
terminus of API’ did not recognize sAPP (lane 4 in Fig. l), 
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FIG. 1. Expression of APP/APLP and secretion of sAPP in FRTL-5 
cells. A, Detection of immature and mature forms of APP/APLP and 
identification of sAPP as part of the N-terminally located ectodomain. 
Lanes 1 and 3 represent immunoblot analyses using an antibody 
directed against the N-terminus of APP. In lanes 2 and 4, an anti- 
serum directed against the C-terminus of APP was used. Note that 
sAPP was detected only by the antibody against the N-terminus of 
APP. B, Secretory release of sAPP by FRTL-5 cells stimulated with 
TSH. FRTL-5 cells were biosynthetically radiolabeled by incubation 
with [35Slmethionine and -cysteine. The sAPP released in the absence 
or presence of TSH was immunoprecipitated by the use of an antibody 
against the N-terminal ectodomain and detected by SDS-PAGE and 
fluorography. Quantitation by densitometry showed that the proteo- 
lytic release of sAPP was stimulated by TSH to about 4-fold above 
control values. 

thus identifying the N-terminally located peptide domain as 
sAPI’. 

The proteolytic release of sAPP allowed us to prepare 
conditioned culture medium containing sAPP. When, by the 
application of filtration techniques, sAPP was unspecifically 
removed from the conditioned medium (lane 2 in Fig. 2A), 
cell proliferation was significantly reduced (Fig. 2B). In con- 
ditioned medium enriched in sAPP (lane 3 in Fig. 2A), the 
growth rate of FRTL5 cells was drastically enhanced (Fig. 
2B). Mixing both fractions did not result in complete recon- 
stitution of the original growth-promoting activity of the 
conditioned medium, presumably due to the loss of sAPP by 
adsorption to the filter (not shown). When about 50% of sAPP 
was specifically removed from the conditioned medium by 
immunoprecipitation, as controlled by gel electrophoresis 
and immunoblot, the rate of proliferation of FRTL5 cells 
determined by the BrdU technique (for illustration of this 
assay, see Fig. 6) was reduced (Fig. 3), suggesting that the 
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FIG. 2. Effect of sAPP on the proliferation of FRTL-5 cells cultured 
in conditioned medium containing hormones including TSH but with- 
out calf serum (A). Filtration of conditioned medium (lane 1) resulted 
in the separation of a fraction with a decreased sAPP content (lane 2) 
from a fraction with a 2-fold increase in the concentration of sAPP 
(lane 3). Culture of FRTL-5 cells in these media revealed S phase 
indexes corresponding to the sAPP content (B; P < 0.02). 
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FIG. 3. Effect of sAPP on the proliferation of FRTL-5 cells. The sAPP 
content, as detected by immunoblot techniques in conditioned me- 
dium (containing hormones including TSH but without calf serum; A, 
lane l), was lowered by specific removal of sAPP by immunoprecipi- 
tation (lane 2). Note that the S phase index was reduced (B, bar 2) 
when cells were cultured in the conditioned medium containing low 
concentrations of sAPP compared to the S phase index of cells after 
culture in normal conditioned medium (bar 1). Results are based on 
mean values of 40 determinations in 3 experiments (P < 0.03). 
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presence of sAPP was of significance for the normal growth 
of this cell type. The mere addition of antibodies to the 
culture medium suppressed neither the basal nor the sAPI’- 
stimulated rate of BrdU incorporation. 

Binding of sAPP-derived peptides to the surface of 
FRTL-5 cells 

The iodinated 19-mer sAPP peptide was used to study its 
binding to the surface of thyrocytes morphologically. By light 
microscope autoradiography, an average of about 1.3 silver 
grains/cell were detected (Fig. 4). Most of the silver grains 
were located in the periphery of cells (Fig. 4A). When cells 
were incubated with iodinated 19-mer peptide together with 
a lOO-fold excess of unlabeled 17-mer peptide as a compet- 
itive inhibitor, binding was drastically reduced. Statistical 
analyses of these autoradiographs indicated that the reduc- 
tion of binding by excess 17-mer was significant (Fig. 5A). 
This effect was confirmed by radiometric quantitation (Fig. 
5B). The less pronounced effect in Fig. 58 is presumably 
caused by the adsorption of iodinated 19-mer peptide to the 
culture vessel. 

Effect of sAPP-derived peptides on proliferation of 
FRTL-5 cells 

For the proliferation assay we used either the morpho- 
logical BrdU technique or the radiochemical quantitation 
of [3H]thymidine. Both techniques allowed determination 
of the fraction of FRTL-5 cells entering the DNA synthesis 
phase of the cell cycle and gave almost identical results. In 
a direct comparison, the proliferation effect determined by 
the BrdU assay was 2.0-fold and that determined by the 
[3H]thymidine incorporation assay was 2.2-fold above the 
control value at a 17-mer concentration of 10 nM (not 
shown). For our purposes, the BrdU assay had the advan- 
tage that in addition to determination of the S phase index 
(i.e. the propo t r ion of cells in the S phase, as a percentage), 
the precise localization of cells within a given patch of cells 
was possible (Fig. 6). Figure 6 also illustrates the size of cell 

patches at which an effect of sAPP in the conditioned 
medium (see Fig. 3) or of sAPI’-derived peptides became 
detectable. The patches consisted of 80-160 cells. When 
larger patches or densely seeded cell cultures were used, 
the effect of conditioned medium was strongly reduced or 
barely visible, demonstrating that the observations de- 
scribed in this report also depend on the cell density. Care 
was taken, therefore, to use in all experiments the same 
density of cells when the cultures were started and to select 
cultures with the same size of cell patches for quantitation. 

Under the conditions described above, we observed that, 
in general, there was a clear dependence of cell proliferation 
on the concentration of 17-mer peptide, which produced 
approximately 2-fold greater proliferation than that of the 
control culture. It is well established that the proliferation of 
FRTL5 cells is very sensitive to the availability of hormones 
involved in growth control. When cells are depleted of these 
hormones, their growth rate usually decreases dramatically 
(23). To investigate the contribution of sAPP to the rate of 
BrdU incorporation, we exposed FRTL5 cells previously 
incubated at various concentrations of 17-mer peptide for a 
short starvation period of 2 h in a medium lacking all hor- 
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FIG. 5. Specificity of binding of the iodinated 19-mer peptide to the 
surface of FRTL-5 cells (bars 1 and 3) as tested by adding an excess 
of unlabeled 17-mer (bars 2 and 4). Evaluation was performed by 
light microscope autoradiography (A) or radiometric measurement 
(B; P < 0.01). 

FIG 4 Detection of bound [1251]19-mer sAPP peptide by light microscope autoradiography of FRTL-5 cells (A). Comparison with the corre- . . 
sponding phase contrast light micrograph (B) shows that most silver grains were located in the periphery of FRTL-5 cells. Bar = 20 pm. For 
specificity of binding, see Fig. 5. 
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FIG. 6. Detection of proliferation competent cells by the BrdU technique. The labeled nuclei indicate FRTL-5 cells in the S phase of control cells 
(A and B) or after incubation in the presence of 10 nM 17-mer peptide (C and D). Note that the number of BrdU-positive cells after stimulation 
(C) clearly increased (as shown in Table 1) and that they were often observed in groups of two to four cells, which appeared randomly distributed 
within the cell population of a given patch. The corresponding phase contrast light micrographs (B and D) show the size of the patches (80-160 
cells) used for determining the growth rates of FRTL-5 cells. Bar = 50 ym. 

mones. As expected, the rate of BrdU incorporation de- 
creased in control cells from 3.6% to 0.75% (Fig. 7A). The 
previous incubation of cells with 17-mer peptide resulted in 
a concentration-dependent relative increase in BrdU incor- 
poration. Unexpectedly, this relative increase was much 
higher than that in FRTLS cells not subjected to this star- 
vation period. The results suggest a protective effect of 17- 
mer peptide, as indicated by the fact that cells maintain, at 
least for short periods of time, their ability to incorporate 
BrdU. This protective effect was apparently synergistic with 
the proliferative effect, resulting in a 7- to g-fold overall 

increase in BrdU incorporation (Fig. 7B) compared to the 
approximately 2-fold increase shown in Table 1. 

When cells were grown in the absence of hormones for 
prolonged periods of time, i.e. 3 days, this protective effect 
was not observed. This was clearly seen when cells were 
incubated without TSH but in the presence of 17-mer pep- 
tide. Although the relative increase in the incorporation of 
[3H]thymidine (Fig. 8) was about the same as that in the 
presence of TSH, the absolute rate of incorporation was low- 
ered to about 10% (Fig. 8B). 

A comparison of the effects of the 17-mer peptide and 
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a hormones b 17mer peptide [nM] 

FIG. 7. Effect ofthe 17.mer peptide on BrdU incorporation in FRTL-5 
cells. A, The S phase index of FRTL-5 cells cultured with hormones 
but in the absence of 17.mer peptide was 3.6% Cleft bar) and decreased 
to an S phase index of 0.75% when cells had been cultured for 2 h in 
thymidine-free medium in the absence of hormones before BrdU in- 
corporation (right bar). B, To investigate the contribution of sAPP to 
the rate of BrdU incorporation, we exposed FRTL-5 cells previously 
incubated at various concentrations of 17.mer peptide for 2 h in 
thymidine-free medium without hormones. This resulted in a con- 
centration-dependent 7- to S-fold relative increase when the S phase 
index of 0.75 (see A, right bar) was taken as a reference (for details, 
see Results). 

those of some other growth factors known to be efficient 
stimulators of proliferation in FRTL-5 cells is summarized in 
Table 1, indicating that the effect of the 17-mer peptide was 
in the range of the effects on proliferation induced by other 
growth factors. No growth effects were observed when the 
pentapeptide RERMS or the inhibitory tetrapeptide RMSQ 
was applied. Only at very high concentrations, loo-fold 
greater than the concentrations for the 17-mer peptide, was 
a slight increase in the rate of proliferation noted with 
RERMS and inhibition detected with RMSQ (not shown). 

Discussion 

The current appreciation of the involvement of API’ and 
the closely related APLP in a wide variety of biological pro- 
cesses extends far beyond the role of APP as the macromo- 
lecular precursor for the amyloid AP peptide. Here, we 
present evidence for the ability of sAPP in conditioned me- 
dium to increase the number of quiescent cells recruited into 
the cell cycle. Thus, growth stimulation is significantly re- 
duced after partial removal of sAPP from the conditioned 
medium, and proliferation is increased when cells are grown 
at increased sAPI’ content. These observations encouraged 
experiments aimed at investigating whether the peptides 
derived from sAPP previously shown to stimulate the pro- 
liferation of APP-deficient fibroblasts (9; for review, see Ref. 
10) are also active in promoting the growth of thyrocytes. 

Binding of APP peptides to the cell surface of thyrocytes 

For studies on the binding parameters, we used an iodi- 
natable 19-mer peptide that carries one additional tyrosine 
residue at both the N- and the C-terminus of the 17-mer 
peptide described by Saitoh and colleagues (39). The iodin- 
ated 19-mer peptide was used for quantitation, and unla- 
beled 17-mer applied in excess for the specificity of binding. 
The morphological and radiochemical binding studies sug- 
gest specific binding of the 19-mer peptide. Binding occurs 
at nanomolar concentrations, and binding sites appear to be 
located preferentially on the peripheral cell surface areas of 
thyrocytes. In general, the proportion of autoradiographi- 
tally radiolabeled cells is higher than that for cells that re- 
spond to binding of the 17-mer peptide with proliferation. 
Obviously, a larger proportion of cells, possibly all cells, can 
bind the peptide, but only a few are able to respond to this 
binding with growth. The receptor for this peptide has as yet 
not been identified. It has been reported that the 17-mer 
peptide is recognized by specific and saturable binding sites 
on the plasma membrane of human fibroblasts and that it 
induces the accumulation of inositol phosphates, suggesting 
that the effects initiated by the 17-mer peptide involve acti- 
vation of the inositol phospholipid signal transduction sys- 
tems (39). In addition, sAPP was found to potently stimulate 
mitogen-activated protein kinases (40). Both observations 
raise the possibility of a mitosis stimulation signal transduc- 
tion pathway distinct from CAMP-mediated processes in thy- 
rocytes. 

sAPP as a proliferation signal for thyrocytes 

Our observations strongly support the view that sAPI’ and 
the 17-mer peptide of sAPP operate as a growth-promoting 
signal in FRTL-5 cells, reaching a maximum rate of prolif- 
eration at 1 IIM. The TSH dependence of sAPI’ secretion and 
the observation that sAPI’ or the 17-mer peptide can stim- 
ulate the growth of FRTL-5 cells in the absence of TSH are 
central for understanding the sequence of extracellular 
events leading to cell proliferation. Apparently, this growth 
effect is secondary, in that FRTL-5 cells release sAPP and 
respond to this release after their stimulation with TSH. 

Usually, the effect of sAPP on the rate of incorporation of 
BrdU or [‘Hlthymidine was about 2-fold above that of con- 
trols. A much higher increase is observed when cells are 
grown in the absence of hormones for short periods of time. 
This increase is apparently brought about by the concerted 
action of the growth-promoting effect of the 17-mer peptide 
and a short term protective effect enabling cells to maintain 

TABLE 1. Effects of the l7-mer sAPP peptide and IGF-I or IGF-II on the BrdU incorporation of FRTL-5 cells grown in medium 
containing BSA and hormones including TSH, but in the absence of calf serum (for details, see Materials and Methods) 

Control 
17.Mer peptlde 

IGF-I (10 n&nl, IGF-II (10 nghll 
1 nx, 10 n\, 

S phase index CC? ) 6.10 -+ 3.28 10 -c 5.21 12.09 t 3.88 11.33 + 3.48 11.11 ? 3.62 
Proliferative effect 1.0 1.6 2.0 1.9 1.8 

The proliferative effects were calculated from the quotient of their S phase indexes over that of control. Note that the effects of the 17-mer 
peptide at 1 and 10 n%t on the proliferation of FRTL-5 cells were within the range of effects resulting from the stimulation with IGF-I and IGF-II 
(P < 0.02). Results are based on mean values of at least 10 determinations from 3 distinct experiments. 
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FIG. 8. Effect of 17.mer peptide (10 nM) on the proliferation of 
FRTL-5 cells in the presence (A) or absence (B) of TSH. In the absence 
of TSH, the incorporation of [“Hlthymidine was about 10% of that in 
the presence of TSH. However, the incorporation of [“Hlthymidine 
was significantly increased by the 17.mer peptide regardless of the 
presence of TSH. 

DNA synthesis. This protective effect of sAPP is a matter of 
current investigation and cannot be further defined as yet. 

Characteristically, the growth-promoting effect was de- 
tectable only in cells grown at low cell density, whereas the 
effect of sAPP on cells seeded at high density, as used, for 
example, for the preparation of conditioned medium, was 
barely detectable. One might speculate that the high level of 
endogenous sAPP released by densely grown FRTL-5 cells is 
sufficient to saturate the putative sAPP receptors. Exog- 
enously added 17-mer peptide would then meet receptors 
that are already occupied by the endogenous ligand. In this 
case, we would have to expect a higher basal proliferation 
rate of FRTL-5 cells cultured at confluence. This, however, 
was not observed in this study. Indeed, it is known that 
monolayers of FRTL-5 cells stop growing when confluence 
is reached (41). We, therefore, assume that the signal trans- 
duction for proliferation is interrupted by the signals result- 
ing from contact inhibition when cells are grown at high 
density or at confluence. At any rate, the cell density appears 
to be critical for detecting the growth-promoting effect on 
FRTL-5 cells. Similar observations with FRT cells, which are 
known to form tight junctions, have shown that cells do not 
respond to sAPP or the corresponding peptides when grown 
to a confluent monolayer (our unpublished observations). As 
a consequence of our observations, we propose that the cul- 
ture medium should be supplemented by the addition of 
sAPP or 17-mer peptide to optimize the growth of FRTL5 
cells. 

The growth of normal thyroid tissue, which is composed 
mainly of thyrocytes (-70X), endothelial cells (-20%), and 
fibroblasts (-lo%), is known to involve all three cell types 
(for review, see Ref. 7). The growth-promoting effect of sAPP 
on APP-deficient fibroblasts (9) might imply a general re- 
sponsiveness of fibroblasts and perhaps other cell types to 
sAPP. As yet, however, no data are available on possible 
paracrine effects of sAPP on fibroblasts and endothelial cells 
of thyroid tissue. 

Interrelationship with other factors involved in the 
regulation of thyroid growth 

Thyroid follicle cells have been reported to synthesize and 
release a number of factors that might actively be involved 

in the regulation of thyroid growth. These factors include 
IGF-I and IGF-II (8,24 and 25), basic fibroblast growth factor 
(30), epidermal growth factor (6, 26-29), and TGFP (42). The 
hepatocyte growth factor/ scatter factor also exerts a strong 
mitogenic effect on dog thyrocytes while simultaneously 
inhibiting TSHinduced iodide uptake (43). In this report we 
show that the growth-promoting effect of sAPP on thyro- 
cytes is within the range of similar effects observed with 
IGF-I and IGF-II. However, as pointed out above, sAPI’- 
derived peptides are most efficient in stimulating the pro- 
liferation of FRTL-5 cells cultured in a nonconfluent mono- 
layer. This is certainly different from the potency of at least 
some other growth factors. Epidermal growth factor in par- 
ticular has been shown to overcome the contact inhibition of 
confluent thyrocyte monolayers (27, 29). 

In contrast to these growth factors, TGFP is known to be 
an efficient inhibitor of thyrocyte proliferation by blocking 
protein kinase C-mediated DNA synthesis in FRTL5 cells 
(42) and is able to bind to sAPP directly (44). Apparently 
these growth factors, synergistically or antagonistically, in- 
teract with each other. sAPP, as shown in this study, may be 
a new member of this family of peptide factors that act in 
concert, thus contributing to the finely regulated response of 
thyrocytes to the physiological needs of proliferation. 
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