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Abstract

The thyroid-stimulating hormone receptor (TSHR) is a heterotrimeric guanine nucleotide-binding
protein (G protein)- coupled receptor (GPCR). Autoimmune hyperthyroidism, commonly known
as Graves’ disease (GD), is caused by stimulating autoantibodies to the TSHR. We previously
described TSHR-specific antibodies (TSHR-Abs) in GD that recognize linear epitopes in the
cleavage region of the TSHR ectodomain (C-TSHR-Abs) and induce thyroid cell apoptosis instead
of stimulating the TSHR. We found that C-TSHR-ADs entered the cell through clathrin-mediated
endocytosis but did not trigger endosomal maturation and failed to undergo normal vesicular
sorting and trafficking. We found that stimulating TSHR-Abs (S-TSHR-Abs) activated Gag and, to
a lesser extent, Gaq but that C-TSHR-Abs failed to activate any of the G proteins normally
activated in response to TSH. Furthermore, specific inhibition of G proteins in the presence of S-
TSHR-mADbs or TSH resulted in a similar failure of endosomal maturation as that caused by C-
TSHR-mADs. Hence, whereas S-TSHR-mADbs and TSH contributed to normal vesicular trafficking
of TSHR through the activation of major G proteins, the C-TSHR-Abs resulted in GRK2- and p-
arrestin-1-dependent biased signaling, which is interpreted as a danger signal by the cell. Our
observations suggest that the binding of antibodies to different TSHR epitopes may decrease cell
survival. Antibody-induced cell injury and the response to cell death amplify the loss of self-
tolerance, which most likely helps to perpetuate GPCR-mediated autoimmunity.

INTRODUCTION

Heterotrimeric guanine nucleotide—binding protein (G protein)—coupled receptors (GPCRS)
bind to various signaling molecules, yet they share a common architecture that has been
conserved over the course of evolution. The thyroid-stimulating hormone receptor (TSHR) is
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a GPCR and a major autoantigen in Graves’ disease (GD), an autoimmune disorder that
leads to thyroid overactivity through the action of conformationally dependent
autoantibodies specific for the TSHR. Ligand binding to the TSHR initiates its coupling to G
proteins, which become activated by the dissociation of Ga and G-y subunits, including
Gi/o, Gag11, and Ga12/13 subunits (1-5). Hence, agonist binding to the TSHR activates a
number of different G proteins and results in receptor phosphorylation (6, 7) through GPCR
kinases (GRKS). This, in turn, leads to an enhanced association between the TSHR and -
arrestin. B-Arrestin acts as an adaptor protein, which modulates the signal most commonly
resulting in receptor down-regulation (8-10). Despite the identification of clathrin-coated
pits (CCPs) at the cell surface more than 30 years ago, their function in endocytosis has been
elusive (11-13). However, CCPs are a major entry portal for GPCRs whereby clathrin
assembles to form a lattice around the invaginating buds that have captured endocytic cargo
(14, 15). Signaling by transmembrane receptors occurs at the cell surface and throughout the
endocytic pathway, which is responsible for recycling the receptor. Signaling from the cell
surface may differ in magnitude from the downstream output through positive or negative
intracellular modulation of the signal (15, 16). After the internalized receptors are delivered
to endosomes, GPCRs may be rapidly recycled, resulting in resensitization, or they may be
targeted for lysosomal degradation (down-regulation) (17, 18). Furthermore, GPCRs may
continue to signal in a G protein—independent manner after their delivery to endosomes (19).

Antibodies that are specific for the TSHR (TSHR-ADbs) in patients with autoimmune thyroid
disease may be classified as “stimulating,” “blocking,” or “neutral” in terms of their
influence on the TSHR, especially in patients with GD (20-32). Stimulating TSHR-Abs (S-
TSHR-Abs) induces thyroid epithelial cell proliferation through Gas- and Gagy11-coupled
signaling pathways, whereas blocking antibodies inhibit the action of TSH but may also act
as weak agonists (20-23). In contrast, the linear (neutral) type of TSHR-Abs recognizes the
hinge region of the TSHR, including the “cleavage” region (C-TSHR-Abs) of the receptor
ectodomain (amino acid residues 316 to 366). Although they are called neutral because they
are unable to stimulate the generation of the second messenger cyclic adenosine
monophosphate (CAMP) through the activation of Ga, these antibodies are capable of
initiating a cascade of signaling events that lead to programmed cell death (22, 23, 33-35).

The frequency of C-TSHR-Abs in GD ranges from 30 to 90% based on linear epitope
binding to known amino acid residues (23, 24, 33, 35-40). Although the clinical importance
of these antibodies has not been well studied, we characterized their pathophysiological role
in an in vitro thyrocyte culture system (22, 33). These data showed that C-TSHR-Abs
induced apoptosis through multiple stress signaling pathways (22, 23, 33, 35) and that the
failure to sustain key signaling pathways (33) led to thyrocyte death. Here, we asked why
and how these antibodies fail to maintain thyrocyte homeostasis and have extended our study
to begin to dissect the molecular mechanisms involved. Through experiments with a rat
thyrocyte model system, we found that C-TSHR-Abs activated the TSHR through clathrin-
dependent endocytosis but that the engaged receptors failed to undergo the normal vesicular
trafficking and lysosomal degradation processes. C-TSHR-ADbs failed to activate any of the
major G proteins known to couple to the TSHR, but instead, these antibodies stimulated p-
arrestin-1- and GRK-dependent biased signaling. Whereas S-TSHR-Abs contributed to
thyrocyte homeostasis by stimulating endocytic maturation and initiating multiple signaling
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cascades, C-TSHR-Abs induced cell stress and apoptosis as a result of the perturbation of
key signaling molecules. These findings suggest that cellular apoptosis induced by C-TSHR-
Abs may orchestrate overt intrathyroidal, intraorbital, or epidermal inflammatory
autoimmune reactions in GD.

C-TSHR-mAD stimulates p-arrestin—biased signaling in thyrocytes

A feature common to most GPCRs is the cyclical process of signaling, desensitization,
internalization, resensitization, and recycling to the plasma membrane. Although C-TSHR-
mAbs (monoclonal antibodies) bind to specific sites on the TSHR cleavage region, they do
not stimulate CAMP signaling (24), whereas both TSH and S-TSHR-mAbs stimulate CAMP
generation. Therefore, to evaluate the influence of C-TSHR-mADbs on TSHR activity, we
examined the signaling complex by assessing the amount of GRK2 in rat thyrocytes. The
GRKSs constitute a group of protein kinases (seven members in mammals) that specifically
recognize and phosphorylate agonist-activated GPCRs (41, 42). Upon phosphorylation by
GRKs and binding to p-arrestin-1, most GPCRs undergo internalization into clathrin-coated
vesicles (CCVs), which leads to the ubiquitination and dephosphorylation of both GRK2 and
B-arrestin-1 (43). We found that both C-TSHR-mAb and S-TSHR-mADb led to substantial
increases in the amount of phosphorylated GRK2 (pGRK2) with only minor increases in -
arrestin-1 abundance (Fig. 1, A and B); however, consistent with the ability of p-arrestin-1 to
activate extracellular signal-regulated kinases 1 and 2 (ERK1/2) (43), we found that ERK1/2
and protein kinase C (PKC) were phosphorylated in a dose-dependent manner, although
these effects were not sustained over a 24-hour period (Fig. 1, C and D). In addition to
ERK1/2, Akt, and PKC activities, previous studies showed that GRK2- and B-arrestin-1-
biased signaling cascades are activated in response to GPCR ligands (44, 45). In our protein
array studies, we found that both C-TSHR-mAbs and S-TSHR-mAbs also substantially
activated protein phosphatase 2A, p38 mitogen-activated protein kinase (MAPK), the p65
subunit of nuclear factor xB (NF-xB), and the & isoform of PKC (PKC-8) in the same
thyrocytes over 1 hour (Fig. 1E), whereas the activities of p38, Rho-associated kinase 2
(ROCK?2), glycogen synthase kinase 3a, NF-xB p65, and PKC-& in TSH-stimulated cells
were reduced compared to those in cells treated with isotype control antibody (Fig. 1E). C-
TSHR-mADbs alone activated ROCK?2 robustly. TSH and both types of antibody failed to
stimulate any substantial phosphorylation of the known biased signaling molecules cofilin
and c-Jun N-terminal kinase (Fig. 1E). These findings suggest that TSHR-mADbs stimulate
GRK2- and B-arrestin-1-biased signaling at the TSHR to activate an array of signaling
pathways. Because S-TSHR-mADbs, but not C-TSHR-mADbs, stimulated the generation of
CAMP, the biased agonism through GRK2- and p-arrestin-1- dependent signaling likely
does not involve G proteins. These data suggest that C-TSHR-mADbs represent bona fide
biased ligands.

C-TSHR-mADb stimulates clathrin-mediated endocytosis of the TSHR but without normal
vesicular trafficking and sorting

By measuring fluorescently labeled antibody-induced endocytosis and antibody clearance in
FRTL-5 thyrocytes, we evaluated the clathrin- mediated endocytosis (CME) and vesicular
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trafficking of C-TSHR-mADb. Selective inhibitors of CME [Pitstop and phenylarsine oxide
(PAO)] and dynamin (dynasore) confirmed that C-TSHR-mADb entered thyrocytes through
CME; entry was not influenced by inhibitors of caveolin (genistein) or macropinocytosis
(amiloride) (Fig. 2, A to F). In the presence of inhibitors of clathrin and dynamin, there was
no endocytosis of labeled C-TSHR-mADb, S-TSHR-mADb, or TSH. There was almost no
uptake of labeled TSHR-mAb or TSH by the treated cells. Fluorescence intensity (FI; in
arbitrary units) analyses revealed substantially reduced uptake of both labeled TSHR-mAbs
and labeled TSH when cells were treated with Pitstop, rottlerin, dynasore, or PAO (Fig. 2G).
Furthermore, rottlerin, a nonselective inhibitor of PKC-§, also inhibited CME (Fig. 2, B and
G).

Because thyrocytes internalize ligand or antibodies by CME and subsequent vesicular
sorting, we then investigated how thyrocytes cleared the endocytosed C-TSHR-mAb. After
induction of endocytosis with labeled TSHR antibodies or TSH, we quantified the amounts
of labeled TSH and antibodies in the cell culture medium over time, which indicated the
amount of exocytosis occurring. FI analyses indicated that the cells treated with TSH were
more rapidly cleared of labeled ligand than those treated with either S-TSHR-mAb or C-
TSHR-mAD, especially when the endocytosis/exocytosis ratio was determined. After 3
hours, more of the TSHR-mADbs than of TSH remained inside the treated cells (Fig. 2H).
Furthermore, thyrocytes treated with C-TSHR-mADb cleared less of the antibody than did
cells treated with S-TSHR-mADb (Fig. 2H), suggesting that the defect in the sorting
mechanisms was specific to C-TSHR-mAbs.

C-TSHR-mAD fails to induce endosomal maturation in thyrocytes

To examine the intracellular sorting mechanisms involved, we first analyzed the endosomal
response to TSHR activation. Endosomes are a major intracellular compartment involved in
generating sustainable GPCR signaling cascades (12, 13, 46). Once the agonist binds to the
TSHR ectodomain, the receptor enters CCVs by CME, as described earlier, which then
stimulates endosomal maturation (46, 47). To evaluate endosome formation, we treated
thyrocytes with labeled TSHR-mAbs or TSH and examined them for the presence of early
endosomes (EEs) and late endosomes (LEs). We found that the binding of S-TSHR-mAb to
the TSHR induced endosomal formation (Fig. 3A). We then analyzed multiple live-cell
images for the formation of EE or LE spots and also analyzed their colocalization in merged
images. Whereas the S-TSHR-mAD stimulated the formation of both EEs and LEs, the C-
TSHR-mAD failed to initiate normal endosome formation (Fig. 3, B and C). Whereas
clusters of S-TSHR-mAb colocalized with EEs, fewer and deformed endosomes were
induced by C-TSHR-mAD (Fig. 3, A to C). In some cases, the endosomes formed in
response to C-TSHR-mADb appeared to be dilated and distorted or collapsed, lacking their
normal structure. These data suggest that the C-TSHR-mAb was unable to induce normal
EE formation and thus failed to undergo normal vesicular trafficking and sorting, consistent
with the earlier observations from antibody uptake and clearance assays.

C-TSHR-mADb fails to undergo lysosomal degradation

Lysosomes are organelles in the vesicular trafficking systems that degrade endosomal
cargoes (48-50). Because the C-TSHR-mADb showed dysfunctional induction of EEs, it was
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likely that it would also fail to enter the lysosomes. We investigated lysosomal trafficking of
TSHR antibodies and TSH with a lysosomal tracker (Lampl) (Fig. 4A). As predicted,
lysosomes failed to mature in C-TSHR-mAb-treated cells. Those still present were reticular-
like and devoid of their typical three-dimensional structure. In contrast, S-TSHR-mAb and
TSH induced distinctive lysosomes from day 1 (Fig. 4A). Accumulation of labeled C-
TSHR-mADb became prominent on day 3 and formed globular-like structures by day 5 when
the nucleus of the cells became fragmented, as part of the cell death process (apoptosis)
induced by C-TSHR-mAb. As shown earlier, such thyrocytes were unable to induce rapid
exocytosis for clearing the internalized cargoes, whereas S-TSHR-mAb- or TSH-treated
cells demonstrated peripheral localization within the lysosomes by day 3 and were almost all
cleared by day 5. Evaluations on consecutive days revealed a decline in lysosomal protein
abundance under all three conditions, but this decline lagged in the C-TSHR-mAb-treated
cells (Fig. 4B). Labeled C-TSHR-mAb accumulated in the cytoplasm by day 3 (Fig. 4A).
Co-localization of C-TSHR-mAb with lysosomes was almost absent, in contrast with that of
S-TSHR-mAb or TSH (Fig. 4C).

C-TSHR-mADb induces fewer vesicular proteins than does S-TSHR-Ab or TSH

To help evaluate the lack of vesicular trafficking by C-TSHR-mADb, we also examined
protein localization by immunohistochemistry (IHC). The amounts of clathrin light chain
(CLTA), EE (EEAL), lysosome (Lamp1l), and cathepsin E (CTSE), which are all found in
vesicles, were all reduced in the C-TSHR-mAb-treated cells compared to those in S-TSHR-
mAb- or TSH-treated cells. CLTA and EEAL localization in S-TSHR-mAb- or TSH-treated
cells was mostly perinuclear (Fig. 5A, left and middle columns), whereas distinctive spots
scattered throughout the cytoplasm were observed in C-TSHR-mAb-treated cells (Fig. 5A,
right column). These histologic observations were quantified (Fig. 5B) and confirmed by LI-
COR immunoblot assay (Fig. 5, C and D). To determine whether these effects, induced by
C-TSHR-mADb, were also capable of reducing the abundance of other vesicular proteins, we
tested for a Golgi protein (GOPC) and an exocytosis-associated protein (Rab11b) and again
observed lower protein abundance when compared with those in control-TSHR-mAb-
treated cells (fig. S1). Furthermore, syntaxin binding protein 6 (STXbp6), which binds to
components of the SNARE (soluble A-ethylmaleimide—sensitive factor attachment protein
receptor) complex for fusion of synaptic vesicles, showed the opposite effect (fig. S1).
Together, these findings suggest that vesicular dysregulation in thyrocytes is induced by the
C-TSHR-mADb.

C-TSHR-mAD fails to activate major G proteins or sustain signaling

The defects in multiple cellular organelles and signaling events induced by C-TSHR-mAb
suggested that the failure of upstream effectors, G proteins, may be involved, as indicated by
the known lack of cAMP generation. In luciferase reporter assays [Chinese hamster ovary
(CHO)-TSHR overexpression system] for multiple G protein activities (51), C-TSHR-mAb
failed to activate any of the G proteins examined (Fig. 6, A to E). Both S-TSHR-mAbs and
TSH activated Gas, Gag, or both more robustly than they did GBy or Ga12 (Fig. 6A). As
expected, TSH induced the characteristic activation of all four G proteins in a dose-
dependent manner and was substantially different from C-TSHR- mAb (Fig. 6, B to E). The
amount of GBy activity was substantially lower in response to higher concentrations of C-
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TSHR-mAb compared to those of TSH or S-TSHR-mADb (Fig. 6C). The S-TSHR-mADb also
induced statistically significantly greater Gaq activity than did C-TSHR-mAD (at 100 pg/ml)
but much less than did TSH (Fig. 6D). To ascertain the status of selected downstream
effectors in another cell type, we also demonstrated the dose-dependent activation of PKC
and Akt by C-TSHR-mADb in parallel studies with CHO-TSHR cells, which, although not
sustained, was again indicative of G protein—independent signaling (fig. S2, A and B). As
expected, the C-TSHR-mAD also failed to generate CAMP in the CHO-TSHR cells (fig.
S2C).

G protein activation is critical for the formation of endosomes

To determine the mechanism for the failure of endosome formation in C-TSHR-mAb-
treated cells, we performed a series of investigations of live thyrocytes using Rab5a protein
as an EE indicator. After a 1-hour incubation with labeled S-TSHR-mADb, EE formation was
induced and they colocalized with the antibody (Fig. 7A). To determine whether this was
secondary to upstream effector activation, we performed experiments with suramin, a known
Ga-selective inhibitor (52), which we found prevented S-TSHR-mAb-induced EE
formation but not antibody internalization (Fig. 7A). Similarly, Baf-Al, a vacuolar proton—
adenosine triphosphatase inhibitor (53), and guanosine diphosphate (GDP), a guanosine 5’-
triphosphate (GTP) inhibitor that prevents G protein activation, all prevented S-TSHR-mAb-
induced EE formation (Fig. 7A). These data suggest that EE formation in response to S-
TSHR-mADb depended on G protein activation. In contrast, galleon (54), a specific Gy
inhibitor, did not substantially inhibit EE generation (Fig. 7A). These results suggest that
endosome formation was G protein—dependent and critical for subsequent vesicular
trafficking and sorting. To clarify which G protein was responsible for the induction of
endosome formation, we used a TSHR-selective antagonist (anatag3) that inhibits Gag
activation and cCAMP generation (55) and a TSHR-nonselective Gaq11 inhibitor
(YM-254890) (56). Surprisingly, of these two, only the TSHR-selective inhibitor of Gas-
cAMP signaling blocked the formation of endosomes (Fig. 7A). The TSHR- nonselective G
protein inhibitor, SCH 202676 hydrobromide (57), which inhibits agonist- and antagonist-
induced G protein activation, also blocked endosome formation (Fig. 7A). Quantitative FI
analyses confirmed these effects on S-TSHR-mAb-induced EE formation in the presence of
the pharmacological G protein inhibitors (Fig. 7B). Similar data on G protein activities were
obtained from experiments performed with reporter CHO-TSHR cells (fig. S3). These
observations suggest that G proteins induce endosomal signaling for thyrocyte homeostasis
by alternative mechanisms from the cAMP-PKA-CREB (cAMP response element-binding
protein) cascade.

The Ras-PI3K-Rac pathway downstream of G proteins is a key pathway for vesicle

formation

The known major signaling cascades activated by the TSHR include the cAMP-PKA-CREB
pathway through Gas, the phosphatidylinositol 3-kinase (PI3K)-PKC-MAPK-Ca* signaling
pathway through Gaq or GBy, and Rho signaling through Ga 12 (22-24, 33). To determine
which signaling molecules downstream of G proteins were responsible for initiating normal
endosome formation, we performed experiments in which thyrocytes were pretreated with
pathway-selective pharmacological inhibitors of PI3K (wortmannin), c-Raf (Kobe2602), Ras
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(FTasell), or Rac (NSC 23766). Both S-TSHR-mADb and TSH failed to induce the EE and
LE formation (fig. S4A). Although some malformed endosomes were produced, labeled S-
TSHR-mAD did not colocalize with these endosomes. These inhibitors prevented the uptake
of labeled S-TSHR-mADb or TSH, whereas inhibitors of CAMP (5Q22536), PKA (H89),
ERK1/2 (PD98059), PKC (Go 6983), and Rho (Y-27632) had no such effect on EE and LE
formation (fig. S4, A to C). Because some of these inhibitors blocked endosome formation
in response to S-TSHR-mADb, these data suggest a role for Ras, PI3K, and Rac in this
process. To further confirm that Ras, PI3K, and Rac were involved in the induction of
endosome formation, we performed proteomic array analyses. We found that C-TSHR-mAD
activated PI3K to a lesser degree than did either S-TSHR-mAb or TSH and that it failed to
activate the Ras proteins Rafl, pRafl, B-Raf, Rac, or pRac/CDC42 (fig. S4D).

Because Ras family proteins play important roles in cellular homeostasis, including the
regulation of vesicular trafficking and sorting and cellular proliferation and differentiation,
we still considered that Ras was the likely major effector orchestrating endosomal and
lysosomal trafficking. To help evaluate this, we measured the active form of Ras (Ras-GTP)
by immunoprecipitation with Ras-GTP-mAD in the lysates of treated cells and found that C-
TSHR-mAD inhibited Ras-GTP formation more than did S-TSHR-mAb and TSH (fig. S4, E
and F), which is consistent with Ras being one of the main effectors for endosome
formation. We then applied pharmacological inhibitors to our CHO-TSHR reporter cells. We
found that inhibitors of H-Ras, Ras, PI3K, and PAO, but not Rac, had suppressive effects on
all G protein activities in a dose-dependent manner (figs. S5 and S6). Rac and Rho inhibitors
substantially suppressed the activities of Gaq, Gy, and Ga12, whereas inhibitors of cAMP
generation, PKA, and ERK1/2 did not influence any of the G proteins examined. Besides the
Rac inhibitor, these results revealed similar effects on endosome formation in thyrocytes.
Our proposed model (fig. S7) suggests that C-TSHR-mAb blocks multiple G protein
activities, endosome formation, vesicular sorting and trafficking, and signaling, which
contributes to apoptosis through stress or reactive oxygen species (ROS) generation.
Furthermore, we reproduced these effects of C-TSHR-mAD in experiments with the WRT
cell line (from Wistar rat thyroids), the ML-1 line (from a human follicular thyroid cancer),
and 3T3L1 cells (derived from mouse embryonic fibroblasts) and found similar apoptotic
effects as a final readout (fig. S8).

DISCUSSION

Our current observations demonstrate functional differences between conformational
epitope—dependent S-TSHR-Abs and linear- dependent C-TSHR-Abs and uncovered some
of the mechanisms explaining why C-TSHR-ADbs induce the apoptotic death, rather than the
survival, of thyrocytes. Although the C-TSHR-mAb used in our study stimulated the TSHR
to activate GRK2- and B-arrestin-1— dependent signaling, it failed to stimulate key
regulatory signaling pathways. The activation of GRK2 by TSHR-mADbs and the suppression
of GRK2 by TSH indicate that TSHR-mAbs may be only partial agonists. Consistent with
this, the contact residues on the TSHR may also discriminate agonist binding from TSHR-
Ab binding. Enhanced GRK2 activity has been demonstrated in GD (58). To achieve
thyrocyte homeostasis, signaling cascades initiated by multiple G proteins appear to be
crucial for cell survival and the synthesis and secretion of thyroid hormones. TSH, the
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primary ligand for the TSHR, and S-TSHR-Abs exerted these actions in thyrocytes through
activation of the cCAMP-PKA pathway, whereas C-TSHR-ADbs failed to activate this signaling
pathway (59). This likely indicates perturbation in the upstream effectors. Further
characterization of such biased agonism by TSHR-Abs may, therefore, help determine their
precise mechanisms of action in the thyroid glands of GD patients.

Because the C-TSHR-mADb activated the TSHR but was unable to induce sustained
signaling, we hypothesized that C-TSHR-mADb fails to initiate an early event in the signaling
cascade, such as clathrin- dependent receptor endocytosis. However, CME in thyrocytes
treated with C-TSHR-mAb was unchanged when compared to that in thyrocytes exposed to
S-TSHR-mADb. We analyzed all known pathways that contribute to receptor- and
nonreceptor-mediated endocytosis, including caveolin-dependent receptor endocytosis and
macropinocytosis, with multiple selective inhibitors but found no defect. We then
investigated the internalization and clearance of the C-TSHR-Ab. Both TSH and S-TSHR-
Ab underwent more rapid endocytosis and exo-cytosis when compared to the C-TSHR-ADb,
suggesting that this antibody was less able to stimulate key regulatory signals needed for
sorting and trafficking. Defects in vesicular trafficking have been observed previously in
other diseases, such as Alzheimer’s disease (60), Huntington’s disease (61), amyotrophic
lateral sclerosis (62), and other neurodegenerative diseases (60), in which accumulated
proteins within the cytoplasm are unable to undergo proper vesicular sorting (60). Our
observations suggest that the failure of C-TSHR-mADb to stimulate trafficking signals was
responsible for the perturbations in the sorting and clearance mechanisms.

After initiation of the endocytic process through clathrin activation, endosome formation is a
key step in vesicular sorting and trafficking. Whereas S-TSHR-mADb and TSH stimulated
endosomal maturation, C-TSHR-mADb did not. This is consistent with earlier observations
that the ratio between uptake and clearance of labeled C-TSHR-mAb was markedly reduced
compared to that of TSH. Mechanisms underlying endocytic dysregulation remain unclear,
but mutations in genes encoding certain signaling proteins (61) and cellular redox stress (62)
may be involved. A repertoire of proteins is involved in the manufacture of endosomes and
the maintenance of their functions (63). Lysosomes eliminate protein complexes, such as
antibody-receptor aggregates, through enzymatic degradation (64). However, we found that
C-TSHR- mAb complexes did not undergo lysosomal degradation but remained inside the
cytoplasm for a prolonged period. Time-chase experiments demonstrated that the increasing
accumulation of C-TSHR-mADbs induced cell death by day 5. These findings further
confirmed our earlier observations that C-TSHR-mAb was unable to activate essential
signaling molecules required for adequate vesicle formation and function, reminiscent of
lysosomal storage diseases (65).

These observations of the loss of sustained CAMP-PKA-CREB-AKkt signaling in thyrocytes
treated with C-TSHR-mADb provided a clue that upstream effectors, most likely G proteins,
may be the key regulatory elements for multiple signaling events orchestrating endocytosis
and vesicular sorting and trafficking. As expected, C-TSHR-mAD failed to activate any G
proteins, whereas TSH and S-TSHR-mADb stimulated G protein activation. Hence, antibodies
to the TSHR showed biased agonist activities and played roles that were dissimilar to those
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of TSH. This biased signaling may induce previously uncharacterized phenotypic signatures
and, therefore, may be involved in the differing clinical presentations of GD.

When a ligand binds to its GPCR, it causes a conformational change that enables the
receptor to act as a guanine nucleotide exchange factor (GEF). The GPCR thus activates an
associated G protein by enhancing its exchange of GDP bound to the a subunit for GTP. The
activated G protein a subunit then dissociates from the By dimer to further affect
intracellular signaling proteins or target functional proteins directly, depending on the a
subunit type (66). Our results suggest that C-TSHR-mAb may not be capable of stimulating
the GEF activity of the TSHR because of its failure to induce the required conformational
changes in the receptor. Understanding how heterotrimeric G proteins are linked to GPCRs
is key to clarifying the precise mechanisms played by the different TSHR-mADbs.

The importance of G proteins in the context of endosomal maturation in thyrocytes is
unclear. To determine the functions of G proteins in the generation of vesicles, we examined
G protein effects on endosome formation. Our results suggest that certain G protein
disruptors perturbed endosomal formation. However, with S-TSHR-mAb or TSH,
endosomes were formed in the presence of gallein and YM-254890, suggesting that the GBy
and Gag11 proteins were not involved in endosomal maturation. Furthermore, suramin,
which selectively disrupts multiple Ga proteins, blocked endosomal maturation, suggesting
that Ga may be crucial for this process. Because S-TSHR-mADb stimulated endosomal
maturation and also stimulated the activation of Ga. (but not Gpy), this suggests that Ga
plays a central role in endosomal formation. In support of this conclusion, a previous study
showed that Ga plays a role in both GPCR signaling and vesicular trafficking pathways
(67). G protein activities are regulated by factors that control their ability to bind to GTP and
catalyze its hydrolysis to GDP, and as we showed, excess GDP inhibited certain G protein
actions.

Therefore, our results suggest that G protein activation is the driving force in the signaling
necessary for thyrocyte homeostasis. The results of our Ras activation assay, which
demonstrated that C-TSHR-mAD failed to generate active Ras (Ras-GTP), are also key to
showing the importance of downstream Rab activation for endosomal maturation. Together,
these results suggest that Ga. protein activation through conformational changes required for
the activation of upstream effectors is deficient after C-TSHR-mADb binding, whereas such
activities are accelerated by TSH and, to a lesser extent, by S-TSHR-mADb. Clathrin-
dependent endosomal formation in response to TSH and S-TSHR-mADb required the
activation of Ras, PI3K, and Rac, all of which failed to adequately activate C-TSHR-mADb.
Because Ras is required for the activation of Rab proteins and PI3K to induce vesicle
formation (13), it is reasonable to assume that they are linked to downstream positive signals
that maintain cellular homeostasis.

In conclusion, we showed that G proteins in thyrocytes were required not only for GPCR
signaling but also for vesicular trafficking and sorting, processes that were independent of
cAMP, PKA, and CREB. Furthermore, we showed that autoantibodies against the TSHR
may have a major role in the initiation and continuation of thyroid autoimmune disease and
that the mechanisms involved have implications for a wide array of autoimmune
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dysfunctions. Failure of C-TSHR-Abs to activate G protein—dependent signaling had
multiple consequences, including the activation of GRK2- and p-arrestin-1-dependent
biased sig-naling, the accumulation of intracellular inclusions, the generation of ROS, and
cell death.

MATERIALS AND METHODS

Cell culture and treatments

Synchronized FRTL-5 rat thyroid cells were used (24, 68) and cultured as described
previously (24). Before any stimulation experiments, synchronized cells were made
quiescent by starvation in bovine calf serum- free basal medium (modified Ham’s F12)
containing 0.3% bovine serum albumin for 2 days (24). Before stimulation, the medium was
discarded from the 60-mm culture dishes, and the cells were washed three times with fresh
medium containing Hanks’ balanced salt solution (HBSS; Life Technologies Inc.). Cells
were then treated with different reagents in the basal medium as described previously (24).

Pharmacological inhibitors

Inhibitors of c-Raf (Kobe2602), Ras (FTasell), Rac (NSC 23766), and GBy (gallein) were
purchased from Cayman Chemical Co. Inhibitors of cAMP (SQ22536) and PKA (H89),
bafilomycin A1, caveolin (genistein), the selective Ga. inhibitor suramin, the PI3K inhibitor
wortmannin, and GDP were purchased from Sigma-Aldrich. Anatag3 (ML-224) was
obtained from DC Chemicals. Inhibitors of ERK1/2 (PD98059), PKC (G06983), and Rho
(Y-27632) and the nonselective PKC-5 inhibitor rottlerin were purchased from
Calbiochem/EMD Millipore. The dynamin inhibitor dynasore, the Gpy inhibitor
hydrobromide, and the endocy-tosis inhibitor PAO were from Tocris Bioscience. The
clathrin inhibitor Pitstop was from R&D Systems Inc. The Gagy1 inhibitor YM-254890 was
obtained from Wako Chemicals USA Inc.

Detection of intracellular cAMP

FRTL-5 (80% confluent) and CHO cells overexpressing TSHR (JPO9; 3 x 104 per well)
were used for the measurement of intracellular cAMP concentrations by enzyme
immunoassay (EIA) (Assay Designs Inc. or Amersham cAMP Biotrak EIA System from GE
Healthcare Bio-Sciences Corp.) using polyclonal antibody against cAMP to bind, in a
competitive manner, the cAMP in the standards or samples or a conjugate molecule to which
cAMP was covalently attached. The intensity of the bound color was inversely proportional
to the concentration of CAMP in either standards or samples. In each treatment, 2 mM 3-
isobutyl-1-methylxanthine (Sigma-Aldrich) in the basal medium was used when measuring
intracellular cAMP concentrations (24). To ensure reproducibility, all stimulation and
inhibition experiments were repeated three times. The basal amounts of the analytes in all
assays used, when analyzed either densitometrically or colorimetrically, were comparable
(coefficient of variation, 4.6 to 11%).

Signaling molecules analyzed by proteomic array

Using a fixed concentration of TSH (1 mU/ml) or TSHR-mAb (1 pg/ml) (23) in fresh
modified Ham’s F12 basal medium, cells were stimulated for 1 hour at 37°C in the
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incubator; washed twice with ice-cold phosphate-buffered saline (PBS) (pH 7.2) without
calcium or magnesium (Mediatech Inc.); scraped into cold lysis buffer (provided by Kinexus
Co.) containing different cocktails of phosphatase and protease inhibitors (cOmplete, Mini;
Roche Applied Science), phenylmethylsulfonyl fluoride (Sigma-Aldrich), and 1% Triton
X-100; and sonicated and analyzed as described previously (23). Known GPCR signaling
pathways were investigated by a proteomic array performed at Kinexus Co. Arrays were
performed with TSH, isotype control mAb, S-TSHR-ADb, and C-TSHR-mADbs (Tab-16) as
described previously (23).

Immunohistochemistry

IHC was performed according to protocols described by Cell Signaling Technology. Briefly,
after washing with PBS, adherent cells on slides were fixed in 4% paraformaldehyde,
permeabilized in 90% methanol, and blocked for 2 hours in blocking buffer. The cells were
then incubated overnight at 4°C with specific antibodies diluted in blocking buffer. After
washing, the slides were incubated with fluorescently conjugated secondary antibodies for 1
hour with appropriate dilution, washed three times in PBS, mounted with mounting medium
containing nuclear dye [DAPI (4’ ,6-diamidino-2-phenylindole)] and visualized immediately
under digital or confocal microscopy or both (33).

Western blotting

Western blotting was performed as described previously (23, 24). Phospho- and
nonphospho-specific antibodies against the following targets were used: ERK (ERKy/;
Thr292/Tyr204) and PKC-C/A (Thr419/Thr403), Akt (Ser473), and PKA-C (Thrl%7) (Cell
Signaling Technology). Mouse mAb against B-actin and unrelated control mAbs
[immunoglobulin G2 (1gG2), x-chain] were obtained from Sigma-Aldrich and BD
Biosciences, respectively. To analyze vesicular proteins, including CLTA and EE (EEAL),
and to detect lysosomes (Lampl), Golgi (GOPC), STXbp6, and exocytosis (Rab11b), rabbit
polyclonal antibodies from AVIVA Bio-sciences were used and quantitative LI1-COR
Western blot assays were performed.

Live-cell imaging of internalized labeled antibodies or TSH

Labeling of TSHR-mADbs or TSH was performed according to the manufacturer’s protocol
(Molecular Probes, Thermo Fisher Scientific Inc.). Live-cell imaging was performed after
each treatment in delta T dishes with labeled antibodies either with fluorescein
isothiocyanate/Alexa Fluor 488 (green) or Alexa Fluor 647 (red). Before imaging, cells were
washed twice with HBSS, and images were taken in HBSS medium containing Hoechst
33342 nuclear dye. For long-term imaging up to day 6, cells remained incubated with
labeled antibodies in the basal medium for subsequent days, and images were taken and
analyzed with different software, including CellProfiler and Image-Pro 3D analyzer as
described previously (69).

Assay for antibody internalization and clearance

FRTL-5 cells (25,000 cells per well) were grown in 96-well black plates in triplicate for 2
days and starved as described earlier. The cells were then incubated with Alexa Fluor 488—
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labeled TSHR-mADbs or TSH in basal medium for 30 min and washed with HBSS. After
adding fresh basal medium, the treated cells were then chased for 3 hours. Every 30 min,
fluorescence readings were taken for both internalized (uptake) and released (supernatant)
antibodies or TSH with a fluorescent plate reader (PHERASstar FS, BMG LABTECH). The
ratio between the uptake and release of labeled antibodies or TSH was then calculated at
different time points.

Live-cell imaging of endocytosis and vesicular trafficking

Live-cell imaging was also performed after expressing protein markers of EEs (RFP-Rab5a,
red), LEs (RFP-Rab7a, red), and lysosomes (GFP-Lamp1, green) in a baculovirus
expression system according to the manufacturer’s protocol (Molecular Probes). Cells
pretreated with different small-molecule inhibitors were incubated with labeled antibodies or
TSH and then analyzed under digital (Eclipse TE2000-S, Nikon) or confocal microscope
(Zeiss LSM 700). At least five images were captured per experiment, and three images each
of treated or untreated cells were analyzed quantitatively by different software.

Quantification of live fluorescence imaging and immunocytochemistry images

The recorded images were loaded into Adobe Photoshop (Adobe Systems) for analysis, in
which different colors were visually quantified by two independent observers. The number
of cells positive for both the target color and nuclear staining (Hoechst) was considered
positive for fluorescence and digitally recorded to prevent multiple counts. FI was calculated
using CCTF (corrected total cell fluorescence) in Image-Pro software: CCTF = Integrated
density — (Area of selected cell x Mean fluorescence of background readings). The number
of cells positive for distinct colocalized colors was also digitally recorded. CellProfiler and
Image-Pro software were used to discriminate between different colors, including
colocalization, fluorescence dot counts, and average FI measurements.

HTS luciferase reporter assays

For high-throughput screening (HTS), we used cells generated by transfecting a highly
selected stable line of CHO cells expressing the human TSHR with a hemagglutinin (HA)
tag at the N terminus (CHO-HA-TSHR cells) (50) with the pGL4.29 [luc2P/CRE/Hygro]
construct and then selected a stable line with hygromycin. We developed stable CHO-HA-
TSHR cell lines expressing various reporter plasmids (CRE-, NFATRE, SRE-, and SRF-
RE-) for studying the activation of various G proteins. These stable lines were characterized
and optimized for responses with positive controls (TSH, ionomycin, or phorbol 12-
myristate 13-acetate) and negative controls as described. Experiments were performed both
in 96- and 384-well plate formats with three or four different concentrations of antibodies
and TSH with or without pretreatment with the appropriate small- molecule inhibitors.

Ras activation assay

Ras activation assays were performed according to the protocol provided with the kit from
NewEast Biosciences. This assay was based on the configuration-specific anti-Ras-GTP
mAb to measure the abundance of the active form of Ras (Ras-GTP). Briefly, antibody
against Ras-GTP was incubated with lysates of treated cells. The bound Ras-GTP was then

Sci Signal. Author manuscript; available in PMC 2018 February 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Morshed et al. Page 13

pulled down by protein A/G agarose. The precipitated active Ras-GTP was then detected by
LI-COR immunoblot analysis with anti-Ras rabbit polyclonal antibody.

Analysis of apoptosis by caspase activity assay

To observe cell death or apoptosis, synchronized FRTL-5, Wrt (Wistar rat thyrocytes), ML-1
(human follicular thyroid cancer cells), and 3T3L1 (mouse embryonic fibroblasts) cells were
incubated with increasing concentrations of C-TSHR-mAbs and analyzed by flow cytometry
or microscopy to detect annexin V staining as described previously (23). To confirm the
effector mechanisms of the cell death process, we used the FAM caspase assay Kit, which
detects multiple active caspases (33). The methodology was based on a FLICA (fluorometric
inhibitor of caspases) assay and performed according to the instructions provided with the
kit (Imgenex Corp.).

Statistical analysis

Two-tailed paired ¢tests were used to evaluate the statistical significance of differences in
means for continuous variables. Pvalues for fold changes or percentage increases were
calculated after log, transformation. < 0.05 was used to determine statistical significance.
Data are means + SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. C-TSHR-mAb stimulates biased signaling in thyrocytes through the activation of GRK 2
and B-arrestin-1

(A) Thyrocytes were treated with thyroid-stimulating hormone (TSH) (1 mU/ml) or with
isotype control monoclonal antibody (Iso-mAb), C-TSHR-mAb (C-mAb), or S-TSHR-mAb
(S-mAD) (all at 1 pg/ml) for 1 hour. The relative abundances of total heterotrimeric guanine
nucleotide-binding protein (G protein)—coupled receptor kinase 2 (GRK2) and
phosphorylated GRK2 (pGRK?2) were then measured by proteomic array. The relative
fluorescence unit (RFU) from bound antibody was then measured. Data are means + SEM of
three independent experiments. *£< 0.02 compared to isotype control mAb-treated cells.
(B) Cells treated as described in (A) were analyzed to determine the relative amounts of total
and phosphorylated p-arrestin-1 (ppl-Arrestin). Data are means = SEM of three independent
experiments. *£ < 0.006 compared to isotype control mAb-treated cells. (C) Thyrocytes
were treated for 1 hour with the indicated concentrations of C-TSHR-mADb in a dose-
dependent manner (left) or for 24 hours (right) compared with isotype control mAb (1) and
S-TSHR-mADb (S) (all at 1 ug/ml) before being analyzed by Western blotting with antibodies
against the indicated proteins. Western blots are representative of three experiments. (D)
Densitometric quantification of the Western blots shown in (C). Data are presented as the
ratio between the abundances of the indicated total proteins and phosphorylated proteins. -
Actin was used as a loading control. *£ < 0.05 compared to untreated or isotype control
mAb. (E) Thyrocytes were treated with TSH (1 mU/ml) or with isotype control mAb, C-
TSHR-mAD, or S-TSHR-mADb (all at 1 pg/ml) for 1 hour. PP2A, protein phosphatase 2A;
pp38, phosphorylated p38; pCofilin; phosphorylated cofilin; pH2AX, phosphorylated
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histone 2AX; pGSK3a, phosphorylated glycogen synthase kinase 3a.; pNFkBp65,
phosphorylated NF-xB p65; pJNK, phosphorylated c-Jun N-terminal kinase. The relative
abundances of the indicated proteins were then determined by protein array. Data are means
+ SEM of three independent experiments. *~ < 0.05 compared to isotype control mAb-
treated cells.
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Fig. 2. C-TSHR-mAb induces clathrin-dependent endocytosis but failsto undergo normal
vesicular trafficking and sorting
(A to F) Representative live-cell images of thyrocytes are shown in the presence of the

indicated labeled TSHR-mADbs or TSH. In addition, the cells were treated with Pitstop (to
inhibit clathrin; A), rottlerin [non-selective 6 isoform of PKC (PKC-8) inhibitor; B],
genistein (caveolin inhibitor; C), dynasore (dynamin inhibitor; D), PAO (endocytosis
inhibitor; E), or amiloride (micropinocytosis inhibitor; F). Endocytosis of labeled C-TSHR-
mADb (red, inset), S-TSHR-mADb (green, inset), and TSH (red, inset) was observed. Scale bar,
100 pm. (G) Quantitative evaluation of internalized or nonendocytosed antibodies or TSH
was performed in live cells. Data are means + SEM of three independent experiments with
three or more microscopic images analyzed per experiment. *£ < 0.006 compared to TSHR-
mAb-, TSH-, genistein-, and amiloride-treated cells. FI, fluorescence intensity; AU,
arbitrary units. (H) The ratio of the relative abundance of labeled antibody or TSH taken up
by the cells (endocytosed) to that cleared by the cell (sorted or secreted into the culture
medium) was determined. Data are means + SEM of three independent experiments. *P <
0.01 compared to TSH.

Sci Signal. Author manuscript; available in PMC 2018 February 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Morshed et al.

Page 20

Fi (AU)
80 -
60

40 I
20 *
n 4 -

100
80 :

Fig. 3. C-TSHR-mADb failsto induce endosomal maturation in thyrocytes
(A) Representative live-cell images of early endosomes (EE; red) induced by S-TSHR-mAb

(green) or C-TSHR-mAD (green). The top panel inset shows that no induction of EE
formation occurred in the absence of antibody. Representative live-cell images of late
endosomes (LE; red) are shown in the bottom two panels. Inset (third row, left column)
shows the lack of induction of LE formation in the absence of antibody. Scale bar, 100 pm.
(B) EE-spots, EE-FI, Ab-spots, Ab-FI, and Co-Loc (colocalization) by TSHR-mAbs were
quantified by image analysis software and expressed in arbitrary units. *~< 0.005 compared
to S-mAb. (C) LE-spots, LE-FI, Ab-spots, Ab-FI, and Co-Loc in TSHR-mAb-treated
thyrocytes were also quantified. Data are means + SEM of three independent experiments
with at least three images per experiment analyzed. *£< 0.005 compared to S-mAb.
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Fig. 4. C-TSHR-mAD failsto undergo lysosomal degradation
(A) Microscopic analysis of lysosomal three-dimensional structure was visualized in round

red organelles encircled in yellow (colocalization of the indicated TSHR-mAbs or TSH; red
with green). Accumulated C-TSHR-mADb (red) in the perinuclear region at day 3 is shown in
the top panel. DNA fragmentation at day 5 (apoptosis, blue) is shown in the top right panel.
Clearance of endocytosed labeled S-TSHR-mAb or TSH (red) on day 5 is accompanied by
the lack of DNA fragmentation. Representative live-cell images of lysosomes (green) and
labeled TSHR-mADs (red) or TSH (red) are shown in the insets at higher magnifications.
Images are representative of three independent experiments with at least three images
analyzed per experiment. Scale bar, 100 um. (B) Quantitative analysis of the representative
images shown in (A) was measured as red FI (R-Fl), green FI (G-Fl), and blue FI (B-FI) in
arbitrary units. Data are means £ SEM of three independent experiments. *~ < 0.002
compared to S-mAb or TSH. (C) The colocalization of lysosomes (green) with the indicated
TSHR-mADs (red), which is represented as yellow fluorescence, was also quantified. Data
are means + SEM of three independent experiments. */£< 0.004 compared to S-mAb or
TSH.
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Fig. 5. C-TSHR-mAb induces fewer vesicular proteins
(A) Immunohistochemical analysis of clathrin light chain (CLTA), EE (EEAL), LE (Lampl),

and cathepsin E (CTSE) after the exposure of thyrocytes to TSH or the indicated antibodies
for 24 hours. Scale bar, 100 um. Images are representative of three independent experiments.
(B) The relative abundances of CLTA, EEA1, Lampl, and CTSE in cells treated with the
indicated reagents were then quantified by image analysis and expressed as Fl in arbitrary
units. Data are means + SEM of three independent experiments. *P < 0.03 compared to S-
mAb. (C) LI-COR Western blot analysis of cells after exposure to isotype control mAb
[hamster immunoglobulin G2 (IgG2), x chain] or the indicated concentrations of C-TSHR-
mAb. Western blots are representative of three independent experiments. (D) Quantification
of the relative FI (RFI) of the bands in the Western blots represented in (C) with Image
Studio software. Data are means + SEM of three independent experiments. *P < 0.008
compared to the isotype control mAb.
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Fig. 6. C-TSHR-mAD failsto activate major G proteins

(A) G protein activities were detected by dose-dependent luciferase activity assays in
Chinese hamster ovary (CHO)-TSHR cells. The activities of the indicated G proteins (Gas,
Gag, GBy, and Ga.12) were measured after treatment of the cells with the indicated TSHR-
mAbs (1 pg/ml) or TSH (1 mU/ml). Data are presented as the fold change in luciferase
activity and are means + SEM of three independent experiments. *~ < 0.0001 compared to
S-TSHR-mADb or TSH. (B to E) Dose-dependent activation or inhibition of the indicated G
proteins by the indicated antibodies or TSH was determined by measurement of luciferase
activity in the treated CHO-TSHR cells. Data are means + SEM of three independent
experiments.
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Fig. 7. Lack of G protein activation failsto induce endosomes
(A) Perturbation of the S-TSHR-mAb-induced formation of early endosomes (red) by the G

protein disruptors suramin, hydrobromide (HyBr), and Antag3. Note that Baf-Al and
guanosine diphosphate (GDP) induced malformed EE formation. Antibodies are labeled in
green. Scale bar, 100 um. Images are representative of three independent experiments. (B)
Quantification of the images represented in (A) was performed by measuring the FI of red
EE-spots (R-EE-spots), R-FI-EE, green mAb-spots (G-mAb-spots), G-FI mAb-spots, and
colocalization. Data are means + SEM of three experiments with at least three images
analyzed per experiment. *P < 0.003 compared to S-mAb.
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