
Introduction

The main biological function of thyroid-stimulating hormone
(TSH) is to regulate the synthesis and secretion of thyroid hor-
mones from thyroid follicular cells. TSH interacts with a seven-
transmembrane glycosylated G protein-coupled TSH receptor
(TSHR) which in thyrocytes is localized on the basolateral surface
[1, 2]. TSHR includes a large hormone-binding extracellular
domain and the seven-transmembrane spanning domain that
interacts with G�s and G�q proteins via the intracellular loops and
the C-terminal tail [3]. The TSH-TSHR/G�s/adenylate cyclase/cyclic
adenosine 3�,5�-monophosphate (cAMP) regulatory cascade con-
trols thyroid growth and differentiated functions (thyroid hormone

secretion, iodide trapping), whereas TSH-TSHR/G�q/phospholipase
C/diacylglycerol-IP3 cascade stimulates iodination and thyroid
hormone synthesis [4].

TSHR has a high degree of homology with the luteinizing hor-
mone receptor (LHR) and with the follicle-stimulating hormone
receptor, two other receptors for glycoprotein hormones.
Although all three newly synthesized receptors are inserted in the
plasma membrane as single-chain molecules, only TSHR under-
goes an intramolecular cleavage. The resulting protomers, termed
subunits A or � and B or �, are held together by disulphide
bridges [1, 5]. In the thyroid tissue the A-subunit represents the
receptor ectodomain, has a molecular weight of 53 kD and is
glycosylated. The B-subunit represents the transmembrane and
cytoplasmic regions, has a molecular weight of 34 kD and is not
glycosylated [1]. Experiments with primary cultures of human thy-
rocytes [6, 7] and with the rat thyroid cell line FTRL-5 [7, 8]
confirmed this post-translational cleavage of TSHR. This matura-
tion is also observed to various extents in transfected cells
expressing the recombinant human TSHR, such as L, CHO and K562
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cell lines [6, 9–12]. The A-subunit is more extensively glycosylated
(m.w. ~60 kD) in L cells stably expressing the human TSHR than
in the thyroid [6].

It is generally accepted that the cleaved receptor is the only
molecular form in thyroid tissue. In contrast, for thyrocytes in cul-
ture variable proportions of TSHR cleavage have been reported.
While complete receptor cleavage was observed in homogenates of
cultured cells [6], cross-linking of TSHR with radiolabelled TSH in
intact cells revealed that both single-chain and cleaved receptors
coexist on the cell surface [7]. The coexistence on the cell surface
of cleaved and intact TSHR was also described for transfected cells
expressing the recombinant human receptor [6, 7, 9, 11]. The rea-
sons for these divergent data are not understood.

The enzyme that cleaves TSHR is probably a membrane-asso-
ciated protease [13] related to TACE (tumour necrosis factors-�
converting enzyme), a member of the adamalysin  family of metz-
incin metalloproteases [10].

Our hypothesis was that the divergent data could be explained
by the dependency of TSHR cleavage on cell–cell contacts. The
hypothesis was supported by recent data showing that metallo-
proteases are highly expressed and activated by homotypic
cell–cell contacts, leading to enhanced cleavage and processing of
various cell surface components [14, 15].

In the present study we confirm our hypothesis that cell–cell
contacts control TSHR cleavage by comparing it under various
degrees of intercellular contact of L cells stably expressing human
TSHR [6]. We also demonstrate that the TSHR cleavage is
required for full activation of phospholipase C (PLC) by TSH.

Materials and methods

Stable cell line cultures

L cells stably expressing the human TSHR (L-TSHR cells) were grown in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Invitrogen
Corporation, Cergy Pontoise, France) containing 10% foetal calf serum
(FCS; Gibco), 100 U/ml penicillin and 100 �g/ml streptomycin at 37�C in
the presence of 5% CO2 in a humidified atmosphere as previously
described [6]. The cells were plated in Petri culture dishes of 10-cm diam-
eter at various densities (25 	 104, 25 	 105, 50 	 105 and 10 	 106

cells/culture dish) and cultured for 16 or 72 hrs.

Transient transfections

Wild-type L cells were plated in 12-well plates at 1.5 	 105/well in DMEM
supplemented with 10% FCS. Construction of plasmids for wt-human
TSHR and TSHR-�50-NET mutant has been reported previously [16]. After
16 hrs 1 �g of DNA (wt-hTSHR or TSHR-�50-NET) in FuGENE 6 (Roche,
Indianapolis, IN, USA) was added to the culture medium. Sixteen hours
later the medium was replaced with DMEM supplemented with 10% FCS.
The cells were processed for subsequent tests 48 hrs after transfection.
Parallel cultures and transfections were done in 4-well LabTecII chambers

(Nalgene Nunc International, Naperville, IL, USA) to monitor the transfection
efficiency by immunocytochemistry using either T5–317, a monoclonal
antibody against the extracellular domain (Ec-Ab) or T3–365, a monoclonal
antibody against the endodomain (En-Ab) of TSHR [1]. Negative controls
included transfection with the insert-less vector pcDNA3.1. Each experi-
ment was done two times with three samples for each experiment.

SDS-PAGE and Western blotting

Cells were scraped in 4�C PBS supplemented with the metalloprotease
inhibitor 1,10-phenanthroline (10 mM, Sigma-Aldrich, Sant Quentin,
France) and the complete protease inhibitor cocktail (Roche) and cen-
trifuged at 800 g for 10 min. at 4�C. The pellet of cells was resuspended in
50 mM Tris-HCl, pH 7.5 containing 1.2% Triton X-100 and protease
inhibitors. After centrifugation for 30 min. at 14,000 	 g the supernatant
was collected and the total cellular protein were measured by the bicin-
choninic acid assay (Pierce Perbio Science, Brebières, France). Samples
containing 50 �g of total protein were electrophoresed on a 5–15% gradi-
ent SDS-PAGE under reducing and denaturing conditions as described [6].
Proteins were electrotransferred to nitrocellulose membranes and the
molecular species of TSHR were detected by using monoclonal anti-recep-
tor ectodomain or endodomain antibodies [1] followed by secondary
sheep antimouse IgG-horseradish peroxidase conjugate (Amersham
Biosciences, Buckinghamshire, UK). Bound antibodies were visualized
using ECL reagents and exposure of HyperfilmTM ECL (Amersham
Biosciences). The intensity of immunoreactive bands was quantified using
the image analysis software ImageJ_1.32J (NIH, Bethesda, MD, USA).

Enzymatic deglycosylation of TSHR

Deglycosylation of TSHR was done using H and F glycosidases, as previously
described [6]. The reaction products were detected by immunoblotting using
the T5–317 antibody. The enzymes were omitted from control experiments.

Functional studies

Sparse cell cultures were obtained by plating 25 	 104 cells in 10-cm-
diameter Petri dishes. Confluent cell cultures were obtained by plating the
same number of cells in each well of 12-well plates. The cells were
analysed 16 hrs after plating. Each experiment was repeated two to seven
times with three samples for each experiment.

(1) Measurements of cAMP – For adenylate cyclase activation bioas-
says, the culture medium was replaced by DMEM supplemented with
0.5 mM 3-isobutylmethylxanthine, 1 mg/ml bovine serum albumin (BSA)
and 20 mM HEPES, pH 7.3. After 30 min. the cells were incubated for 1 hr
at 37�C with 10 mU/ml bovine TSH (Merck Calbiochem, Darmstad,
Germany, specific activity 0.7 IU/mg protein). The total (intracellular �

medium) cAMP was extracted with perchloric acid (final concentration 
0.3 M). Samples, neutralized with a mixture of 0.6 M KHCO3 and 0.72 M
KOH, were assayed using the Amersham cAMP kit (Code TRK 432) accord-
ing to the protocol of the manufacturer (Amersham Biosciences).
Experiments with 10 �M forskolin (Sigma-Aldrich) (a direct stimulator of
adenylate cyclase) were used as control experiments.

(2) Measurements of inositolphosphates (IPs) – Cells were incubated at
37�C with inositol-free DMEM containing 20 mM HEPES pH 7.4, 1 mg/ml
bovine serum albumin (Sigma, BSA-fraction V) and 2 �Ci/ml of  
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myo-[2-3H] inositol (Amersham Biosciences, specific activity 17 Ci/mmol).
After 16 hrs the cells were washed twice with DMEM and incubated for 30
min. with DMEM containing 20 mM HEPES, 20 mM LiCl and 1 mg/ml BSA.
Cells were then stimulated with various concentrations (0, 1, 10, 50 and
100 mU/ml) of bovine TSH for 1 hr at 37�C. The accumulation of IPs was
stopped with trichloroacetic acid (3% final concentration). After neutral-
ization with sodium acetate, IP levels were determined by anion exchange
chromatography using AGR 1-X8 resin (200–400 mesh, acetate form;
BioRad Laboratories, Hercules, CA, USA). After elution of neutral inositol
with distilled water the bound IPs were eluted with 1 M trisodium citrate. As
positive control for PLC activation we used L cells stimulated with 100 �M
ATP (Amersham Biosciences) as previously described [17].

Results

TSHR cleavage depends on cell–cell contacts

The initial experiments were destined to identify the molecular
forms of TSHR present in adherent TSHR-L cells in culture at var-
ious densities. The cells have been cultured for 16 hrs in DMEM
supplemented with 10% FCS. (Culturing the cells at low serum
concentration (0–5%) was shown to lead to defects in TSHR pro-
cessing, which do not manifest if cells are grown in 10% serum
[18].) Total protein extracts were electrophoresed on 5–15% SDS-
PAGE gradient gels under reducing conditions and analysed by
immunoblotting with antibodies against the receptor ectodomain
(Ec-Ab). We compared the proportions of mature intact and

cleaved TSHR at various increasing cell culture densities. In cells
plated at low densities (0.25 	 106 cells/dish) two major bands of
120 and 95 kD (p120 and p95, respectively) and two minor bands,
p65 and p52, were detected (Fig. 1A [lane 1]). The sizes of the
detected bands are the same as those observed previously in sub-
confluent L cells permanently expressing the receptor: the single-
chain uncleaved receptor with mature  carbohydrates (p120), the
high-mannose receptor precursor (p95) and the � (or A) subunit
of the cleaved TSHR (p60) [6]. The minor p52 band seems to be
the result of proteolytic action of trypsin-like proteases on mature
receptor (our unpublished observations). The small amount of
cleaved TSHR (p60) could reflect either a weak constitutive cleav-
age, independent ofcell–cell contacts, or may reflect the fact that
even at low  culture densities the random distribution of cells bring
some of them in contact.

The transmembrane B-subunit of TSHR, of 34 kD, is not
detected by the anti-Ec antibody. In order to confirm that p120 and
p60 are the mature forms of TSHR characterized by the presence
of coupled complex carbohydrates, detergent extracts of the
membrane fraction of TSHR-L cells have been treated with endo-
glycosidases F or H, which remove all protein-coupled sugar moi-
eties, or only high mannose moieties bound to the immature
forms. The endoglycosidase H affected only the mobility of p95,
indicating that p95 is the immature precursor of TSHR (data not
shown). As expected, the endoglycosidase F reduced the molecu-
lar weight of all detected molecular species.

At higher cell density (2.5 	 106 cells/dish), when cells are still
sub-confluent, the pattern is similar to that at 0.25 	 106

cells/dish. However, increases in the amounts of p60 and p52 and
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Fig. 1 Cleavage of TSHR in stably transfected L cells as function of plating density. (A) Immunoblotting of cell homogenates using the monoclonal anti-
body against the TSHR ectodomain. (B) Quantitative evaluation of TSHR cleavage based on the intensity of the molecular forms that correspond to the
mature TSHR receptor (the p120, p60 and p52 bands in (A). Closed bars: relative intensity (%) of p120 divided by total amount of mature TSHR
(total 
 p120 � p60 � p52). Grey bars: p60/total; Open bars: p52/total. The bars represent the mean � S.E.M. of triplicate experiments.
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a decrease of p120 are noticeable (Fig. 1A [lane 2] and B). In con-
trast, at 5 	 106 or 10 	 106 cells/dish, when extensive cell–cell
contacts occur, p120 becomes a minor band and the intensities of
p60 and p52 are higher (Fig. 1A [lanes 3 and 4] and B). There is a
clear tendency for an increased cleavage of TSHR at high densities
of plated cells (37.6 � 2.4% at 5 	 106 cells/culture dish versus
2.5 � 0.8% at 0.25 	 106 cells/culture dish, P � 0.1 	 109,
grey bars in Fig. 1B).

Interestingly, when TSHR-L cells were plated at high density
and cultured for 72 hrs in order to obtain confluent cells with sta-
ble cell–cell contacts, the cleavage of mature TSHR was almost
complete (97.7 � 0.5% using the antibody against the extracellu-
lar domain and 96.1 � 1.1% using the antibody against the
intracellular domain) (Fig. 2). The intensity of the TSHR bands,
detected with either the anti-receptor ectodomain (Ec-Ab) or the
anti-receptor endodomain (En-Ab) antibodies, indicated that in
confluent cells the majority (�90%) of cleaved mature TSHR con-
sists of A-subunit (p60) and B-subunit (p34). About 10% of the
cleaved receptor ectodomain is represented by the p52 protein.

The effect of the cell–cell contact on TSHR proteolysis could be
most directly explained if cleavage of TSHR is performed by a pro-
tease anchored to the membrane of the cells adjacent to the cell
on which TSHR is exposed. An alternative explanation is that
TSHR cleavage is performed by a soluble protease, which is
released from cells after they reach confluency. In order to evalu-
ate the latter possibility we collected culture medium from conflu-
ent L cells, applied it to sparse TSHR-L cells for 4 hrs and then
assessed the cleavage of TSHR by immunoblotting. The addition
of the medium did not produce any cleavage of TSHR.

TSHR cleavage influences PLC response
to TSH stimulation

The above data indicate that only the cleaved mature TSHR
subunits A and B are present in confluent cells. In contrast, only
single-chain, uncleaved receptors were detected in sparse cell cul-
tures. These data raised the possibility that TSH signalling in cells
containing only the uncleaved TSHR species differs from that in
cells containing the cleaved receptor. TSH signalling is known to
occur via two branches, one via adenylate cyclase and the other
via PLC. Therefore, we compared in the activation by hormone of
both adenylate cyclase as assessed by cAMP synthesis, and of
PLC determined by inositolphosphate production, in sparse and
confluent TSHR-L cells. As illustrated in Fig. 3A, both cleaved and
uncleaved receptors stimulated similarly the cAMP cascade. In
contrast, only the cleaved TSHR fully activated the phospholipase
C cascade (Fig. 3B).

In order to verify that PLC signalling is not perturbed in
sparse cells for reasons independent of TSHR cleavage, we ver-
ified if PLC signalling can be activated by an alternative stimulus
known to work in L cells – ATP binding to the adenosine recep-
tor sparse [17]. As shown in Fig. 3B, ATP activates PLC in sparse
L cells. ATP induced similar amounts of inositolphosphate in
both confluent and isolated TSHR-L cells. As PLC is known to be
weakly activated by ATP, the fact that we detected the activation
indicates that the pathway is fully functional. Both TSH and ATP
stimulation work via the same G�q protein, indicating that the
defective signalling by the uncleaved TSHR occurs at the level of
the interaction between the receptor and the G-protein. Similarly,
LH activation of PLC, which occurs via the LHR and the same
G�q protein, is functional in sparse L cells transfected with LHR
(data not shown).

Noncleavable TSHR-�50-NET receptor
mutant does not stimulate phospholipase
C in response to thyrotropin stimulation

The above data suggested that TSHR cleavage strongly enhances
PLC activation. To confirm this observation, we examined the hor-
mone-induced production of IPs in L cells transiently expressing
the TSHR-�50-NET receptor, an engineered mutant of TSHR that
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Fig. 2 Cleavage of TSHR in confluent stably transfected L cells: Western
blotting with monoclonal antibodies against either receptor ectodomain
(Ec-Ab) or receptor endodomain (En-Ab). Heavy arrows: the extracellular
and transmembrane subunits of cleaved TSHR (A and B, respectively).
(The other bands are the same as in Fig. 1: p120 – mature uncleaved
TSHR; p95 – the immature high-mannose form of the receptor; p52 –
degradation product generated by trypsin-like protease.)
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cannot be cleaved into A and B subunits [16]. Binding studies
done by the Rapaport group [19] demonstrated that there is no
difference between the affinities for the hormone of the cleaved
versus the uncleaved TSHR mutant. L cells transiently expressing
the wild-type human TSHR were used as control. Western blot
experiments using anti-receptor ectodomain antibodies confirmed
that the non-cleaved mutant receptor TSHR-�50-NET (p115) was
the only molecular species expressed in the cells (Fig. 4A, lane 2).

In contrast, both cleaved and uncleaved receptors (p60 and
p120, respectively) were detected in control TSHR-L cells. The
uncleaved TSHR-�50-NET mutant displayed a slightly decreased

(P 
 0.01, t-test, 2 tails) cAMP production after stimulation with
TSH (Fig. 4C). In contrast, no IPs accumulation was induced by
the ligand over a large range of concentrations (Fig. 4B).

Discussion

In normal thyroid tissue the thyrocytes are arranged into contin-
uous monolayers surrounding the glandular lumen. The cells are
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Fig. 3 Functional effects of TSHR cleavage. (A) TSH-stimulated cAMP synthesis. The cAMP response (vertical axis) was normalized by dividing the
cAMP amount induced by TSH to the cAMP induced by forskolin (Fk), a direct activator of adenylate cyclase. (B) Hormone-induced inositolphosphate
(IP) accumulation in L cells stably expressing TSHR. Closed bars: sparse cells; open bars: confluent cells. NS: non-stimulated cells.

Fig. 4 Functional assays of the non-cleavable TSHR-�50-NET receptor mutant transiently expressed in L cells. (A) Western blot experiments using anti-
receptor ectodomain antibodies; (B) [3H]-inositolphosphates (IPs) accumulation in cells as function of TSH concentration (squares – mutant TSHR; dia-
monds – wtTSHR), (C) Accumulation of cAMP in response to TSH stimulation. Closed bars: cells stimulated with 10 mU/ml TSH; open bars: non-stim-
ulated cells.
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characterized by a definitive polarity in the arrangement of their
surface domains (apical plasma membrane, tight junctions, baso-
lateral plasma membrane) [20]. In contrast, in cultured thyro-
cytes the cell polarity depends on the extent of cell–cell contacts
varying from no polarity in sparse cells to a high polarity in con-
fluent cells, characterized by complete separation of the apical
from the basolateral compartment. In the latter case, the accessi-
bility of TSH to the basolateral TSHR is possible only if the cells
are seeded on porous inserts [21]. Human thyrocytes express
very low concentrations of the receptor [1], comparable to the
non-specific binding of hormone to filters and plastics [22].
Structural and functional receptor studies performed so far cir-
cumvented this technical difficulty by using either thyroid slices
[23] or sub-confluent thyrocytes [7]. According to our data pre-
sented above, the sub-confluent cultures do not represent an
accurate model for the situation in vivo, due to the different cleav-
age pattern of the receptor, which in turn affects, as shown, the
signalling process.

Our data suggest that cleavage of TSH receptor depends on
cell–cell contacts. This observation reconciles the opposing
views concerning the cleavage extent of TSHR in both native thy-
roid and non-thyroid transfected cells [24]. We show that nearly
all mature TSHRs are in the cleaved form in confluent cells, thus
explaining the results reported for thyroid tissue in vivo [1, 8,
23] and for confluent thyrocytes in vitro [6]. Our data show also
that in sparse cells the majority of the receptor is uncleaved,
while in sub-confluent cells the cleaved and uncleaved TSHR
coexist in comparable amounts. The latter situation is valid for
most studies done with sub-confluent thyrocytes and transfected
cells [24].

Previously we have shown that in sparse and sub-confluent
cells TSHR is highly concentrated at the sites of close contact
between the extracellular matrix and the cells, particularly at the
leading edge of lamellipodia [25]. As TSHR is cleaved by an
unidentified a disintegrin and metalloprotease (ADAM) family
member [10], it is relevant to notice that most ADAMs are concen-
trated also at the leading edge of lamellipodia [26]. However, in
spite of this potential co-localization, TSHR is not cleaved in
sparse cells. A potential explanation is that cleavage is not exe-
cuted by enzymes harboured in the same cell membrane, contrary
to what has been documented so far for most ADAMs [27]. An
alternative possibility is that TSHR is cleaved by an ADAM mem-
ber localized in the same cell membrane, but whose expression or
insertion in the plasma membrane or activation is triggered by
cell–cell contact. This possibility is supported by data showing
that in fibroblasts the expression and activation of metallopro-
teases MMP-1, MMP-10 and MT1-MMP is enhanced by direct
cell–cell contacts [15]. We excluded the involvement of a soluble
metalloprotease by showing that incubation of sparse cells with
collected culture medium from confluent non-transfected L cells
did not produce any cleavage of TSHR.

In sub-confluent cells, high concentrations of TSH increase the
extent of receptor cleavage [28]. This observation can be
explained by the fact that the high concentrations of TSH are also
known to increase the number of cell–cell contacts due to

enhanced cell spreading [25], further supporting the role of
cell–cell contacts in TSHR cleavage.

Experiments with cleavable and non-cleavable mutant con-
structs demonstrated that TSHR cleavage is not required for high-
affinity TSH binding, it is unrelated to the constitutive ligand-inde-
pendent activity of the receptor and does not influence the cAMP
response to hormone stimulation [19, 29].

Another pathway activated by TSHR involves production of
IP3 and diacylglycerol via PLC. This is the first study that inves-
tigates the effect of TSHR cleavage on this pathway. The IPs
measurement method used by us detects all IPs, but IP1, IP2,
IP4 and IP5 are present in L-TSHR cells in negligible amounts
[25]. As a consequence, the IP variations shown in Figs 3B and
4B reflect variations of IP3, and therefore indicate that the
cell–cell contact dependent cleavage of TSHR is necessary for
full activation of phospholipase C. In contrast, concentration
dependence and kinetic studies for the effect of TSH on cAMP
have shown that TSHR cleavage is not necessary for the adeny-
late cyclase pathway [19, 29]. Ciullo et al. [30] showed also that
cleaved two-chain TSHR activates the cAMP cascade. (Their
experimental system consisted of confluent cells, in which most
likely no uncleaved receptor was present, so that no valid con-
clusion can be drawn about the activation ability of the non-
cleaved receptor.)

The mechanism by which the TSHR cleavage affects Gq sig-
nalling is not known. TSHR cleavage leads to the loss of a 50
residues segment of the extracellular domain [9, 10, 16], while Gq
binds to intracellular loops of TSHR [31, 32]. The Gq binding sites
could be inaccessible for Gq in the uncleaved TSHR, and after
TSHR cleavage and loss of the 50 residues segment could become
exposed due to a conformational change. We attempted to detect
the difference in the association with Gq of cleaved and uncleaved
TSHR by immunoprecipitation. We used either anti-TSHR or anti-
Gq as immunoprepitating antibodies, but could not detect any sig-
nal. The most likley explanation is that interaction between Gq and
TSHR is too weak [3] and rapid to be reproducibly detected by
immunoprecipitation.

Although in the adult thyroid in vivo the thyrocytes are conflu-
ent and as a consequence TSHR is fully cleaved, a pathological
situation exists – in which cleavage is perturbed: in Graves’ dis-
ease auto-antibodies against the cleavage region inhibit this
process [33].

The data presented in this study apply only to TSHR express-
ing cell lines and cannot be extrapolated with certitude to the
situation in vivo. A situation which apparently contradicts the
necessity of TSHR cleavage for the induction of PLC occurs in dog
thyrocytes [3] and FRTL-5 cells [34]. These cells do not show an
IP response to PLC activation by TSH when grown to confluency
in culture dishes, although the receptor is cleaved [8]. The proba-
ble explanation for the lack of response is, however, not the lack
of activity of the cleaved receptor, but the fact that in this system
TSH cannot get in contact with the receptor. TSH present in the
culture medium can access only the apical surface of the cells,
while the receptor is localized only on the basolateral side, and the
two compartments are isolated by the tight junctions formed
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among the confluent cells, as shown for human thyroid cells in
similar culture conditions [2].

In summary, our results suggest that the cell–cell contacts are
necessary for cleavage of TSHR, which acts as a regulatory step in
inositolphosphate production via PLC activation.
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