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FRTL-S cells possess high affinity low density lipo- 
protein (LDL) receptors which bind, internalize, and 
degrade LDL. When FRTL-5 cells are deprived of thy- 
rotropin (TSH) the binding of LDL increases more than 
2-fold. Upon addition of TSH, at a concentration of 1 
X 10-l’ M or greater, LDL binding decreases rapidly 
and within 24 h reaches the level which is typical of 
FRTL-5 cells chronically stimulated by TSH. The data 
available suggest that TSH-dependent down-regula- 
tion of LDL receptor activity is exerted through a 
reduction of the number of active LDL receptors, with 
no change in affinity. It is unlikely that the synthesis 
of LDL receptors is impaired, since LDL receptor mes- 
senger RNA is not decreased by TSH. The effect of the 
hormone on LDL receptor activity can be mimicked by 
&Br-CAMP and is completely abolished by the protein 
synthesis inhibitor cycloheximide but not by actino- 
mycin D. 

TSH regulation of LDL receptor activity is lost in v- 
ras Ki-transformed FRTL-5 cells (Ki Mol) which also 
have lost TSH dependence for adenylate cyclase acti- 
vation and growth. However, 8-Br-CAMP decreases 
LDL binding in Ki Mol FRTL-5 cells. The reduced 
availability of LDL receptor in TSH-stimulated FRTL- 
6 cells may be related to the increased membrane flu- 
idity (Beguinot, F., Beguinot, L., Tramontano, D., Dui- 
lio, C., Formisano, S., Bifulco, M., Ambesi-Impiom- 
bato, F. S., and Aloj, S. M. (1987) J. Biol. Chem. 262, 
1575-1582) or may reflect increased degradation of 
LDL receptors. We propose that a lower cholesterol 
uptake is needed in an actively proliferating cell pop- 
ulation, to increase the production of isoprenoids 
whether it be for cholesterol biosynthesis or for the 
synthesis of other compounds requiring isoprenoid pre- 
cursors. 

Thyrotropin is a potent physiological regulator of thyroid 
cell function and growth. In the FRTL-5 rat thyroid cell line 
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(l-3) TSH’ affects thyroglobulin synthesis and secretion (1, 
3), iodine metabolism (4,) and growth (1,2, 5). When TSH is 
deleted from the culture medium FRTL-5 become quiescent, 
but resume duplication upon addition of the hormone (5). 
Studies of the effect of TSH on the physico-chemical prop- 
erties of the plasma membrane in FRTL-5 cells have revealed 
that membrane fluidity and lipid composition are markedly 
affected by TSH (6). Thus, in the absence of the hormone 
membrane fluidity undergoes a major decrease which is caused 
by changes in membrane lipids of which the most notable is 
a more than 2-fold increase in total cholesterol. Readdition 
of TSH reverts the lipid changes and reestablishes cell dupli- 
cation (6). While the changes in membrane fluidity are con- 
sistent with those observed in other cell systems, in which a 
more fluid membrane has been associated with active cell 
division (7-9), the changes in cholesterol were surprising. 
Indeed membrane biogenesis, in a proliferating cell popula- 
tion, would require a larger availability of cholesterol. This 
puzzling observation has prompted us to investigate the mech- 
anism by which TSH affects cholesterol content in FRTL-5 
cells. Since the source of cell cholesterol is either exogenous, 
through the low density lipoprotein (LDL) receptor pathway 
(lo), or endogenous, through cholesterol biosynthesis, we have 
studied the effect of TSH on both processes in FRTL-5 cells. 
In this report we present evidence showing that these cells 
possess specific LDL receptors which are highly sensitive to 
TSH. We demonstrate that TSH, through a mechanism which 
involves CAMP production, and requires active protein syn- 
thesis, markedly reduces LDL binding while increasing the 
internalization index (i.e. internalization + degradation per 
binding) (11). We also show that a v-ras Ki-transformed 
strain of FRTL-5 cells (12, 13), which has lost the ability to 
augment CAMP production upon TSH challenge (14), does 
not show any effect of TSH on LDL receptor activity. 

EXPERIMENTAL PROCEDURES 

Material-TSH (26 k 3 units/mg) was purified from hovine 
pituitary extracts (I5,16). Culture media and hormonal supplements 
were ohtained as reported previously (6). Bovine serum albumin 
(crystalline), salmon sperm DNA, 2-mercaptoethanol, 8-bromo cyclic 
AMP (8-Br-CAMP), and cycloheximide were obtained from Sigma. 
Octyl p-D-glucopyranoside and actinomycin D were from Calbiochem; 
guanidine thiocyanate was from Fluka Chemie AG. Carrier-free Na’*‘I 
was from Amersham Corp. and [3zP]dCTP (3,000 Ci/mmol) was from 

’ The abbreviations are: TSH, thyrotropin or thyroid stimulating 
hormone; LDL, low density lipoproteins; LPDS, lipoprotein-deficient 
serum; HEPES, 4-(2-hydroxymethyl)-l-piperazineethanesulfonic 
aci4 MOPS, 4-(morpholino)propane sulfonic acid. 

19336 

This is an Open Access article under the CC BY license.

http://creativecommons.org/licenses/by/4.0/


TSH Regulation of LDL Binding 

Du Pont-New England Nuclear. All chemicals were of the highest 
quality. 

Human lipoproteins were isolated from a pool of normal human 
sera by sequential ultracentrifugal flotation according to established 
techniques (17). LDL was radiolabeled using the iodine monochloride 
method of McFarlane as modified by Bilheimer (18), to a specific 
activity of 400 cpm/ng. The monoclonil antibody to the rat live; LDL 
recentor PlB3 (19) was kindlv nrovided bv Dr. A. D. Cooner (Research 
Institute, Palo Alto Medical boundatioi, Palo Alto, kA),’ and was 
iodinated by the Iodo-Gen method (Bio-Rad) to a specific activity of 
400 cpm/ng. 

CeUs-The FRTL-5 cells (ATCC CRL 8305) used in this study are 
functioning thyroid cells whose characteristics and culture condiiions 
have been extensively described (1. 2.6.20, 21). Thev were routinely 
grown in Coon’s mo&fied Ham’s ‘F-12’ midium sup-plemented with 
5% calf serum and a mixture of six hormones (6H), including TSH 
and insulin (1,2). When the effect of TSH was assayed the cells were 
maintained in medium lacking TSH (5H) or thi entire hormone 
comnlement (no H) and 5% linonrotein-deficient serum (LPDS). The 
lattir was prhpareh followini tie procedure of Goldstein et al: (22). 
When it was necessary to minimize the contribution of hormones 
physiologically present in 5% calf serum, 48 h before starting the 
experiment, the medium was changed to one containing 0.2% calf 
serum. 

The Ki Mol cells are FRTL-5 cells infected with the Kirsten 
sarcoma virus (12, 13). 

?&dies of I..DL Me&o&m-Binding of ‘*‘I-LDL to cell surface 
was measured according to the procedure of Goldstein et ul. (22). 
Semi confluent FRTL-5 or Ki Mol cells were maintained for 72 h in 
medium from which the hormone supplement was removed (no H 
medium). During the 24-h period preceding the binding assay the 
medium was replaced with oie contiining 5% LPDS witior wiihout 
1 X lo-’ M TSH. Binding assays were carried out at 37 ‘C in 24-well 
tissue culture plates, i; 0.5 hl of medium containing the noted 
concentrations of “‘1-LDL and a 50-IOO-fold excess of unlabeled 
lipoproteins or bovine TSH. Surface-bound Y-LDL was released by 
treating the cells with 0.5 ml of a buffer containing 50 mM NaCl, 10 
rnM HEPES, and 10 mg/ml heparin. For measurements of internal- 
ized and degraded LDL, cells were incubated with 0.5 ml of warm 
(37 “C) medium containing various concentrations of I?-LDL in the 
presence or in the absence of a 50-loo-fold excess unlabeled LDL. 
The procedures were those described by Goldstein et ul. (22). Protein 
concentration was determined by the method of Bradford (23) using 
crystalline bovine serum albumin as the standard. 

Analysis of LDL Receptor Messenger RNA-For Northern blot 
analysis, poly(A)+-rich RNA was preiared by affinity chromatogra- 
phy on oligo(dT)-Sepharose columns, from FRTL-5 cells grown under 
condition; identical-to those used fir LDL binding studyes, i.e. cells 
were maintained for 5 days in 5H medium (without TSH) and 5% 
LPDS, then either treated with or not exposed to TSH for 24 h. 
Poly(A)+ RNA was fractionated on a 1% iormaldehyde-agarose gel 
in MOPS buffer and transferred to Nvtran membranes (Schleicher 
& Schuell) in 1.5 M NaCl, 150 mM sod&m citrate (10 X S&Z) and 10 
mM EDTA, pH 7.4, as described previously (24). After baking the 
filters at 80 ‘C for 1 h, they were nre-hvbridized for 3-5 h with buffer 
containing 50% formimiie, 5 X-SSPh (SSPE consists of 150 mM 
NaCl, 10 mM sodium phosphate, and 1 mM EDTA, pH 7.4), 5 X 
Denhardt’s solution (25), 200 Fg/ml sonicated salmon sperm DNA, 
and 0.1% sodium dodecyl sulfate. The hybridization was carried out 
for 18 h at 42 ‘C in the pre-hybridization buffer containing 2-5 x 106 
cpm of “P-labeled, nick-translated, purified probe (l-2 x 10’ cpm/ 
pg DNA). The LDL receptor probe was a EcoRI/jVoeI restriction 
fragment excised from the plasmid pLDLR3 (26) (supplied by the 
American Type Culture Collection, Rockville, MD). The &actin 
cDNA probe (27) was a generous gift of Dr. B. Paterson (iational 
Cancer Institute). The filters were washed in two changes of 2 x SSC 
and 0.1% sodium dodecyl sulfate at room temperature for 15 min 
each time and at 60 “C for 1 h. The fIna wash was carried out in 0.1 
x SSC for 1 h at 55 ‘C. A RNA ladder was included in each experiment 
as a size marker. 

The filters were exposed to Kodak XAR-5 film (Eastman Kodak) 
with Du Pant-Cronex intensifying screens at -70 ‘C. Quantitative 
analysis of autoradiographs was performed bv laser densitometrv. 

Solubilizahon and ~nknobloking of LDi Receptor-To visuilize 
LDL receptor, FRTL-5 cells were maintained as described above for 
studies of LDL metabolism. Following the TSH starvation period, 
cells were divided in two groups (20 x 106 cells each), one group was 
exposed to medium containing 1 x lo-’ M TSH, and the other to 

medium lacking this hormone for 24 h; during this time both media 
were supplemented with 5% LPDS. Each group of cells was then 
washed three times with phosphate-buffered saline, scraped with a 
rubber policeman, disrupted by sonication in 15 ml buffer (50 mM 
Tris, 150 mM NaCl, 1 mM CaCIZ, pH 6.8), and centrifuged at 1000 X 
g for I5 min. The pellets were suspended in buffer containing 40 nM 
octyl O-D-glycopyranoside to solubilize the LDL receptor (28, 29). 
The suspension was stirred at 4 ‘C for 10 min, and centrifuged at 1 
x 10’ x g for 60 min. The clear supernatants were electrophoresed 
on 7% polyacrylamide gels prepared by the method of Laemmli (30). 
Samples were not heated or added with reducing agents. Between 150 
and 200 gg of protein were loaded onto the gels. Protein bands were 
transferred to nitrocellulose strips using the Bio-Rad blotting device 
(Trans-Blot), in a buffer containing 20 mM Tris, 150 mM glycine, and 
20% (v:v) methanol, at 200 mA for 16 h at 4 OC, according to the 
procedure described by Beisiegel et ul. (31). Incubation of the nitro- 
celluose strips for immunoblotting and development, using the mono- 
clonal anti-rat LDL receptor antibody PlB3 and horseradish perox- 
idase, were performed following closely the procedure of Cooper et al. 
(191. 

RESULTS 

Surface Binding of lz51-LDL to FRTL-5 CeL!.s--Although 
FRTL-5 cells require the presence of TSH in the culture 
medium for growth and expression of thyroid-specific func- 
tions, they survive TSH withdrawal for prolonged periods (5, 
6). When maintained in the absence of TSH, FRTL-5 cells 
undergo profound changes which affect most dramatically 
DNA replication and, adenylate cyclase activity (5, 6), lipid 
composition and membrane fluidity (6). Under these condi- 
tions, i.e. in the absence of TSH, FRTL-5 cells bind specifi- 

lz5 cally I- LDb after 2 h incubation at 37 ‘C, the amount of 
‘251-LDL which could be released by heparin was 130 k 40 
ng/mg cell protein. Binding was saturable and could be com- 
peted for by cold LDL, but not by cold HDL (Fig. 1). FRTL- 
5 cells also bound with typical saturation kinetics 1z51-PlB3, 
a monoclonal antibody specific for the rat liver LDL receptor 
(19) (see below). 

The Effect of TSH on the Surface Binding of ‘251-LDL and 
1251-P1B3-When FRTL-5 cells are exposed to TSH, the 
above described structural and functional changes produced 

100 Zoo 300 
UNLABELED LIPOPROTEIN lpg protein/ml1 

FIG. 1. The effect of unlabeled lipoproteins on the binding 
of ?-LDL to FRTL-5 cells. Cells were grown to semiconfluence 
in 24-well culture plates in Coon’s modified Ham’s F-12 medium, 
supplemented with 5% calf serum and a mixture of six hormones and 
growth factors (6H medium) (1, 2). Seventy-two hours before the 
binding assay, the medium was replaced with one containing no 
hormonal supplement (No H medium); 24 h before the assay, the 
medium was changed again with No H medium in which calf serum 
was replaced with 5% LPDS (see “Experimental Procedures”). Bind- 
ing was carried out at 37 ‘C in 0.5 ml of No H/5% LPDS medium 
containing 25 pg/ml lz51-LDL and the noted concentrations of unla- 
beled HDL (@) or unlabeled LDL (0). After 2 h incubation medium 
was aspirated, wells were rinsed with phosphate-buffered saline, pH 
7.4, and 0.5 ml of a solution containing 50 mM NaCl, 10 mM HEPES, 
2% bovine serum albumin, and 10 mg/ml heparin, were added. After 
incubation for 60 min, the solution was aspirated and the radioactivity 
measured. Cells were dissolved in 0.1 N NaOH, and total cell proteins 
were assayed (23). Protein concentration values were used to nor- 
malize the heparin released radioactivity. Each data point is the mean 
of four experimental values whose difference was smaller than 10%. 
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by TSH withdrawal are reversed with different time depend- 
encies for each change. For instance, challenging FRTL-5 
cells with TSH causes a nearly 3-fold decrease of heparin- 
releasable ‘*‘I-LDL binding. The decrease is time-dependent 
being half-maximal around 2 h and maximal 24 h after TSH 
addition (Fig. 2) when LDL binding is at the level typical of 
FRTL-5 cells chronically exposed to TSH. Also the binding 
of ‘*‘I-PlB3 is similarly affected by TSH with essentially 
superimposable kinetics (Fig. 2). The effect of TSH on lz51- 
LDL binding is concentration dependent (Fig. 3): it becomes 
measurable at 1 X lo-” M and is nearly maximal at 1 x lo-’ 
M, which is the concentration of TSH necessary to maintain 
optimal growth of FRTL-5 cells (6, 20, 21). 

When the opposite situation is determined, i.e. when FRTL- 
5 cells maintained in a medium containing TSH are exposed 
to a medium from which this hormone has been removed, 
binding of 1251-PlB3 increases with time. However, the 
changes of 1*51-PlB3 binding caused by TSH withdrawal take 
somewhat longer to reach a new steady state (Fig. 4). The 
effect of TSH is reversed by one-half after 24 h and completely 
by 48 h. 

The data reported in Fig. 5 show that FRTL-5 cells, main- 
tained in the absence or in the presence of TSH, exhibit 
saturable lz51-LDL binding. Scatchard analysis of the binding 
data (irzset, Fig. 5) revealed that TSH did not change signifi- 
cantly the apparent binding affinity for LDL, whereas it 
decreased the number of LDL binding sites by nearly 3-fold. 
Binding inhibition was not the consequence of cross-reaction 
of TSH with the LDL receptor since when unlabeled TSH, at 
1 x 10e6 M, was present in the binding assay, its effect on 1251- 

.  , .  
0 . *  

FIG. 2. Time dependence of the effect of TSH on the specific 
binding of lz61-LDL and ‘*‘I-PlB3 to FRTL-5 cells. Cells were 
grown to semiconfluence, in 35mm dishes, in 6H medium/5% calf 
serum. Five days prior to the experiment medium was replaced with 
one containing no hormone supplement (No H medium), and 24 h 
before the experiment, medium was changed again with No H medium 
containing 5% LPDS. At time 0, 1 x lo-’ M bovine TSH was added 
and incubation continued for the noted times, at 37 ‘C, in a humidi- 
fied atmosphere composed of 95% air and 5% CO*. At the noted 
times, triplicate dishes were used for binding assays of either lz51- 
LDL (0) or 1*51-PlB3 (0). Medium was replaced with 1 ml of identical 
medium containing either 25 fig of lz51-LDL, or 2.5 pg of ‘z51-PlB3 
with or without unlabeled LDL or IgG. Incubation was for 2 h at 
37 OC! for LDL binding and at 4 ‘C for PlB3 binding. Heparin 
releasable lz51-LDL binding was measured as detailed in the legend 
to Fig. 1. For measurements of 1z51-PlB3 binding, following incuba- 
tion with the labeled ligand, cells were thoroughly washed and 
scraped, collected, and centrifuged into Eppendorf tubes; radioactivity 
was measured on cell pellets which were dissolved in 0.1 N NaOH for 
total cell protein assay (23). When lz51-LDL binding was measured 
in the presence of 2.5 mg/ml unlabeled LDL, 5 k 1 ng of ‘*‘I-LDL/ 
mg cell protein were bound. Binding of 1z51-PlB3 in the presence of 
1 mg/ml unlabeled IgG was 130 k 50 fmol/mg cell protein. The 
nonsaturable fractions of both LDL and PlB3 binding were not 
affected by TSH. 

$f 
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FIG. 3. TSH concentration dependence of specific 1’61-LDL 
binding to FRTL-5 cells. Cells were grown to semiconfluence in 
35-mm dishes under conditions identical to those described in the 
legend to Fig. 2. The noted concentrations of TSH were added to 
triplicate dishes, and incubation was continued for 24 h at 37 ‘C, in 
a humidified atmosphere composed of 95% air and 5% COZ. For 
binding assays medium was replaced with one containing 50 @g/ml 
lz51-LDL with or without 2.5 mg/ml of unlabeled LDL. Binding was 
measured as described in the legend to Fig. 1; nonsaturable “‘I-LDL 
binding was 6 k I.5 ng/mg cell protein and was not affected signifi- 
cantly by TSH. 

5?++-++ 
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FIG. 4. Time dependence of TSH removal on the specific 
binding of “‘1-PlB3 to FRTL-5 cells. Cells were grown to 
semiconfluence in 35-mm dishes in 6H medium/5% calf serum. At 
time 0, medium was replaced with one containing no hormone sup- 
plement (No H medium) and 0.2% calf serum, and incubation was 
continued at 37 ‘C in a humidified atmosphere composed of 95% air 
and 5% CO*. At the noted times binding of ‘*51-PlB3 was measured 
as detailed in the legend to Fig. 2. 

LDL binding was negligible (data not shown). To confirm 
that the decrease of LDL binding caused by TSH was indeed 
the consequence of a reduced availability of LDL receptor 
sites, binding assays were performed in which the labeled 
ligand was the monoclonal antibody specific for the LDL 
receptor of rat liver PlB3 (19). This antibody recognizes 
epitopes other than the LDL binding site on the LDL receptor 
and it does not inhibit LDL binding (19). Data reported in 
Fig. 6 show that FRTL-5 cells maintained in the absence of 
TSH bind nearly 5-fold as much ‘*‘I-PlB3 compared to cells 
maintained in the presence of the hormone. Also in the case 
of I?-PlB3 binding Scatchard analysis is consistent with 
TSH causing negligible changes in binding affinity and a 
major decrease in total binding capacity (inset, Fig. 6). 

TSH Znhibition of lz5Z-LDL Binding Zs Mimi&d by 8-Br- 
CAMP and Does Not Occur in u-r-as-transformed FRTL-Ki 
Mel CeUs-When FRTL-5 maintained in the absence of TSH 
for more than 48 h are challenged with 1 X lo-’ M TSH they 
undergo nearly maximal activation of adenylate cyclase and 
CAMP production (5, 21). It was possible, therefore, that the 
inhibition of lz51-LDL binding caused by TSH could be me- 
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FIG. 5. Specific binding of “‘1-LDL to FRTL-6 cells main- 
tained in the absence or in the presence of TSH. Semiconfluent 
cells, maintained for 72 h in medium supplemented with 0.2% calf 
serum, with (+Z?W) (0) or without (-Z’Sm (0) 1 X lo-’ M TSH, 
were incubated with the noted concentrations of “‘I-LDL for 2 h at 
37 C, in the absence or in the presence of a 50-fold excess unlabeled 
LDL for each concentration of labeled LDL. Heparin-releasable 
bound LDL was measured as detailed in the legend to Fig. 1. Radio- 
activity bound in the presence of excess unlabeled LDL (~15% of 
specific binding) has been subtracted. The kset shows the data 
replotted as a Scatchard representation of specific binding, using the 
same symbols to refer to the + or - TSH condition. 

L, ; + TSH 
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FIG. 6. Specific binding of “‘1-PlB3 to FRTL-6 cells main- 
tained in the absence or in the presence of TSH. Semiconfluent 
cells, maintained for 72 h in medium supplemented with 0.2% calf 
serum, with (+Z’Sif) (0) or without (-T5X) (0) 1 x lo-’ M TSH, 
were incubated with the noted concentrations of iz51-PlB3 for 2 h at 
4 ‘C, in the absence or in the presence of a 30-fold excess unlabeled 
IgG for each concentration of labeled PlB3. Binding was assayed as 
detailed in the legend to Fig. 2. Radioactivity bound in the presence 
of excess unlabeled IgG (<lo% of specific binding) has been sub- 
tracted. The k.set shows the data replotted as a Scatchard represen- 
tation of specific binding, using the same symbols to refer to the + 
or - TSH condition. 

diated by a CAMP signal. We compared the effect of exposing 
for 24 h TSH-starved FRTL-5 cells to either 1 X lo-’ M TSH 
or 1 X 10m3 M 8-Br-CAMP on their ability to bind specifically 
“‘1-LDL. The data reported in the left panel of Fig. 7 show 
that both TSH and 8-Br-CAMP reduce LDL binding to the 
same extent, thus supporting the contention that the effect 
of TSH on LDL binding is mediated via CAMP production. 
Additional evidence in support of the role of CAMP as a 
mediator of the inhibitory effect of TSH on LDL binding to 
FRTL-5 cells, comes from experiments in which FRTL-5 cells 

FRTL-5 Cells r FRTL- KiMol Cells 
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FIG. 7. Effect of TSH and 8-Br-CAMP on the specific bind- 
ing of “‘1-LDL to FRTL-5 cells and to FRTL-Ki Mol cells. 
Cells were grown in 35-mm dishes as described in the legend to Fig. 
2. Twenty-four hours before the binding assay medium was changed 
with one containing 0.2% calf serum without added TSH (control), 
or with 1 x lo-’ M TSH (!f’SII) or without added TSH and with 1 X 
10e3 M 8Br-CAMP. Incubation was continued at 37 ‘C, in humidified 
atmosphere composed of 95% air and 5% COz. The assay for lz51- 
LDL binding was the same as the one described in the legend to Fig. 
1 using 25 pg/ml “‘1-LDL with or without 2.5 mg/ml of unlabeled 
LDL. All values shown represent mean k SE. of quadruplicate 
determinations. Nonsaturable “‘1-LDL bound was 5.2 ng/mg cell 
protein and was not affected significantly by either TSH or 8-Br- 
CAMP. 

transformed by the Kirsten sarcoma virus (12, 13) were used. 
In the v-ras Ki-transformed cell line used in this study (Ki 
Mol) TSH is not required for DNA synthesis and proliferation 
nor does it stimulate adenylate cyclase activity (14). The Ki 
Mol cell line also exhibits specific lz51-LDL binding (and an 
active LDL receptor pathway, see below) which, as it is shown 
on the right panel of Fig. 7, is not affected by TSH. However, 
S-Br-CAMP inhibits significantly LDL binding in Ki Mol 
cells as it does in the nontransformed parental strain. 

The Effect of TSH on LDL Receptor Pathway in FRTL-5 
Celk and in v-ras-transformed FRTL-Ki Mel-We have in- 
vestigated whether the inhibitory effect of TSH on LDL 
receptor activity in FRTL-5 cells affected the entire LDL 
receptor pathway or was merely limited to surface binding. 
Studies of TSH effect on lz51-LDL binding and degradation 
were performed at 37 “C, using both FRTL-5 cells and the 
virally transformed TSH-independent Ki Mol cells, and a 
constant concentration of lz51-LDL (25 pg/ml). The results 
reported in Table I show that, in the absence of TSH, FRTL- 
5 cells’ surface binding is 3-fold higher than in the presence 
of the hormone; the effect of TSH on the internalization of 
lz51-LDL is much less dramatic, and the fraction of lz51-LDL 
degraded is increased 75% by TSH. It appears that TSH 
affects the entire LDL receptor pathway; however, the phases 
of this pathway appear to be affected to a very different 
extent. Thus, the most notable change caused by TSH with- 
drawal appears to be the disproportion of the fractional dis- 
tribution of LDL in the three components: bound, internal- 
ized, and degraded. The data of Table I also show that in the 
Ki Mol cells viral transformation does not seem to have 
affected the ability of these cells to bind, internalize, and 
degrade LDL; however, the TSH dependence of these proc- 
esses has been completely lost. 

TSH Down-regulation of LDL Binding in FRTL-5 CelLs 
Does Not Entail Modification of LDL Receptor mRNA but 
Requires Protein Synthesis-In order to gain insight into the 
mechanism underlying the effect of TSH on LDL binding in 
FRTL-5 cells we have measured the steady state level of LDL 
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TABLE I 
LDL specific binding and degradation in FRTL-5 cells and in v-ras 

Ki-transformed (Ki Mel) cells 
Semiconfluent FRTL-5 cells were maintained for 3 days in medium 

containing no hormone supplement (No H medium) and 5% calf 
serum; 24 h hefore the assay medium was replaced with a similar 
medium in which calf serum was replaced with 5% LPDS, without or 
with 1 X lo-’ M TSH and incubation continued in humidified 95% 
air, 5% CO*. Specific binding, internalization, and degradation of ‘*‘I- 
LDL were measured as detailed in the legend to Fig. 1 and under 
“Experimental Procedures” with the only difference that incubation 
was for 5 h rather than 2 h. I + D/B = internalization index, i.e. LDL 
internalized + LDL degraded per LDL bound (11). 

LDL (ng) specifically bound or 
degraded/mg cell protein 

Cells TSH Binding 
(heparin 

I+D 

released) 
Internalized Degraded T 

FRTL-5 - 115 k 7.5 125 k 5.6 400 k 11 4.6 
+ 30 * 4.1 103 k 9.5 300 * 10 13.4 

Ki Mol - 38 + 6.2 158 2 8.5 220 k 8 9.9 
+ 32 k 3.8 141 k 7.3 198 k 10 10.6 

@a -253s 

l -18s 

TSH - 1 + ,Gq 

FIG. 8. Northern blot analysis of FRTL-5 cell poly(A)+ 
RNA. Poly(A)+ RNA was prepared hy affinity chromatography on 
oligo(dT)-Sepharose column from total RNA extracted from either 
FRTL-5 cells maintained for 5 days in 5 H medium (-TSH) contain- 
ing 5% calf serum and three additional days in 5 H medium containing 
0.2% calf serum, or cells treated similarly but exposed to 1 X lo-’ M 
TSH during the last 24 h before RNA extraction. Details on the 
cDNA probes used and the experimental procedures are given under 
“Experimental Procedures.” The data presented are representative of 
four experiments yielding very similar or identical results. 

receptor messenger RNA in FRTL-5 cells maintained in the 
absence or in the presence of TSH. Poly(A)+-rich RNA was 
isolated by oligo(dT)-Sepharose affinity columns from either 
TSH-starved or TSH-challenged FRTL-5 cells and analyzed 
by Northern blot after fractionation on denaturing agarose 
gels. Hybridization to ‘*P-labeled cDNA probes for LDL 
receptor or fi-actin (Fig. 8) revealed single bands migrating 
close to the 28 S and 18 S markers respectively, consistent 
with the size of LDL receptor and @actin messenger RNAs 
described in other cell systems (26, 27). Although TSH ap- 
peared to increase the intensity of the band hybridizing with 
the LDL receptor cDNA probe, when the results were nor- 
malized to the @-actin signal the effect of TSH did not appear 
to be important, thus suggesting that LDL-receptor message 
was not modified significantly after TSH challenge. Therefore 
it is unlikely that TSH down-regulation of LDL binding in 
FRTL-5 cells is exerted through a negative control on LDL 
receptor gene expression. It is also unlikely that LDL receptor 
synthesis is increased during TSH starvation since in the 
presence of the protein synthesis inhibitor cycloheximide, 
LDL binding to FRTL-5 cells, maintained without TSH, did 
not change significantly (see legend to Fig. 9). However, when 
cycloheximide was present, during TSH stimulation, the 
down-regulation of LDL binding was completely lost (Fig. 9), 
suggesting that TSH modulates LDL receptor activity 
through the synthesis of one or more protein species. Since 
the effect of cycloheximide on the TSH induced decrease of 
LDL binding was not duplicated by the transcription inhibitor 
actinomycin D (Fig. 9), the message or messages activated by 

FIG. 9. Effect of cycloheximide and actinomycin D on TSH 
regulation of lz51-LDL binding to FRTL-5 cells. Semiconfluent 
FRTL-5 cells were maintained for 5 days in No H medium (no 
hormones added) and 5% calf serum, and in No H medium and 5% 
LPDS for 3 additional days. At the beginning of the experiment 
medium was changed with either fresh No H/5% LPDS medium or, 
as indicated, the same medium containing TSH (1 x lo-’ M) alone 
or with cycloheximide (5 pg/ml) or actinomycin D (2.5 fig/ml). 
Twenty-four hours later ‘*‘I-LDL binding was assayed as described 
in the legend to Fig. 2. All values shown represent mean k S.E. of 
quadruplicate determinations. Binding of ‘*‘I-LDL to FRTL-5 cells 
exposed to either cycloheximide or actinomycin D for 24 h, in No H/ 
5% LPDS medium (i.e. in the absence of TSH), was 38 k 6 and 35 k 
7 ng/mg cell protein, respectively. 

TSH must be extremely stable. 
TSH Challenge Increases LDL Receptor Degradation in 

FRTL-5 CeU.s-The loss of LDL binding caused by TSH in 
FRTL-5 cells could be the consequence of either a change in 
the steady state distribution between intracellular (cryptic) 
and cell surface receptors, or an increased LDL receptor 
degradation. This issue was addressed by immunoblot exper- 
iments using the monoclonal antibody PlB3 (19), and whole- 
cell, octyl glucoside extracts of FRTL-5 cells maintained in 
the absence or in the presence of TSH, as the antigen. As it 
is shown in Fig. 10, TSH challenge decreases dramatically the 
intensity of the protein band reacting with PlB3, most likely 
by increasing LDL receptor degradation. 

DISCUSSION 

This study was undertaken in order to gain insight into the 
mechanism whereby TSH regulates cholesterol content in 
FRTL-5 cells. The data presented demonstrate that these 
cells possess LDL binding sites which behave like the LDL 
receptor described in other cell systems (32-34). Compared to 
all other cell systems in which cholesterol metabolism has 
been studied, FRTL-5 cells appear unique since they depend 
on one factor, namely TSH, for the expression of thyroid- 
differentiated functions and growth (1, 2). As such they pro- 
vide a useful system for studies of cholesterol metabolism and 
its relationship to “physiologic” regulation of cell prolifera- 
tion. 

We have previously shown that when FRTL-5 cells are 
shifted by TSH from a quiescent to an actively proliferating 
population they undergo major changes in their lipid compo- 
sition which lead to a more fluid plasma membrane (6). The 
most notable lipid change caused by TSH was a more than 2- 
fold decrease in membrane cholesterol. The data presented in 
this report provide a mechanism to explain, at least in part, 
how TSH affects FRTL-5 cells’ cholesterol. However, assum- 
ing that free and esterified cholesterol represents about 50% 
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FIG. 10. Immunoblot of LDL receptor solubilized from 
membranes of FRTL-5 cells exposed-to media deprived of 
TSH t-TSm or containing 1 x lo-'M TSH t+TSH. Semicon- 
fluent ‘cells iere maintained for 5 days in Non H/5% ‘calf serum 
medium and in No H/5% LPDS medium for 3 additional days. At 
the beginning of the experiment medium was changed with either 
fresh No H/5% LPDS medium or, as indicated, the same medium 
containing TSH (1 x lo-’ M). Twenty-four hours later cells were 
collected and processed for preparation and solubilization of mem- 
branes as detailed in the methods. Solubilized membranes (150 pg of 
protein) were subjected to sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis, transferred to a nitrocellulose strip, which was incu- 
bated with 10 pg/ml monoclonal anti-rat LDL receptor antibody 
(PlB3), and subsequently developed with horseradish peroxidase as 
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duced by more than 50%, 4 h after TSH challenge (Fig. 2), 
whereas it is essentially unaffected 24 h after treatment with 
cycloheximide, both in the presence or in the absence of TSH 
(Fig. 9). We believe that changes in receptor accessibility, or 
a net loss of receptor molecules caused by a higher rate of 
receptor degradation, appear as the likely mechanisms of 
decreased LDL binding. It has been reported that membrane 
fluidity modulates ligand binding to cell surface receptors 
through alterations of the vertical and lateral mobility of 
membrane proteins (40-43), and we have reported major 
changes in lipid composition and membrane fluidity caused 
by TSH in FRTL-5 cells (6). However, the immunoblot data 
reported in Fig. 10 strongly support the contention that 
increased degradation of LDL receptor in metabolically ac- 
tive, TSH-stimulated FRTL-5 cells is the leading mechanism 
for TSH down-regulation of LDL binding. In this report the 
requirement of unaltered protein synthesis, for TSH to exert 
its effect on LDL binding, could be construed as indicating 
that TSH induces one or more proteins responsible for LDL 
receptor degradation. Indeed, the existence of protein(s) act- 
ing as mediator(s) of LDL receptor degradation in human 
skin fibroblasts, has been recently reported (44). It should be 
pointed out that TSH-regulated protein or proteins involved 
in modulation of the expression of LDL receptor in FRTL-5 
cells must be coded for by a fairly stable messenger RNA 
since actinomycin D treatment for a 24-h period does not 
modify the effect of TSH on LDL receptor, as is the case for 
cycloheximide. It is also worth noting that in quiescent FRTL- 
5 cells (i.e. not exposed to TSH) the half-life of the LDL 
receptor must exceed 24 h, i.e. it is much longer than previ- 
ously reported for human skin fibroblasts (44). 

described by Cooper et al. (19). The numbers on the right of the figure 
mark the migration of standards of known &f, divided bv 1 X 10’. 
The data preiented are representative of three identical eiperiments 
yielding very similar results. 

of LDL mass, a simple calculation suggests that the more 
than 2-fold decrease in LDL binding could not account for a 
drop of more than one-half in cholesterol content (6). This 
consideration becomes even more relevant taking into account 
that, while decreasing exogenous cholesterol uptake, TSH up- 
regulates cholesterol biosynthesis (35). In a separate study we 
show that TSH also promotes cholesterol efflux in FRTL-5 
(531. 

The question arises as to what molecular mechanism(s) is 
involved in the loss of LDL binding in TSH challenged FRTL- 
5 cells. Scatchard analyses of the binding data for both LDL 
and the LDL receptor monoclonal antibody PlB3 are com- 
patible with a loss of receptor sites and no changes in receptor 
affinity. Direct competition by TSH can be ruled out on 
several grounds. First, no significant loss of LDL binding is 
observed in the presence of 1 x 10m6 M TSH at 4 “C, and it is 
known that TSH binding to thyroid plasma membrane (37), 
as well as thyroid cells (38), is high at 4 ‘C. Second, a similar 
decrease in LDL receptor sites is caused by 8-Br-CAMP, and 
third, in the v-ras Ki-transformed FRTL-5 (Ki Mol) cells, 
which have lost TSH dependence for both DNA synthesis 
and CAMP production (14), but retain the ability to bind TSH 
(39), the hormone has no effect on LDL binding. Thus it 
appears that the decrease of LDL binding sites in FRTL-5 
cells is a CAMP-mediated metabolic effect of TSH. 

Decreased LDL binding could reflect any of the following 
processes, individually or combine& (u) a negative control of 
LDL receptor gene transcription and/or mRNA processing; 
(b) a negative control on LDL receptor mRNA translation; 
(c) altered post-translational modifications (e.g. glycosyla- 
tion?) which would affect intracellular transit and targeting 
to the plasma membrane (resulting in); (d) altered receptor 
accessibility (and/or); (e) a higher rate of receptor degrada- 
tion. Negative control on LDL receptor gene expression and/ 
or mRNA processing can be ruled out, since the steady-state 
level of LDL receptor mRNA is increased by TSH. We have 
no direct information, as yet, on the effect of TSH on the rate 
of translation of LDL receptor in FRTL-5 cells; however, 
decreased translation appears as an unlikely mechanism of 
LDL receptor down-regulation; indeed LDL binding is re- 

The role of TSH induced down-regulation of LDL receptor 
in the physiology of FRTL-5 cells is far from obvious; we 
know that lipid changes and changes in membrane fluidity 
are closely associated with the mitogenic effect of TSH on 
FRTL-5 cells (6). However, the chemistry of such an associ- 
ation is still elusive. We believe that an answer lies with a 
better understanding of the relationship of the pathway of 
cholesterol metabolism and DNA synthesis (45). The changes 
in LDL receptor activity, caused by a mitogen (TSH) in 
FRTL-5, are quite opposite to the changes caused also by 
mitogens (insulin and platelet-derived growth factor) in hu- 
man skin fibroblasts (46); thus it appears that, in cells of 
different origin (epithelial uersus fibroblasts), mitogens have 
different control on cholesterol homeostasis. In this respect 
it is important to recall that also the role of CAMP in modu- 
lating LDL receptor activity and cell growth appears to be 
divergent. Thus, while CAMP inhibits LDL binding in FRTL- 
5 cells, where it acts as a mitogen, it is also an inhibitor of 
LDL binding in fibroblasts (47-48), where it inhibits prolif- 
eration (49-50). What appear to be unique to the FRTL-5 
system are the opposite effects of a physiological mitogen, 
such as TSH, on LDL receptor and cholesterol biosynthesis; 
these activities are known to be coordinated in Chinese ham- 
ster ovary cell mutants (10, 51). In an accompanying paper 
(53) we provide evidence that TSH induces the expression of 
the gene for 3-hydroxy-3-methylglutaryl-CoA reductase and 
increases [14C]acetate incorporation into cholesterol in 
FRTL-5 cells (53). These events are coupled to the transition 
from a synchronized, resting, to a proliferating FRTL-5 cell 
population. It is known that mevalonate (the product of 3- 
hydroxy-3-methylglutaryl-CoA reductase) is the precursor of 
many metabolites, such as ubiquinone, dolichol, and isopen- 
tenyladenine-tRNA, besides cholesterol. It is also known that 
sterols are powerful feedback inhibitors of 3 hydroxy-3-meth- 
ylglutaryl-CoA reductase (10). Thus it may be attractive to 
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speculate that the transition of a cell population from a resting 
to a proliferating state would require an active mevalonate 
synthesis, more than cholesterol itself (52). It is conceivable 
that a mitogenic stimulus, such as TSH for FRTL-5 cells, 
would reduce cholesterol uptake while stimulating mevalonate 
and cholesterol synthesis. 

Finally, it would be of interest to investigate whether down- 
regulation of LDL receptor activity by TSH is confined to 
thyroid cells or is exerted also on other cell types. If the latter 
would be true, a mechanism could be provided for the hyper- 
cholesterolemia of primary hypothyroidism, which is charac- 
terized by very high levels of circulating TSH. It is known 
that hypercholesterolemia does not occur in secondary hypo- 
thyroidism, when circulating TSH is extremely low or unde- 
tectable (36). 
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