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G protein-coupled receptors are regulated by ligand stimu-

lation, endocytosis, degradation of recycling to the cell

surface. Little information is available on the molecular

mechanisms underlying G protein-coupled receptors re-

cycling. We have investigated recycling of the G protein-

coupled thyroid stimulating hormone receptor (TSHR)

and found that it relies on hScrib, a membrane-associated

PDZ protein. hScrib directly binds to TSHR, inhibits basal

receptor endocytosis and promotes recycling, and thus

TSHR signalling, at the cell membrane. We previously

demonstrated that hScrib is associated with a bPIX–GIT1

complex comprised of a guanine nucleotide exchange

factor and a GTPase-activating protein for ADP ribosyla-

tion factors that is involved in vesicle trafficking. We used

dominant-negative constructs and small interfering RNA

to show that TSHR recycling is regulated by the interaction

between hScrib and bPIX, and by the activity of GIT1. In

addition, ARF6, a major target for GIT1, is activated during

TSH stimulation of HEK293 and FRTL-5 thyroid cells, and

plays a key role in TSHR recycling. Thus, we have un-

covered an hScrib–bPIX–GIT1–ARF6 pathway devoted to

TSHR trafficking and function.
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Introduction

G protein-coupled receptors (GPCRs) play central roles in

multiple physiological and pathological processes (Pierce

et al, 2002). GPCRs are activated upon ligand binding,

endocytosed, and may return to the cell surface via a re-

cycling pathway that promotes receptor resensitisation.

Alternatively, endocytosed GPCRs may be redirected to lyso-

somes where they are degraded. The latter process leads to

long-term attenuation of receptor signalling, a process known

as downregulation. Although the endocytosis of these recep-

tors has been well studied, little information is available on

the sorting pathways and, in particular, on the molecular

mechanisms involved in GPCRs recycling to the plasma

membrane.

The GPCR thyrotropin (TSH) receptor (TSHR) plays a key

role in the physiological control of thyroid growth and func-

tion (Vassart and Dumont, 1992). This receptor belongs to a

GPCRs subgroup that also includes the luteinising hormone

(LH) and follicle stimulating hormone (FSH) receptors

(Misrahi and Milgrom, 1997). Hormone binding leads to

receptor activation and cAMP production via the adenylate

cyclase pathway (Vassart and Dumont, 1992).

The localisation and density of TSHRs on thyroid mem-

branes are critical for TSH responsiveness and thyroid func-

tion. Studies of TSHR trafficking in various thyroid and

nonthyroid cells have shown that the receptor is rapidly

internalised by clathrin-coated pits upon stimulation by

TSH (Baratti-Elbaz et al, 1999; Singh et al, 2004). The

human TSHR displays poor downregulation in contrast to

the porcine LH receptor (pLHR). Indeed, most endocytosed

TSHRs recycle back to the plasma membrane by an unknown

mechanism, ready for a new round of activation by TSH.

The TSHR has a carboxy-terminal TVL (T for threonine,

V for valine and L for leucine) motif, a sequence consistent

with a canonical binding site for class I PDZ (PSD-95/Discs

large/ZO1) domains. PDZ domain proteins are cytoplasmic

scaffolding adaptors that play specialised roles in the trans-

port and the localisation of receptors, and in the assembly of

supramolecular signalling complexes (Nourry et al, 2003).

Recent data have highlighted the important role played by the

PDZ protein hScrib (named Scribble in Drosophila) in the

development of vertebrates and invertebrates (Bilder and

Perrimon, 2000; Murdoch et al, 2003). hScrib belongs to the

LAP (LRR And PDZ) protein family, all members of which

have 16 amino-terminal leucine-rich repeats (LRR) and none

to four copies of carboxy-terminal PDZ domains. hScrib was

originally identified as a partner for the oncogenic human

papilloma virus-16 E6 protein (Nakagawa and Huibregtse,

2000). We have recently shown that hScrib is associated with

the bPIX–GIT1 cytoplasmic complex and that this interaction

plays an important role in regulated exocytosis in neuroendo-

crine cells (Audebert et al, 2004). bPIX (PAK-interacting

exchange factor) is a guanine nucleotide exchange factor

for RHO proteins, whereas GIT1 (G protein-coupled receptor
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kinase-interacting protein 1) has a GAP (GTPase-activating

protein) domain specific for the ARF1 and ARF6 small

GTPases. While hScrib is anchored at the basolateral mem-

brane by its LRR domain (Legouis et al, 2003), the identity

of the cell-surface receptors binding to hScrib remains un-

known.

We provide here evidence on the direct interaction be-

tween TSHR and hScrib, and on the function of the hScrib–

bPIX–GIT1–ARF6 pathway in the regulation of TSHR recy-

cling and signalling.

Results

The PDZ motif of the TSHR is involved in receptor

trafficking and interacts with hScrib

PDZ domain binding motifs are involved in the regulation of

protein trafficking (Nourry et al, 2003). We therefore com-

pared the intracellular trafficking of TSHR and TSHR-DTVL, a

TSH receptor lacking the PDZ motif, in HEK293 cell lines

stably expressing these receptors. Cell-surface expression of

the TSHR was quantified in cells that had been incubated at

41C with the biotinylated R5T-34 monoclonal antibody as

described previously (Baratti-Elbaz et al, 1999; Quellari et al,

2003). Only B10% of the wild-type receptors were interna-

lised in the absence of TSH (Figure 1) (Baratti-Elbaz et al,

1999). In the presence of TSH, B40% of the receptors were

internalised after 40 min. Approximately 95% of the receptors

were recycled back to the cell surface after 120 min (Figure 1)

(Baratti-Elbaz et al, 1999). The kinetics of TSHR recycling is

very similar to that reported for other GPCRs expressed in

HEK293 cells (Innamorati et al, 2001). In contrast, the TSHR-

DTVL mutant was constitutively internalised in the presence

or absence of the hormone, and no TSHR-DTVL recycling was

observed, even after 120 min at 371C with TSH (Figure 1).

TSHR-DTVL trafficking was similar to that observed for the

wild-type TSHR in the presence of TSH and monensin, a

recycling inhibitor, reinforcing the idea that the TVL motif is

required for the proper recycling of the TSHR.

We next used two-hybrid assay in yeast to test the inter-

action between the TSHR intracellular domain (Figure 2A)

and class I PDZ domain proteins, including hScrib

(Figure 2B). We found that the full-length hScrib (hScrib)

or the four PDZ domains of hScrib (hScrib-PDZ) interact with

the whole TSHR intracellular domain (TSHR-IC1, residues

685–764) or its C-terminal part (TSHR-IC2, residues 747–764)

(Figure 2C). No interaction was detected for hScrib lacking

the PDZ domains (hScrib-DPDZ; Figure 2C). Neither hScrib

nor hScrib-PDZ interacts with the TSHR lacking the TVL

motif (TSHR-IC1-DTVL and TSHR-IC2-DTVL) (Figure 2C).

No binding occurred between hScrib and the intracellular

domains of the LH (LHR-IC) or FSH (FSHR-IC) receptors.

Furthermore, we did not detect any interaction between the

TSHR and the class I Erbin or PSD95 PDZ domains

(Figure 2C). Finally, we demonstrated that the first and

third PDZ domains are required for the interaction between

hScrib and the TSHR (Figure 2D).

This interaction was confirmed using glutathione-S-trans-

ferase (GST) pull-down assays (Figure 2E). The assays were

performed using HEK293 cell extracts containing endogenous

hScrib (Figure 2E, lysate). We found that hScrib was retained

by the GST-TSHR-IC1 and GST-TSHR-IC2 fusion proteins but

not by the truncated proteins (GST-TSHR-IC1-DTVL and GST-

TSHR-IC2-DTVL) (Figure 2E). No interaction was detected

between hScrib and the control proteins (GST alone, GST-

LHR-IC or GST-FSHR-IC), demonstrating that the interaction

between the PDZ domains of hScrib and the C-terminus of the

TSHR is specific.

Binding of hScrib to the TSHR is detected in HEK293

and FRTL-5 thyroid cells

Co-immunoprecipitation assays were performed using

HEK293 cells transiently transfected with expression vectors

encoding either TSHR or TSHR-DTVL. In Western blot, the

T5U-317 antibody recognises two monomeric precursors

(B95 and B120 kDa) and an B60 kDa mature extracellular

a subunit of the cleaved heterodimeric TSHR (Misrahi and

Milgrom, 1997) (Figure 3A, IB TSHR). hScrib co-immunopre-

cipitates with the TSHR in the absence of TSH (Figure 3A,

lane 2, IB hScrib). The amount of co-immunoprecipitated

hScrib was B2.570.5-fold higher (mean7s.d., n¼ 3) when

cells were treated with TSH (Figure 3A, lane 3, IB hScrib, and

Figure 3B). hScrib did not co-immunoprecipitate with TSHR-

DTVL in the presence or absence of TSH (Figure 3A, lanes 5

and 6, IB hScrib) or with the FSHR (Figure 3A, lanes 8 and 9,

IB hScrib). In Western blot, the FSHR-323 antibody recognises

an B62 kDa precursor and the B80 kDa mature FSH receptor

(Figure 3A, IB FSHR) (Nechamen and Dias, 2003). To demon-

strate the existence of an endogenous complex containing

TSHR and hScrib, we performed co-immunoprecipitations

using protein extracts of the FRTL-5 rat thyroid cell line, an

untransformed and TSH-dependent cell line that expresses

several features of thyroid differentiation (Ambesi-

Impiombato et al, 1980). The endogenous interaction be-

tween TSHR and hScrib was observed in FRTL-5 cells, con-

Figure 1 The PDZ motif of the TSHR regulates receptor trafficking.
Receptor expression at the cell surface in HEK293-TSHR (B, E, K)
or HEK293-TSHR-DTVL (&, m) cells. Cells were incubated with the
biotinylated R5T-34 monoclonal antibody. Cell-surface receptor–
antibody complexes were quantified as described previously
(Baratti-Elbaz et al, 1999). TSH (10 IU/l) and monensin (40 mM)
were also added to the incubation medium as indicated. Bars show
the s.d. of duplicate experiments.
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firming our results in transfected cells (Figure 3C, lane 2, IB

hScrib). In contrast to HEK293 cells, we observed no sig-

nificant increase of TSHR-hScrib co-immunoprecipitation in

FRTL-5 cells upon addition of TSH (n¼ 3) (Figure 3C, lane 3,

IB hScrib), suggesting that this effect may be cell context-

dependent.

hScrib is targeted to the basolateral membrane of

MDCK and thyroid cells and colocalises with the TSHR

The TSHR is present at the basolateral membrane of thyroid

cells (Loosfelt et al, 1992) as well as of epithelial Madin-

Darby canine kidney (MDCK) cells that ectopically express

the receptor (Beau et al, 2004). hScrib is a membrane-

associated protein also retained at the basolateral membrane

of polarised epithelial cells (Dow et al, 2003). Accordingly,

hScrib and the TSHR colocalised at the basolateral membrane

domain of polarised MDCK cells (Figure 4A). Immuno-

cytochemical and immunofluorescence confocal analysis

also revealed that hScrib was restricted to the basolateral

membrane of rat thyrocytes and colocalised with the TSHR

(Figure 4B).

hScrib inhibits basal TSHR internalisation and promotes

recycling of the receptor

The role of hScrib in TSHR trafficking was studied in HEK293-

TSHR cells transfected with a dominant-negative form of

hScrib (hScrib-PDZ) containing the four PDZ domains fused

to the green fluorescent protein (GFP) (Audebert et al, 2004).

As shown in Figure 5A, TSHR was constitutively internalised

in these cells and no receptor recycling was observed

Figure 2 Direct interaction between the PDZ domain of hScrib and the C-terminus of the human TSHR. (A) Schematic representation of the
human TSHR constructs used as baits in the yeast two- hybrid assay. ECD: extracellular domain; TM: transmembrane domain; IC: intracellular
domain; K: PDZ motif of the TSHR. (B) Schematic representation of the hScrib constructs used as preys. LRR: leucine-rich repeats; PDZ: four
PDZ domains (1–4) of hScrib. (C, D) PDZ-dependent interaction between hScrib and TSHR detected by yeast two-hybrid analysis. Interactions
were revealed by a growth on �HIS plates and a positive b-galactosidase activity (þ if positive, � if negative). ND: nondetermined. (E)
Interaction between endogenous hScrib and the intracellular domain of the TSHR by GST pull-down assay. HEK293 cell extracts were incubated
with the indicated GST fusion proteins. Bound proteins were revealed by immunoblotting (IB) with the anti-hScrib antibody. The position of
the 200 kDa molecular weight marker is shown.
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(Figure 5A). Addition of TSH did not modify TSHR traffick-

ing. In contrast, expression of hScrib-DPDZ, a mutant protein

unable to interact with the TSHR, did not influence TSHR

trafficking.

We next used a 21-bp small interfering RNA (siRNA)

designed to decrease the expression of hScrib. HEK293-

TSHR cells transfected with hScrib siRNA expressed low

amounts of hScrib protein at 72 h post-transfection

(Figure 5B). In the absence of TSH, the decrease of hScrib

expression led to the constitutive internalisation of TSHR

(data not shown). The recycling of TSHR was also suppressed

upon addition of TSH. TSHR trafficking was not affected by

the expression of the Lano siRNA control (Figure 5B).

These results show that in the absence of TSH, hScrib

inhibits basal receptor internalisation and stabilises TSHR

expression at the plasma membrane. After hormone stimula-

tion, hScrib is required for redirecting the internalised TSHR

into the recycling pathway.

hScrib controls TSHR signalling at the plasma

membrane

Given the impact of hScrib on TSHR expression at the cell

surface, we examined hormone-induced cAMP accumulation

in cells when the interaction between hScrib and TSHR is

prevented. cAMP concentrations were measured in HEK293

transfectants exposed to cycloheximide, an inhibitor of pro-

tein synthesis, and then stimulated with 3 IU/l of TSH for

20 min before being lysed. cAMP levels increased B15-fold in

cells expressing TSHR after incubation with TSH (Figure 5C).

In contrast, cells expressing TSHR-DTVL or coexpressing

TSHR and GFP-hScrib-PDZ mutant showed an B60% de-

crease of hormone-induced cAMP accumulation when com-

pared to cells expressing TSHR alone (Figure 5C). The

decrease of cAMP concentration is probably an effect of the

downregulation of cell-surface TSHR in these cells (Figures 1

and 5A). These results show that the interaction between

hScrib and TSHR is important to promote receptor signal

transduction at the plasma membrane.

A TSHR lacking the PDZ motif is targeted to late

endosomal and lysosomal compartments

The impairment of TSHR recycling by disruption of the

interaction with hScrib suggests that the internalised receptor

is sequestered in intracellular compartments or redirected to

the lysosomes. We compared the intracellular routes taken by

the wild-type and mutated TSHR by immunofluorescence and

confocal analysis. Receptor subcellular localisation was fol-

lowed in HEK293 cells expressing TSHR or TSHR-DTVL using

the following intracellular compartment markers: early en-

dosomal antigen 1 (EEA-1) for the early endosomes, GTPase

Rab11 for the perinuclear recycling compartment and lyso-

some-associated membrane protein 2 (LAMP2) for the late

endosome and lysosome. TSHR and TSHR-DTVL were initi-

ally present at the plasma membrane (data not shown), and

were internalised and transported to EEA1-positive vesicles

after 30 min of incubation at 371C with TSH (Figure 6A and

B). After 60 min with TSH, the TSHR was detected in the

perinuclear recycling compartment where it partially co-

localised with Rab11. In contrast, the TSHR-DTVL did not

colocalise with Rab11 and accumulated extensively in the

LAMP2-positive vesicles. Colocalisation with LAMP2 was

minimal in the case of the TSHR. Cell-surface biotinylation

experiments were carried out and the proteolysis rate of

TSHR and TSHR-DTVL was quantified. As shown in

Figure 7A, the B60 kDa a subunit of the mature heterodi-

meric receptor was heavily biotinylated. Overexposure of the

autoradiograms also allows the detection of the mature

monomeric precursor (not shown). The TSHR-DTVL receptor

was significantly proteolysed after incubation of 4 h at 371C,

whereas the expression of the wild-type receptor remained

stable during the same period of time (Figure 7B). These

results are consistent with the hypothesis that the C-terminal

PDZ binding motif of the TSHR plays a role in the sorting of

internalised receptors to the recycling compartment.

Receptors lacking association with hScrib are misrouted to

the late endosomal and the lysosomal pathway where they

are degraded.

TSHR recycling requires a functional hScrib–bPIX–GIT-1

protein complex

We have previously described an hScrib–bPIX–GIT1 complex

in mammalian cells (Audebert et al, 2004). bPIX is an

exchange factor for Cdc42 and Rac small GTPases, whereas

GIT1 contains an active ARF (ADP ribosylation factor) GAP

domain (Premont et al, 2004). bPIX and GIT1 are strongly

Figure 3 Binding of hScrib to the TSHR in HEK293 and FRTL-5
thyroid cells. (A) HEK293 cells were transiently transfected
with expression vectors encoding TSHR, TSHR-DTVL or FSHR.
Immunoprecipitations (IP) were performed using the anti-TSHR
(T5U-51) and anti-FSHR (FSHR-323) monoclonal antibodies.
Western blots (IB) were carried out using the following antibodies:
polyclonal anti-hScrib (IB hScrib); monoclonal anti-TSHR, T5U-317
(IB TSHR); or monoclonal anti-FSHR, FSHR-323 (IB FSHR). Lanes 1,
4, 7: control lysates; lanes 2, 5, 8: cells incubated in the absence of
hormone; lanes 3, 6, 9: cells stimulated by 10 IU/l of TSH or 3 IU/l of
FSH. Black arrows indicate molecular weight markers (kDa). (B)
The increased co-immunoprecipitation between TSHR and hScrib
in cells stimulated by TSH was quantified (mean7s.d., n¼ 3) using
the Scion Image software. (C) FRTL-5 cells were lysed, and im-
munoprecipitation and Western blots were performed as described
in (A). Lane 1: control lysate; lane 2: cells incubated in the absence
of hormone; lane 3: cells incubated with 10 IU/l of TSH.
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associated through a direct protein–protein interaction and

act as both enzymes and scaffold proteins (Premont et al,

2004). We hypothesised that bPIX and GIT1 are involved in

TSHR recycling. Overexpression of Flag-bPIX did not affect

TSHR trafficking (Figure 8A). Expression of a mutant unable

to interact with hScrib (Flag-bPIX-DTNL) (Audebert et al,

2004) did not increase the basal levels of receptor internalisa-

tion (Figure 8A), arguing against a role of bPIX in receptor

retention at the plasma membrane. In contrast, TSHR recy-

cling was impaired in cells treated with TSH. The exchange

activity of bPIX for Rac or Cdc42 was not required for TSHR

recycling since overexpression of the bPIX L238R-L239S

mutant that lacks enzymatic activity (Lee et al, 2001) did

not affect hormone-activated TSHR recycling (Supplementary

Figure S1). We confirmed the role of bPIX using bPIX siRNA,

which almost completely suppressed bPIX expression in

HEK293-TSHR cells (Figure 8B, inset) and abolished receptor

recycling (Figure 8B). Our data demonstrate that bPIX plays

a role in TSHR recycling and suggest that its interaction

with hScrib, but not its enzymatic activity, is required for

TSHR recycling.

We then examined the role of GIT1 in receptor trafficking.

GIT1 has both ARF6 and ARF1-GAP activity. ARF6 and ARF1

are small GTPases involved in vesicle trafficking whose

activity is positively regulated by GEF proteins including

ARNO (ARF nucleotide binding site opener) (Chavrier and

Goud, 1999). Overexpression of GIT1 promoting ARF-GDP

loading suppressed postendocytotic recycling of the TSHR

(Figure 8C). The ARF-GAP activity of GIT1 is necessary for

this inhibition because overexpression of GIT1 R39A, a

mutant devoid of GAP activity (N Vitale and RT Premont,

unpublished data), failed to do so (Figure 8C).

Figure 4 Localisation of hScrib in MDCK and thyroid cells. (A) Confocal microscopy analysis of the distribution of the ectopically expressed
TSHR (red) and endogenous hScrib (green) in polarised MDCK cells. XY (upper panel, taken in the plane of the lateral membrane domain) and
XZ (lower panel): sections of a selected area of labelled cells. (B) Immunocytochemistry and confocal analysis on thyroid glands. In the top
panel is shown an immunocytochemical localisation of hScrib at the lateral membrane (black arrow) of the epithelial cells (E) and its exclusion
of the apical membrane (white arrow). L: glandular lumen. Magnification: � 100. Lower panel: immunofluorescence and confocal microscopy
analysis showing colocalisation between TSHR and hScrib in rat thyroid cells.
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Overexpression of ARNO did not modify receptor traffick-

ing, whereas overexpression of ARNO E156K, a catalytically

inactive mutant (Frank et al, 1998), totally suppressed re-

ceptor recycling (Figure 8C). These results suggest that ARNO

promotes TSHR recycling and that the guanine nucleotide

exchange activity of ARNO is necessary for this process.

Taken together, our data suggest that the recycling of TSHR

not only requires hScrib, but also the proteins that modulate

the activity of the ARF small GTPases, such as GAP (GIT1)

and GEF (ARNO) proteins.

TSHR recycling requires the activation of ARF6

GIT1 and ARNO regulate the activity of ARF6 and ARF1. To

determine which of these small G proteins is implicated

in TSHR recycling, we overexpressed GDP-bound forms of

ARF6, ARF6 T27N (D’Souza-Schorey et al, 1995), and of

ARF1, ARF1 T31N (Peters et al, 1995), in HEK293-TSHR

Figure 5 hScrib inhibits basal TSHR internalisation and promotes
TSHR recycling and signalling at the plasma membrane. (A) TSHR
trafficking was measured in HEK293-TSHR cells (control, ~) ex-
pressing the GFP protein fused to the four PDZ domains of hScrib
(hScrib-PDZ, K, m) or to an hScrib mutant lacking the PDZ
domains (hScrib-DPDZ, &). (B) TSHR trafficking was measured
in HEK293-TSHR cells (control, ~) transfected with hScrib siRNA
(m) or Lano siRNA (&). Inset: Western blot analysis using anti-
hScrib antibody (IB hScrib) on protein extracts of mock transfection
(lane 1), transfection with hScrib siRNA (lane 2) or transfection
with Lano siRNA (lane 3; control). The blot was reprobed with an
anti-a-tubulin antibody (IB a-tubulin) to evaluate sample loading.
In (A) and (B), cell-surface receptor–antibody complexes were
quantified as described in Figure 1. Bars show the s.d. of duplicate
experiments. (C) The effect of TSHR trafficking on signal transduc-
tion. HEK293 cells were transiently transfected with the pSG5 vector
(mock), pSG5-TSHR (TSHR), pSG5-TSHR-DTVL (TSHR-DTVL),
GFP-hScrib-PDZ (hScrib-PDZ), or cotransfected with pSG5-TSHR
and GFP-hScrib-PDZ (TSHRþhScrib-PDZ). cAMP concentrations
were measured before (white bars) and after stimulation with 3 IU/l
of TSH (black bars). The intracellular cAMP concentrations are
expressed in nmol/l.

Figure 6 The TSHR lacking the PDZ target motif is targeted to the
late endosomal and lysosomal compartment. Intracellular traffick-
ing of TSHR (A) and TSHR-DTVL (B) receptors in HEK293 cells was
monitored by confocal microscopy. The receptors were detected
using the R5T-34 monoclonal antibody. Labelled cells were incu-
bated at 371C for 30 min and stained with anti-EEA1 antibody, or for
60 min and stained with anti-Rab11 and anti-LAMP2 antibodies.
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cells. Overexpression of ARF6 T27N, but not of wild-type

ARF6 or ARF1 T31N, strongly inhibited receptor recycling

(Figure 9A). Interestingly, activated ARF1 is mainly found on

intracellular membranes and in the Golgi apparatus, whereas

activated ARF6 is mainly localised at the plasma membrane

(Chavrier and Goud, 1999). These results suggest that activa-

tion of ARF6 regulates the recycling of the TSHR after

hormone-induced internalisation.

To determine whether ARF6 is activated upon receptor

stimulation by TSH, the amount of GTP-bound ARF6 pro-

duced in the HEK293-TSHR cells was quantified using a GST

pull-down assay. A GST-MT2 fusion protein previously shown

to bind GTP-bound ARF6 was used in this assay (Schweitzer

and D’Souza-Schorey, 2002). The level of GTP-bound ARF6

increased markedly after stimulation by TSH, the maximal

response occurring after 120 min of stimulation (Figure 9B).

Densitometric analysis of Western blots revealed an B15-fold

increase of the levels of activated ARF6 after 120 min of TSH

treatment (Figure 9B). In contrast, no increase of GTP-bound

ARF6 was detected in HEK293-TSHR-DTVL cells after TSH

treatment, indicating that the interaction between hScrib

and TSHR is critical for TSH-dependent ARF6 activation

(Figure 9B). Furthermore, decreased amounts of GTP-bound

ARF6 were recovered in HEK293-TSHR cells after transfection

of hScrib siRNA and treatment with TSH when compared to

controls (Figure 9C). The TSH-dependent activation of ARF6

was also confirmed in FRTL-5 thyroid cells. A 6.870.6-fold

increase of the amount of GTP-bound ARF6 was observed

after 120 min of TSH treatment (n¼ 2) (Figure 10A).

Transfection of hScrib siRNA yielded an 8676% decrease

of the expression of hScrib (n¼ 2) (Figure 10A, inset)

and a 71.3712.4% reduction of the amount of ARF6-GTP

(n¼ 2) (Figure 10A). ARF6 activation is thus promoted by

Figure 7 The TSHR-DTVL receptor is degraded more rapidly than
the wild-type TSHR. (A) Cell-surface biotinylation of TSHR and
TSHR-DTVL was performed in stably transfected HEK293 cells.
After incubation at 371C for the indicated times, biotinylated
receptors were retained on streptavidin-agarose and revealed with
the T5U-317 monoclonal antibody. PD: pull-down; IB: immunoblot.
A representative immunoblot is shown from three independent
experiments. The size of the molecular weight markers is indicated
on the right in kDa. (B) Biotinylated TSHR was quantified using the
Scion Image software. Values are expressed as the percentage of the
initial value (mean7s.d., n¼ 3 for TSHR, n¼ 4 for TSHR-DTVL).

Figure 8 The hScrib–bPIX–GIT1 complex is necessary for TSHR
recycling. In (A–C), cell-surface receptor–antibody complexes were
quantified as described in Figure 1. Bars show the s.d. of duplicate
experiments. (A) HEK293-TSHR cells (control, B) were transfected
with an expression vector encoding bPIX (K) or a bPIX-DTNL
mutant (J). TSH (10 IU/l) was added to the medium for the control
(E) or the cells expressing bPIX-DTNL (&). (B) HEK293-TSHR
cells (control, E) were transfected with bPIX siRNA (&) or Lano
siRNA (m). Inset: Western blot analysis using the anti-bPIX anti-
body (IB bPIX) on cellular extracts of mock transfection (lane 1),
transfection with bPIX siRNA (lane 2) or transfection with Lano
siRNA (lane 3; control). The blot was reprobed with an anti-a-
tubulin antibody (IB a-tubulin) to evaluate sample loading. (C)
HEK293-TSHR cells (control, E) were transfected with expression
vectors encoding GIT1 (K), ARNO (&) or mutant proteins (GIT1
R39A, J; ARNO E156K, m). TSH (10 IU/l) was added to the
medium.
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TSH, and hScrib appears to be a key element in this process

(Figure 10B).

Discussion

hScrib is expressed at the basolateral membrane of thyroid

follicular cells, a site where the TSHR is also located (Loosfelt

et al, 1992). Deletion of the C-terminal PDZ binding site of the

TSHR does not alter the polarised targeting of the TSHR (Beau

et al, 2004). We demonstrate that this region instead regulates

TSHR internalisation and recycling to the cell surface, and

that hScrib plays a key role in the intracellular trafficking of

this GPCR. hScrib inhibits basal TSHR internalisation in the

absence of TSH and promotes recycling of the internalised

receptor upon hormone stimulation. Because the number of

receptors recycled back to plasma membrane is a key element

for TSH responsiveness and TSHR signalling, disruption of

TSHR recycling by the expression of hScrib dominant-nega-

tive constructs impinges on the accumulation of cAMP

(Figure 10B).

Previous works have already shown that PDZ proteins play

a role in GPCR endocytosis. Indeed, PSD-95 inhibits b1-

adrenergic receptor (Xiang and Kobilka, 2003), N-methyl-D-

aspartate receptor (NMDA) (Roche et al, 2001) and 5HT2A

receptor internalisation (Xia et al, 2003). The mechanism

underlying the inhibition of basal TSHR endocytosis by

hScrib is not clearly defined. One possibility is that hScrib

mediates the assembly of a protein complex at the plasma

membrane that prevents internalisation of the TSHR, possibly

by masking an endocytotic signal. Exposure of TSHR to

TSH promotes internalisation; a conformational change in

Figure 9 The TSHR recycling pathway requires the activation of
ARF6. (A) HEK293-TSHR cells (control, E) were transfected with
expression vectors encoding ARF6 (m), a dominant-negative form
of ARF6 (ARF6 T27N, &) or a dominant-negative form of ARF1
(ARF1 T31N, K). Quantification of cell-surface receptor–antibody
complexes was determined in the presence of TSH, as described in
Figure 1. Bars show the s.d. of duplicate experiments. (B) Activation
of ARF6 is TSH-dependent and requires the PDZ motif of the TSHR.
The amount of activated GTP-bound ARF6 was assessed at the
indicated time points using a GST-MT2 pull-down assay on extracts
of HEK293-TSHR (left panel, upper blot) and HEK293-TSHR-DTVL
(left panel, lower blot) cells stimulated by TSH. Bound proteins
were detected by immunoblotting with anti-ARF6 antibodies and
quantification was carried out by densitometric analysis (right
panel). Activation is expressed in arbitrary units for cells expressing
TSHR (black bars) and TSHR-DTVL (white bars) and is plotted
against the time of TSH exposure (min). The results shown are the
means7s.d. (TSHR: n¼ 4; TSHR-DTVL: n¼ 2). (C) The amount of
activated GTP-bound ARF6 (upper panel) was assessed as in (B) at
120 min in the absence (�) or in the presence (þ ) of TSH in
HEK293-TSHR cells transfected with no siRNA (control), or with
hScrib or Lano siRNA. Densitometric analysis (lower panel) was
carried out as in (B). Black bars: þTSH; white bars: �TSH. The
results shown are the means7s.d. (n¼ 2).

Figure 10 hScrib regulates ARF6 activity in FRTL-5 thyroid cells.
(A) FRTL-5 cells were transfected with a vector encoding hScrib
siRNA or a control vector. The amount of activated GTP-bound
ARF6 (left panel) was assessed as in Figure 9 at 120 min in the
absence (�TSH) or in the presence (þTSH, 120 min) of TSH.
Densitometric analysis (right panel) of GTP-bound ARF6 was
carried out as in Figure 9. The results shown are the means7s.d.
(n¼ 2). The inset shows Western blots performed with extracts
from control (C) or hScrib siRNA-transfected FRTL-5 cells probed
with anti-hScrib or anti-a-tubulin antibodies. (B) Model of the
molecular machinery implicated in TSHR recycling and signalling.
Upon TSH stimulation and binding to hScrib, the TSHR is targeted
to the Rab11þ (LAMP2�) recycling compartment. TSH also pro-
motes GTP loading of ARF6 and cAMP production (left panel). In
the absence of binding to hScrib, TSHR-DTVL is directed to a
LAMP2þ (Rab11�) late endosomal and lysosomal compartment
and is downregulated. PM: plasma membrane.
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receptor structure or post-translational modifications may

unlock this effect.

While the mechanisms involved in GPCR endocytosis have

been extensively studied, little is known about those govern-

ing their routing between recycling endosomes and late

endosomes or lysosomes (von Zastrow, 2003). The mechan-

ism underlying the sorting of internalised b2-adrenergic

receptors between these compartments has been partially

uncovered and is mediated by the NHERF/EBP50 PDZ protein

(Cao et al, 1999). NSF (N-ethylmaleimide-sensitive factor), a

non-PDZ domain protein, was initially considered an impor-

tant determinant of b2-adrenergic receptor recycling (Cong

et al, 2001), but a recent work attributes to NHERF/EBP50 the

major role in this process (Gage et al, 2004). NHERF/EBP50

also binds to the C-terminus of the human k opioid receptor

and enhances its recycling rate (Li et al, 2002). In the case of

the human LHR, the recycling is regulated by the binding of

the GIPC (GAIP-interacting protein C-terminus) PDZ protein

to the cytoplasmic tail of the receptor (Hirakawa et al, 2003).

Our results, combined with those of recent studies (Gage

et al, 2004), indicate that PDZ proteins are part of a general

mechanism implicated in the recycling of endocytosed

GPCRs. PDZ domain proteins most likely do not act alone

in this process and it is important to gain more insights into

the molecular networks associated to these proteins.

In this study, we have demonstrated that bPIX and GIT1,

two proteins associated with hScrib (Audebert et al, 2004),

are required for TSHR recycling. Expression of bPIX and

interaction between hScrib and bPIX are required for TSHR

recycling. hScrib probably scaffolds TSHR and bPIX when

TSHR binds to PDZ1 and PDZ3 domains (Figure 2D) and bPIX

binds to all four PDZ domains (Audebert et al, 2004) of

hScrib. Overexpression of GIT1 did not modify TSH-mediated

receptor endocytosis but led to an inhibition of receptor

recycling. This result contrasts with previous studies, indicat-

ing that GIT1 is involved in the endocytosis of several GPCRs,

including the b2-adrenergic receptor (Claing et al, 2000).

GAP and GEF proteins regulate the function of small

GTPases that are required for multiple biological processes,

including protein trafficking and signal transduction.

Increased amounts of GTP-bound ARF6 probably promoted

by ARNO were present in cell extracts following TSH stimu-

lation. We showed that TSHR/hScrib interaction was

required for ARF6 activation in epithelial HEK293 and thyroid

FRTL-5 cells.

ARFs are ubiquitously expressed small GTP binding pro-

teins. They are essential components of the machinery that

regulates membrane trafficking along the endocytic and

biosynthetic pathways (Chavrier and Goud, 1999). ARF6

plays a role in cell-surface receptor trafficking. It is involved

in b2-adrenergic receptor endocytosis (Claing et al, 2001) and

LH/CG receptor desensitisation (Mukherjee et al, 2000).

ARF6 also regulates constitutive recycling of the transferrin

receptor in CHO cells (D’Souza-Schorey et al, 1995). In

addition, a novel plasma membrane–endosomal recycling

pathway regulated by ARF6 distinct from transferrin-positive

endosomes has been identified (Radhakrishna and

Donaldson, 1997). Stimulation-dependent recycling of integ-

rins is regulated by both ARF6 and Rab11 (Powelka et al,

2004). ARF6 is necessary to promote the endocytic process of

a variety of GPCRs internalised via clathrin-coated and non-

clathrin-coated vesicle pathways and the caveolae pathway

(Houndolo et al, 2004). TSHR, which internalises through

clathrin-coated vesicles (Baratti-Elbaz et al, 1999), is an

exception since the expression of ARF6 T27N blocks TSHR

recycling but not endocytosis. Similarly, the internalisation of

the vasoactive intestinal peptide receptor is not modified by

ARF T27N or overexpressed GIT1 (Claing et al, 2000;

Houndolo et al, 2004).

In this study, we have identified a novel pathway devoted

to TSHR trafficking and signalling that involves hScrib, bPIX,

GIT1 and ARF6. Future directions will aim to unravel other

components of this signalling pathway and to determine its

role in the recycling and signalling of other GPCRs.

Materials and methods

Cells, antibodies and reagents
HEK293 and FRTL-5 cells were grown and transfected as described
(Ambesi-Impiombato et al, 1980; Atger et al, 1999). The efficiency
of cell transfection was X50% in all experiments. HEK293 cells
stably expressing the wild-type human TSHR (HEK293-TSHR) or
the DTVL receptor (HEK293-TSHR-DTVL) were established as
described (Atger et al, 1999). For siRNA transfection, HEK293-
TSHR cells were transfected using oligofectamine reagent (Invitro-
gen Co., Cergy-Pontoise, France).

The monoclonal antibodies directed against the TSHR (R5T-34,
T5U-317, T5U-51) and FSHR (FSHR-323) have been described
previously (Loosfelt et al, 1992; Vannier et al, 1996; de Bernard
et al, 1999). Anti-hScrib (C20 and K21), anti-EEA1, anti-Rab11, anti-
LAMP2 and anti-a-tubulin polyclonal antibodies are from Santa-
Cruz (Tebu-Bio, Le Perray en Yvelines, France). Anti-bPIX and anti-
GIT1 polyclonal antibodies were obtained from BD Biosciences (Le
Pont de Claix, France). Anti-ARF6 polyclonal antibody is a gift from
J Donaldson (Laboratory of Cell Biology, NHLBI, NIH, USA).

Bovine TSH, monensin, cycloheximide and the anti-mouse Cy3-
conjugated secondary antibody are from Sigma (St Quentin
Fallavier, France). 125I-labelled streptavidin was obtained from
Amersham Pharmacia Biosciences (Orsay, France). Recombinant
human FSH (hFSH) was obtained from Serono (Boulogne-Bill-
ancourt, France). Anti-rabbit Alexa488-conjugated and anti-goat
Alexa647-conjugated secondary antibodies were purchased from
Molecular Probes (Netherlands).

Plasmids and siRNA
The pSG5-hTSHR-DTVL eukaryotic expression vector was con-
structed using pSG5-hTSHR as the template (Atger et al, 1999) by
site-directed mutagenesis (QuickChange Mutagenesis kit, Strata-
gene).

For the two-hybrid screen in yeast, baits and preys were
constructed using pBTM116 and pACT2 vectors, respectively. The
hScrib, Erbin and PSD95 prey constructs have been described
previously (Saito et al, 2001; Audebert et al, 2004). The following
vectors were constructed: pBTM-hTSHR-IC1 (residues 685–764),
pBTM-hTSHR-IC1-DTVL (residues 685–761), pBTM-hTSHR-IC2 (re-
sidues 747–764), pBTM-hTSHR-IC2-DTVL (residues 747–761),
pBTM-pLHR-IC (residues 628–696) and pBTM-hFSHR (residues
633–695). The pDEST15 (Invitrogen) vector was used to produce
the corresponding GST fusion proteins. hScrib, bPIX, GIT1 and
ARNO constructs have already been described (Premont et al, 1998;
Caumont et al, 2000; Audebert et al, 2004).

The following siRNAs were purchased from Qiagen (Courta-
boeuf, France): AACGATCTGGAAGTGCTGCCA for human hScrib
siRNA, TGACCTGGAAGTGCTGCCT for rat hScrib siRNA in pSuper
vector (Oligoengine) and AAACGATTCCGGATGGCATTG for Lano
siRNA. The human b-PIX siRNA has been described previously
(Park et al, 2004).

Yeast two-hybrid system
The yeast strain L40 was cotransformed with the bait and prey
plasmids using a polyethylene glycol–lithium acetate protocol and
colonies were grown on selection plates lacking leucine and
tryptophan to select for colonies containing both plasmids. After 3
days, colonies were streaked on plates lacking leucine, tryptophan
and histidine. Filter-based b-galactosidase assays were performed
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according to the MATCHMAKER two-hybrid kit (Clontech) (Borg
et al, 2000).

Protein procedures
In the following methods, all experiments were reproduced at least
three times in duplicate unless indicated. Western blot and GST
pull-down assays were performed as described previously (Aude-
bert et al, 2004). GTP-bound ARF6 was detected using a GST-MT2
pull-down assay (Schweitzer and D’Souza-Schorey, 2002). Equal
amounts of cell extracts were incubated for 1 h at 41C with GST-MT2
fusion protein conjugated to glutathione beads. Bound proteins
were subjected to SDS–PAGE on a 12% gel. Western blots were
performed using anti-ARF6 antibodies (Vitale et al, 2002). The
density of the immunoreactive ARF6-GTP band was quantified
using a Fuji phosphorimager and values are expressed in arbitrary
units.

Transiently transfected HEK293 cells were stimulated by incuba-
tion for 30 min in DMEM containing 20 mM Hepes, 0.1% BSA and
either 10 IU/l of TSH or 3 IU/l of recombinant hFSH. FRTL-5 cells
grown in the absence of TSH for an overnight period were
unstimulated or stimulated by 10 UI/l of TSH in Coon’s medium.
Cell extracts were prepared as previously described (Atger et al,
1999). TSHR was immunoprecipitated by overnight incubation at
41C with 20 mg of a monoclonal antibody (T5U-51) recognising the
extracellular domain of the receptor. Complexes were then
harvested by incubation with protein G (Amersham Pharmacia,
Orsay, France). Bound proteins were analysed by Western blotting
using anti-hScrib (C20) antibody or monoclonal anti-TSHR (T5U-
317) or anti-FSHR (FSHR-323) antibodies.

cAMP assay
Transiently transfected HEK293 cells were incubated with 3 IU/l of
TSH and 70 mM cycloheximide. Total cAMP concentration was
measured as described previously (Quellari et al, 2003).

Internalisation and recycling of receptor–antibody complexes
To measure the internalisation of the receptors (Baratti-Elbaz et al,
1999; Quellari et al, 2003), HEK293 cell lines stably expressing
the wild-type and the mutant TSHR were incubated at 41C, in
the presence or absence of TSH, with the biotinylated R5T-34
monoclonal antibody recognising an extracellular epitope of the
receptor (Baratti-Elbaz et al, 1999). After washing to remove
unbound antibodies, the cells were incubated for different periods
of time at 371C to allow receptor–antibody complexes internalisa-
tion. The amount of biotinylated antibodies remaining at the cell
surface was then quantified by measuring the binding of 125I-
labelled streptavidin. Experiments were performed in duplicate and
at least three times.

Immunocytochemistry and immunofluorescence analysis
Formol-fixed and paraffin-embedded frozen rat thyroid glands were
sectioned (thickness: 5mm) and immunolabelled as described
(Loosfelt et al, 1992) with a goat anti-hScrib antibody (K21).
Detection was by using the peroxidase technique.

For immunofluorescence analysis, HEK293-TSHR or HEK293-
TSHR-DTVL cells (105 per well) were incubated for 30 min at 41C
with a monoclonal anti-TSHR antibody (R5T-34) in the presence of
3 IU/l of TSH. Cells were then incubated at 371C for the indicated
time periods. Cells were then fixed, permeabilised and incubated for
2 h with antibodies directed against EEA1, Rab11 and LAMP2.
Fluorescent secondary antibodies were applied sequentially (Bar-
atti-Elbaz et al, 1999). More than 60% of the cells display the
colocalisation of TSHR with EEA1, Rab11 and LAMP2. Indirect
immunofluorescence was performed on polarised MDCK cells
stably expressing the TSHR (Beau et al, 2004) or on rat thyroid
cells. The cells were observed with a Zeiss LSM-510 confocal
scanning laser microscope equipped with a 25 mW argon laser,
using a Plan Apochromat 40 objective.

Cell-surface biotinylation
Cell-surface biotinylation was carried out as described in trans-
fected HEK-293 cells (Ren et al, 2003) using sulpho-NHS-SS-biotin
and streptavidin-agarose from Pierce, except that biotinylated
proteins were eluted from the beads using 20 mM Tris (pH 7.5),
50 mM NaCl and 50 mM dithiothreitol for 1 h at 371C.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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