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ABSTRACT By using the hybridoma technology, a mono-
clonal human thyroid cell line was obtained by fusing fresh
normal human thyroid cells with a human lymphoblastoid cell
line. The resultant cell line, called GEJ, has been selected for
its expression of thyrotropin (TSH) receptors and has morpho-
logical and functional characteristics of normal human thyroid
cells. In the presence or absence of human TSH, the GEJ cell
line accumulates iodide, produces thyroid hormones, ex-
presses thyroid membrane antigens, and binds ~600 mole-
cules of TSH per cell. The binding site for TSH has all the
characteristics of a specific receptor (i.e., temperature and
time dependencies, dissociation of bound TSH only by high
amounts of TSH, and a glycoprotein nature). Scatchard analy-
sis described a curvilinear graph with two dissociation con-
stants (Kg = 0.12 x 10~° M and 1.6 X 10~° M) with, respec-
tively, 1.2 x 10° and 7.2 x 10° binding sites per cell. This
human thyroid cell line that expresses TSH receptors could be
a useful tool for the study of human thyroid disorders.

Because of its potential importance in the pathogenesis of
thyroid diseases, thyrotropin receptor (TSH-R) has long
been the focus of multiple investigations. Although the re-
ceptor binding features have been studied with either cul-
tured thyroid cells (1), thyroid homogenates (2), or thyroid
plasma membranes, the molecular characteristics (3) con-
cerning the structure and pathological relevance (4) of this
receptor are largely dependent on the availability of fresh
normal human thyroid tissue in large quantities. To over-
come this problem, we have used the hybridoma technology
(5) and fused fresh normal human thyroid cells with a human
lymphoblastoid cell line. The aim of the present study was to
establish a human cell line with morphological and physio-
logical features of a human thyroid cell in order to investi-
gate the pathology of thyroid disorders. This hybridization
technique provided a readily available cell line. The avail-
ability of such a tool allows biochemical and immunological
studies using the same material throughout an extensive pe-
riod of experimentation.

MATERIALS AND METHODS

Human Thyroid Cells. Cells were obtained from human
paranodal tissue from thyroids obtained after lobectomy was
performed for benign nodules. Tissue samples were dissect-
ed and minced at 4°C in RPMI-1640 culture medium
(GIBCO, Paisley, Scotland, U.K.) supplemented with 10%
fetal calf serum. The suspension was incubated with collage-
nase dispase at 5 mg/ml (Boehringer Mannheim) in a shaking
water bath for 30 min at 37°C.

The cells were then washed in RPMI-1640 medium supple-
mented with penicillin (100 units/ml)/streptomycin (100
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pg/ml)/fungizone (2.5 ug/ml)/1% glutamine/10% fetal calf
serum (complete medium).

Lymphoid Cells. The human GM1500 6TG-A12 lympho-
blastoid cell line deficient in hypoxanthine phosphoribosyl-
transferase activity (5) was used. These cells were grown in
Dulbecco’s modified Eagle’s medium containing 10% heat-
inactivated fetal calf serum.

Cell Hybridization. GM1500 6TG-A12 cells (0.6 X 109
were fused with 3 x 10° thyroid cells in the presence of poly-
ethylene glycol (5). After fusion, cells were dispersed, incu-
bated, and transferred into wells of Microtest II plates (Fal-
con 3042) and fed by using selective medium as described
(6). From 25 to 30 days after fusion, the cells were cloned by
limiting dilution analysis in Microtest II culture dishes seed-
ed with 0.5 cells per well. Two months later, 15 clones were
tested for >I-labeled TSH (**I-TSH) binding. One of these
was found to be positive in binding assays, and we call it
GE]J.

Characterization of a Specific Receptor for TSH. Binding
studies were performed in 0.1 ml of RPMI-1640 medium sup-
plemented with 1% Hepes and 1 uM J)henylmethylsulfonyl
fluoride (Sigma). Triplicates of 1 X 10° GEJ cells were incu-
bated with 10 ng of human I-TSH (New England Nuclear;
55 uCi/pg; S x 10° cpm/10° cells; 1 Ci = 37 GBq) in the
presence or absence of unlabeled human TSH (Boehringer
Mannheim) up to a 1000-fold excess. Background binding
studies were performed at the same time by incubating 1 X
10° lymphoblastoid cells with 10 ng of >I-TSH. At the end
of the incubation, the individual samples of each triplicate of
the GEJ cell line were layered onto 0.3 ml of a 25% (vol/vol)
sucrose solution and centrifuged at 8000 X g for 90 sec. The
tubes were cut and the pellets and the supernatants were as-
sessed for bound and free *’I-TSH.

Specifically bound radioactivity was defined as the differ-
ence between radioactivity bound in the absence and in the
presence of unlabeled hormone SlO 1g). The results are ex-
pressed as the mean number of '*I-TSH molecules per cell.

Morphological Studies. For electron microscopic studies, 1
x 10° GEJ cells were cultured with or without human TSH
(100 milliunits/ml). On day 7 of culture, GEJ cells were fixed
at 4°C for 1 hr with 2.5% glutaraldehyde in 2 ml of 0.2 M
cacodylate buffer (pH, 7.2) and washed for 1 hr in the same
buffer. Cells were then fixed with osmium in cacodylate
buffer and preparations were embedded in Epon after wash-
ing with Tris-HCI buffer. Ultrathin sections were stained
with uranyl acetate and lead citrate and were examined in a
Siemeris-Elmiskop 101 electron microscope at 80 kV.

Determination of Microsomal Antigens on GEJ Cells. A
complement-dependent cytotoxicity assay was used in the
presence of sheep anti-human microsomal antibodies (Well-
come Diagnostics). GEJ cells in microtest II plate cultures

Abbreviations: TSH, human thyrotropin; TSH-R, TSH receptor;
1251TSH, '*I-labeled TSH.
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were labeled for 18 hr at 37°C with 5000 cpm of SCr (New
England Nuclear). At the end of this incubation, labeled GEJ
cells were washed twice with complete medium, and then
100 ul of diluted specific antibody was distributed into three
wells for classical complement-dependent cytotoxicity.
Simultaneously, cytotoxicities were determined on lympho-
blastoid cells and on normal human thyroid cells as controls.

Measurement of '>°I Uptake by Cells. GEJ cells or GM1500
6TG-A12 cells (10 x 10%) were incubated for 6 hr in 1 ml of
Dulbecco’s modified Eagle’s medium containing 5 uCi of
carrier-free Na'*’I, and 1 mM unlabeled iodide, and 3 mM of
1-methyl 2-mercaptoimidazole. Incubations were at 37°C in a
humidified atmosphere and were terminated by centrifuga-
tion. To determine the amount of cell-associated *°I, 1 ml of
10% trichloroacetic acid was added to each tube for 20 min.
1251 uptake was expressed as the percentage total activity.
Potassium perchlorate was added at the steady state. Reac-
tions were terminated at different times by rapid centrifuga-
tion.

Isolation of Hormones from GEJ Cell Supernatant. GEJ
cells (10 x 10%) were cultured for 6 hr in 2 ml of culture medi-
um with TSH and without fetal calf serum. Iodide uptake
was initiated by adding 5 uCi of carrier-free Na'®I (specific
activity, 100 mCi/mmol). Incubations were at 37°C in a hu-
midified atmosphere and were terminated by centrifugation
at 150 x g for S min. The soluble iodoproteins were purified
from the radioactive supernatant as described (7). Briefly,
protein hydrolysis was routinely performed with Pronase at
a concentration of 3 mg/ml in 0.2 M Tris-HCI (pH, 8.0), 1-
methyl 2-mercaptoimidazole (10 mM), and a few drops of
toluene. Pronase hydrolysis lasted 12 hr at 37°C.

The iodo amino acids were fractionated on 1.5 X 20 cm
Dowex 1 columns. After hydrolysate was applied, the col-
umns were rinsed with 20 ml of water and eluted with 0.1 M
HCl/butanol (3.3%, vol/vol). Two peaks were eluted se-
quentially. Hormones were eluted with 60% acetic acid. Io-
dide was retained by the column. In a second set of experi-
ments, RIA for T3 and T4 detection in the GEJ cell superna-
tant harvested from 3-day-old cultures of 1 x 10° cells, in the
presence or absence of TSH (100 milliunits/ml), was per-
formed after Pronase hydrolysis. Specific human anti-T3
(ref. no. 79680) and anti-T4 (ref. no. 79690) antibodies (J.
Dray, Unité de Radioimmunologie Analytique, Institut Pas-
teur, Paris), both with curve sensitivities of 30-300 pg per
assay tube, were used.

Detection of Thyroglobulin in Cell Culture Supernatants.
GEJ cells (100 x 10°%) were cultured with or without TSH (10
milliunits/ml). Culture supernatants that had not been
changed were collected on days 1, 2, 3, 4, and 5, passed
through 45-um filters and dialyzed for 72 hr against $ liters of
phosphate-buffered saline diluted 1:100 (Eurobio, Paris), ly-
ophilized, and resuspended in 0.5 ml of phosphate-buffered
saline. A large molecule (600-700 kDa) was isolated from the
supernatants by means of gel filtration on a Sepharose 6B
column (1.5 X 90 cm; flow rate, 10 ml/hr; Pharmacia, Upp-
sala, Sweden) previously calibrated with human thyroid
crude extract and equilibrated in phosphate-buffered saline
(pH, 7.2). Protein determination was performed at 280 nm
for each fraction collected. Fractions were pooled according
to protein peaks. The thyroglobulin concentration was deter-
mined by an immunoradiometric assay (8) and the results are
expressed as ng of thyroglobulin per ml of supernatant. The
same procedure was followed using lymphoblastoid cells as
controls.

RESULTS

Binding of '*’I-TSH to the GEJ Cell Line: Effect of Tem-
perature and Time of Incubation. In the first set of experi-
ments, 15 clones were tested for their ability to bind *°I-

Proc. Natl. Acad. Sci. USA 82 (1985) 2121

TSH at 33°C for 30 min. Under these experimental condi-
tions, 7 clones bound <100 I-TSH molecules per cell, 8
clones bound between 100 and 500 >’I-TSH molecules per
cell, and the selected cell line (GEJ) bound 550 *+ 70 mole-
cules of 'I-TSH per cell in three different experiments. The
amount of I-TSH molecules bound per cell is temperature
and time dependent. The maximum binding occurred at 33°C
after either 30 or 60 min, whereas approximately 60, 110, and
230 I-TSH molecules were bound, respectively, per cell at
4°C, 22°C, and 37°C after equivalent incubation times. Under
optimal experimental conditions (1 X 10° cells; 33°C), the
effect of the time of incubation was studied (Fig. 1). When
the GEJ cells were incubated with 1>’I-TSH, a steady state
was reached at 60 min and was maintained until 180 min. In
the presence of a large excess of unlabeled TSH (10 ug), only
a small percentage of '*I-TSH was bound. To determine
whether the receptors were degraded, GEJ cells were prein-
cubated at 33°C for 0—120 min prior to the addition of labeled
TSH for standard incubation. Neither specific nor nonspe-
cific binding was altered by this preincubation. This result
makes the release of soluble receptors during the binding pe-
riod very unlikely. _

Effect of Trypsin or Neuraminidase on Binding. Trypsin
was used to investigate the capacity of the GEJ cells to re-
generate TSH receptors after their destruction by proteoly-
sis. No TSH binding was detected after a 15-min incubation
with trypsin (10 or 40 ug/ml) followed by extensive washing.
However, normal binding capacity was recovered after incu-
bating GEJ cells in trypsin-free medium overnight at 37°C
(Fig. 2). To determine whether this binding structure was a
glycoprotein, we used neuraminidase (Behring, Marburg,
F.R.G.), a glycolytic enzyme. No TSH binding was detected
after a 60-min incubation with neuraminidase (0.02 units for
10° cells) followed by extensive washing. It must be noted
that after treatment with this enzyme, *I-TSH binding was
not recovered after overnight incubation at 37°C, as was re-
ported for trypsin.

Scatchard Analysis. A saturation curve was obtained by
incubating GEJ cells with >I-TSH (10 ng) and varying the
concentration of unlabeled TSH (1 ng to 10 ug). Data were
plotted according to Scatchard’s method (9) and subjected to
linear regression analysis. A curvilinear graph was obtained,
allowing two hypotheses: either negative cooperativity or
two independent binding sites. According to the latter hy-
pothesis, values for the dissociation constant K4 were 0.12 X
10~° M and 1.6 x 10~° M with, respectively, 1.2 x 10* and
7.2 x 10 binding sites per cell (Fig. 3).
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FiGc. 1. Kinetics of TSH binding to GEJ cell line. Cultured cells
(106 cells per 0.1 ml) were incubated at 33°C with 10 ng of **I-TSH
with (@) or without (0) excess unlabeled TSH (10 ug). At times indi-
cated, reaction was stopped by layering cells onto 0.3 ml of a 25%
sucrose solution and centrifugation at 8000 X g. Radioactivity bound
to the cells in the absence of unlabeled TSH was referred to as total
binding and radioactivity bound in the presence of unlabeled TSH
was referred to as nonspecific binding.
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F1G. 2. Effects of trypsin treatment on TSH binding. GEJ cells
(10°) were treated with trypsin (40 pg/ml) at 37°C for 15 min. Soy-
bean trypsin inhibitor (1 mg/ml) was added to stop the reaction and
the cells were washed 3 times in complete medium and centrifuged
at 600 X g for 10 min. The supernatant was discarded and the cells
were resuspended under the initial conditions. Binding capacity was
assayed as described, after overnight incubation at 37°C in a mixture
of 5% CO,/95% air. Cell viability was unaffected by this treatment
Mean *+ SEM of 3 determinations.

Reversibility and Specificity of Binding. When equilibrium
was reached (33°C, 60 min), the addition of 10 ug of unla-
beled TSH (1000 times the amount of labeled TSH) induced
the dissociation of the bound %I-TSH in 180 min (Fig. 4).
Partial inhibition was obtained 30 and 60 min after the addi-
tion of unlabeled TSH. The capacity of the GEJ cell line to
bind other peptides, such as human luteinizing hormone and
corticotropin (ACTH) was investigated using the methodolo-
gy described above for TSH. Ten micrograms of luteinizing
hormone, which shares a common subunit with TSH, inhib-
its 45% of the I-TSH from binding to GEJ cells, while 10
ug of corticotropin, a peptide hormone not related to TSH,
did not show any significant inhibition of **’I-TSH binding
(Fig. 5).

Morphological Studies. GEJ cells grown in the absence of
TSH showed polarity with numerous vesicles at the apical
pole (Fig. 6). When cultured in the presence of TSH, al-
though no reassociation into follicles was observed, GEJ
cells looked hyperplastic with a well developed Golgi appa-
ratus and with a mitotic index twice as high.
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FiG. 3. Evaluation of the number of sites per cell at 33°C and
dissociation constants. GEJ cells (105 were incubated with 12I-
TSH (10 ng) and various concentrations of unlabeled TSH. Nonspe-
cific binding was determined in the gresence of excess unlabeled
TSH (10 pg). Ratio of bound to free 12I-TSH is plotted according to
Scatchard’s method as function of specifically bound TSH ex-
pressed in ng. n, Binding sites per cell.
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Fi1G. 4. Dissociation of labeled TSH from its receptors. GEJ
cells (10%) were incubated at 33°C with *I-TSH (10 ng) with (@) or
without (0) unlabeled TSH (10 ug). Unlabeled TSH (®) was added
to the tube containing 1251 TSH alone after a 60-min incubation.

Detection of Microsomal Antigens. In four consecutive ex-
periments, the mean cytotoxicity index for the GEJ cell line
was 106 + 16, while that for GM1500 6TG-A12 was negative.

Iodide Accumulation by GEJ Cells. Iodide accumulation
was determined and compared to that of GM1500 6TG-A12
cells. GEJ cells accumulate iodide, reaching a steady-state
level within 30 min (Fig. 7). The addition of perchlorate at
the steady state led to a rapid loss of >90% of the accumulat-
ed iodide, GM1500 6TG-A12 cells amassed <10% of the
amount accumulated by GEJ cells.

Production of Thyroid Hormones by GEJ Cells. Two millili-
ters of supernatant obtained from a 6-hr culture of 10 x 10°
GEJ cells with TSH was fractionated on Dowex 1 columns.
As shown in Fig. 8, after elution with 0.1 M HCl/butanol,
two peaks were obtained containing monoiodotyrosine and
diiodotyrosine. After elution with' 60% acetic acid, a third
peak was obtained that contained the thyroid hormones. The
nature of the three hormone peaks was verified by paper
chromatography. In other experiments, we used an RIA for
T3 and T4 detection. After a 3-day culture of 1 x 10° GEJ
cells in the presence or absence of TSH, T3 was detected in
the supernatant at 0.1 ng/ml. After Pronase hydrolysis of
these supernatants, 0.7 ng of T3 per ml was found for cells
cultured in the presence of TSH and 0.6 ng/ml was found for
cells cultured in the absence of TSH. For T4 detection with-
out Pronase hydrolysis and in the presence of TSH, GEJ
cells secreted 2.6 ng/ml, while they produced 2.2 ng/ml in
absence of TSH. After Pronase hydrolysis, T4 secretion
was, respectively, 3.2 ng/ml and 2.6 ng/ml for cells cultured
in the presence or absence of TSH. It must be emphasized
that in GM1500 6TG-A12 cell supernatants, no T3 was de-
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FiG. 5. Inhibition of binding of *’I-TSH by luteinizing hormone
and corticotro?in. In 0.1 ml, 10° GEJ cells were incubated for 60 min
at 33°C with 125I-TSH (10 ng) in the presence of peptide hormone in
the concentrations indicated. ®, TSH; m, corticotropin; O, luteiniz-
ing hormone. Results are expressed as percentage of "< I-TSH
bound in the presence (B) and in the absence (B,) of unlabeled pep-
tide.
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FiG. 6. GEJ cells cultured in medium without TSH-isolated cells
are polarized. Polarization is shown by excentric nucleus and local-
ized membrane expansions (—). (X14,300.)

tectable and T4 levels were always <1 ng/ml. From these
results, values obtained for complete medium alone were
subtracted.

Detection of Thyroglobulin in GEJ Cell Supernatants. Us-
ing an immunoradiometric assay (8), increasing amounts of
thyroglobulin were found in conjunction with the prolonged
duration of GEJ cell culture (Fig. 9). The presence of TSH in
the culture medium led to a higher production of thyroglobu-
lin regardless of the duration of culture. In contrast, thyro-
globulin was never detectable in GM1500 6TG-A12 cell su-
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FiG. 7. Time course of iodide accumulation in GEJ (@) and
GM1500 6TG-A12 (0) cells. As indicated by arrow, 1 mM KClO, (a)
was added to triplicate tubes. Reactions were carried out at 33°C and
ended at the indicated times.

Proc. Natl. Acad. Sci. USA 82 (1985) 2123

Hormones
2.
g
S
X
g
S 1fF
= DIT,
MIT _M/\J
0 20 30 4 S0 60 70 80 9
0.1 M HCl/ Acetic acid,
Butanol, 3.3% 60%

FiG. 8. Elution profile obtained by Dowex 1 chromatography of
GEJ cell supernatants hydrolyzed with Pronase. The nature of mono-
iodotyrosine (MIT), diiodotyrosine (DIT), and hormones were veri-
fied by paper chromatography. The first peak was eluted in the void
volume.

pernatants. It should be pointed out that culture superna-
tants were not changed.

DISCUSSION

To easily study the human TSH-R and its relevance in some
pathological states, as well as the biochemical features of
human thyroid cells, we have used the hybridoma technolo-
gy. The thyroid cell line created, GEJ, resulted from the fu-
sion of normal human thyroid cells with a human lympho-
blastoid cell line. GEJ cells present most of the morphologi-
cal and functional characteristics of normally differentiated
human thyroid cells. By using an immunoenzymatic assay,
the hybrid nature of this cell line is demonstrated by the de-
tection in GEJ culture supernatant of IgG of the same iso-
type (IgG2 «; data not shown), as that found in the lymphoid
cell culture supernatant. GEJ cell line was selected on the
basis of TSH-R presence. It must be pointed out that the
GEJ cell line has now been cultured and regularly subcloned
in our laboratory for 18 months without loss of its character-
istics.

Our data show that TSH binding to the GEJ cells is a satu-
rable, specific, and temperature-dependent process. In this
system, a low temperature can alter thermodynamically de-
pendent parameters of association and dissociation, and it
modifies the ligands or the membrane environment of the
receptors. The better fixation of >I-TSH to GEJ cells at
33°C than at 37°C can be explained by the partial degradation
that occurs at 37°C (10, 11). The binding specificity of *°I-
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FiG. 9. Production of thyroglobulin by GM1500 6TG-A12 cells
(a), GEJ cells cultured without TSH (e), or with TSH (0) after dif-
ferent periods of culture. Results are expressed as ng per ml of su-
pernatant.
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TSH to the cell line is assessed by the lack of displacement
observed in the presence of corticotropin, an unrelated pep-
tidic hormone, while luteinizing hormone, which shares a
subunit with TSH, induces a partial displacement.

The sensitivity of the cellular receptors to destruction by
trypsin or neuraminidase is quite remarkable. This sensitiv-
ity to proteolytic and glycolytic enzyme is in agreement with
the glycoprotein nature of the receptor (10) normally present
on thyroid cells. Our results demonstrate that the interaction
between ’I-TSH and the TSH-R on GEJ cells is a complex
process. It is characterized by a nonlinear Scatchard plot,
which can be interpreted as initially reported for insulin—by
negative cooperativity between sites (12)—or by the pres-
ence of two sites, one with a high affinity and a low capacity,
and the second with a low affinity and a high capacity. This
curvilinear graph has already been described for bovine (10)
and human TSH-R (13). Recently, Drummond et al. (14)
showed that this non-linear Scatchard plot results from at
least two distinct binding sites rather than negative cooper-
ativity between sites. The possibility of two cell populations
with two different sites is made unlikely by the assumed
monoclonal nature of the long-term cell line used in this
study. The reversibility of 'I-TSH binding to GEJ cells is
assessed by the addition of unlabeled TSH (1000-fold ex-
cess), which produces a total dissociation of cell-bound %I-
TSH within 180 min.

Morphological studies using electron microscopic meth-
ods show that GEJ cells display a polarity similar to human
thyroid cells. They are sensitive to the trophic action of TSH
as assessed by the well developed Golgi apparatus and the
increased mitotic index. Nevertheless, they are unable to re-
associate into follicles. Lastly, these cells express micro-
somal antigens specific to thyroid cell surfaces, to a degree
comparable to that of normal human thyroid cells. These re-
sults must be interpreted with caution, because the anti-mi-
crosomal antibodies used are polyclonal. In addition to these
morphological features, GEJ cells have numerous functional
hallmarks of normal thyroid cells. These cells are able to ac-
cumulate iodide; this accumulation is an active and not a dif-
fusional process, as shown by the effect of perchiorate.
Moreover, the elution profile obtained by Dowex 1 chroma-
tography of iodocompounds, provides evidence that these
cells can also produce hormones and their precursors (mono-
and diiodotyrosine). The small quantity of iodocompounds
produced may be explained by the culture of these cells
without serum. The fact that we found, either by anion ex-
change chromatography or by paper chromatography, great-
er quantities of hormones than mono- and diiodotyrosine
needs to be further investigated. Thyroid hormone produc-
tion is also detected using a highly sensitive RIA. This pro-
duction is slightly enhanced by TSH addition. Pronase hy-
drolysis of supernatants increases the level of hormone de-
tected; this effect means that culture supernatants contain an
iodinated protein. In line with this, these cells are able to
produce thyroglobulin, this thyroglobulin production in-
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creases during S days of culture and displays a high sensitiv-
ity to TSH, in agreement with classical physiological ideas
(15). With this method of thyroglobulin detection, falsely in-
creased values do not occur (8).

Our data concerning this cloned human cell line, which
possesses numerous thyroid characteristics—i.e., morpho-
logical aspect, iodide accumulation, production of thyroid
hormones and of thyroglobulin, TSH dependency for func-
tion and growth—allow us to envisage biochemical and im-
munological studies. This cell line seems to be a useful tool
for investigating the nature of human TSH-R, with obvious
applications for the study of autoimmune thyroid disorders.
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