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The physiological role of the TSH receptor (TSHR) as a major regulator of thyroid function is well
understood, but TSHRs are also expressed in multiple normal extrathyroidal tissues, and the physio-
logical roles of TSHRs in these tissues are unclear. Moreover, TSHRs play a major role in several path-
ological conditions including hyperthyroidism, hypothyroidism, and thyroid tumors. Small molecule,
“drug-like” TSHR agonists, neutral antagonists, and inverse agonists may be useful as probes of TSHR
function in extrathyroidal tissues and as leads to develop drugs for several diseases of the thyroid. In
this Update, we review the most recent findings regarding the development and use of these small
molecule TSHR ligands. (J Clin Endocrinol Metab 97: 4287-4292, 2012)

he physiological role of the TSH receptor (TSHR)' as a
major regulator of thyroid function by controlling the

size and number of thyroid cells (thyrocytes) and their syn-
thesis and secretion of thyroid hormones is well understood.
Importantly, TSHRs are also expressed in multiple normal
extrathyroidal tissues including fat, fibroblasts, bone, brain,
kidney, testis, and cells of the immune system (1), but the
physiological roles of TSHRs in these tissues are unclear. A
role for TSHR in maintaining normal bone homeostasis has
been proposed (2), but this conclusion has been challenged (3).
TSHRs play a major role in several pathological condi-
tions, including hyperthyroidism, hypothyroidism, and thy-
roid tumors. With regard to the number of patients affected,
the role of TSHRs in Graves’ disease (GD), an autoimmune
disease (prevalence is about 1% of the U.S. population), is
most important (4). In GD, TSHRs on thyroid cells are con-
tinuously activated by circulating thyroid stimulatory anti-
bodies (TSAbs) causing overproduction of thyroid hormones
leading to hyperthyroidism (5). In addition, it is thought that
TSHRs on preadipocytes (fibroblasts)/adipocytes in the or-
bital space of patients with GD are activated to cause cell
proliferation and increased deposition of extracellular ma-
trix leading to expansion of orbital tissue causing Graves’
orbitopathy/ophthalmopathy (GO) (6). In a much less com-
mon form of nonautoimmune hyperthyroidism, TSHRs on
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thyroid cells are mutated receptors that are active in the ab-
sence of TSH or TSAD, and these mutated TSHRs signal
constitutively (constantly) leading to hyperthyroidism (7). If
these mutations are in germline cells, a symmetric goiter (as
found in GD) is formed, but if the mutation occurred in a
somatic cell, an adenoma forms.

A role for TSHR in some forms of hypothyroidism has
also been established. Loss-of-function TSHR mutations in
which the binding or signaling functions of the receptor are
diminished will lead to a state in which the thyroid gland is
underdeveloped and unable to produce sufficient thyroid
hormone to maintain a euthyroid state (8). A similar defi-
ciency of thyroid hormone production can be produced by a
decrease in TSH production or production of a TSH that
exhibits a deficiency in biological activity (9). In these con-
ditions, TSHR still plays a central role.

Lastly, TSHR may play an important role in the patho-
genesis of thyroid cancer. This idea is based on several find-
ings, including that TSHR expression is required for thyroid
tumor initiation in a mouse model (10) and correlation be-
tween higher serum concentrations of TSH and greater risk
of the genesis of thyroid cancer in patients with nodular goi-
ter (11). TSHR plays a central role in the follow-up of pa-
tients with thyroid cancer. Recombinant human TSH
(rhTSH) has been used to great advantage in the follow-up of

T We use the abbreviation TSHR to represent the human TSHR and add the species if the
receptor is other than human.

Abbreviations: CG, Chorionic gonadotropin; GD, Graves' disease; GO, Graves' orbitopa-
thy/ophthalmopathy; GOF, Graves’ orbital fibroblast; GPCR, G protein-coupled receptor;
GPHR, glycoprotein hormone receptor; rhTSH, recombinant human TSH; SML, small mol-
ecule ligand; TSAb, thyroid stimulatory antibody; TSHR, TSH receptor.
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FIG. 1. Effects on receptor signaling by agonists, neutral antagonists, and
inverse agonists. Control illustrates signaling in the absence of neutral
antagonists or inverse agonists. Basal signaling, which represents agonist-
independent (or constitutive) signaling, is set as 100. (TSHR is a receptor
that exhibits significant basal signaling activity.) Antagonist is a general
term that includes neutral antagonists and inverse agonists, which have
also been named negative antagonists.
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thyroid cancer patients (12, 13). And TSHR activation by
rhTSH is being evaluated as an adjunct in the treatment of
patients with thyroid cancer and nodular goiter (14, 15).

Small molecule, “drug-like” TSHR agonists (ligands that
activate receptors), neutral antagonists (ligands that inhibit
receptor activation by agonists), and inverse agonists (li-
gands that inhibit receptor activation by agonists and addi-
tionally inhibit agonist-independent, also termed basal or
constitutive, signaling) (Fig. 1) may be useful as probes of
TSHR function in extrathyroidal tissues and as leads to de-
velop drugs for several thyroid diseases. With regard to clin-
ical usefulness, agonists could be used to develop drugs that
could be used in place of rhTSH in patients with thyroid
cancer or benign multinodular nontoxic goiter. Neutral an-
tagonists could be used as leads to develop drugs to antag-
onize TSAb activation of TSHR in patients with GO. Inverse
agonists could be used as leads to develop drugs to inhibit
constitutive TSHR signaling in patients with residual thyroid
cancer and thereby treat them more effectively than by TSH
suppression alone. Furthermore, patients with non-autoim-
mune hyperthyroidism caused by constitutively activating
germline mutations could benefit from an inverse agonist.
Indeed, antibodies with these various characteristics have
been proposed as therapies for several of these diseases (16).

Because a recent article has reviewed the topic of TSHR
antibodies (16), we will limit this Update to small mole-
cule, “drug-like” ligands (SMLs)? of TSHR and to find-
ings published during the last 2 yr.

2 We define SMLs as nonpeptidic compounds of molecular weight less than 750 Da.
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SML Binding to TSHR

TSHR is a member of a small subfamily of related glyco-
protein hormone receptors (GPHRs) that includes recep-
tors for LH/chorionic gonadotropin (CG) and FSH,
within class A of the large family of G protein-coupled
(seven transmembrane-spanning) receptors (GPCRs). GP-
CRs comprise the single largest family of signaling mole-
cules found in the human genome. GPHRs are different
than other members of class A GPCRs by having a very
large amino-terminal ectodomain (Fig. 2). It has been
known for a number of years that TSH and TSAbs bind
primarily to TSHR via interactions with regions within the
large ectodomain (17). By contrast, we showed that SMLs
bind in a pocket within the seven helical transmembrane
bundle of TSHR (18, 19). For receptor functionality, this
difference is important because TSHRs with mutations in
their ectodomain that do not bind TSH or TSAbs, and
thereby are not stimulated by them, can be activated by
SMLs (see below). Moreover, because TSAbs bind to the
extracellular domain, whereas SML antagonists bind
within the transmembrane domain, the likelihood is high
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FIG. 2. Domains of binding to TSHR of TSH, TSAbs, and SMLs. TSHR,
like the receptors for FSH and LH, has a large amino-terminal
ectodomain that protrudes from the surface of the cells. TSH and
TSAbs bind primarily to the TSHR ectodomain. By contrast, SMLs bind
to a pocket within the transmembrane domain, which contains the
seven a-helical bundles that are characteristic of GPCRs. Ectodomain,
Red. Ntt shows the amino terminus of TSHR. Transmembrane domain:
Individual helices are ribbons in different colors. The terminal part of
the intracellular carboxyl tail (Ctt) is not shown. This model was kindly
provided by Gunnar Kleinau, Ph.D., Charité Campus Virchow Klinikum,
Berlin, Germany.
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that signal transduction initiated by the majority of TSAbs
can be blocked by SML antagonists (see below). Signal
transduction is accomplished by interactions between the
intracellular surface of the transmembrane helices and the
carboxyl-terminal tail of TSHR with coupling proteins,
such as G proteins and arrestins.

SML TSHR Agonists

Although we reported on several TSHR agonists earlier
(18,20, 21), the first breakthrough was our report in 2009
describing a TSHR agonist (NCGC00161870) (Fig. 3)
thatexhibited high affinity, potency, and efficacy at TSHR
in a model cell system i vitro, in primary cultures of nor-
mal thyrocytes in vitro, and in mice in vivo (22). More-
over, NCGC00161870 was active in mice after oral ad-
ministration. NCGC00161870 is highly selective and
does not activate the two closely related glycoprotein hor-
mone receptors, LH receptor or FSH receptor. As stated
above, NCGC00161870 binds to the transmembrane do-
main of TSHR, in contrast to TSH that binds to the TSHR
ectodomain, and is therefore termed an allosteric ligand;
the TSH binding site is termed the orthosteric site. To our
knowledge, NCGC00161870 is the only effective SML
TSHR agonist reported to date.

We have used NCGC00161870 to probe the domains
within TSHR that are involved in receptor activation, i.e.
the structure-activity relationship of a SML agonist with
TSHR (23, 24). Specifically, we found that a high propor-
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FIG. 3. Structures of TSHR SMLs. TSHR agonist: NCGC00161870, N-(4-(5-(3-benzyl-5-
hydroxy-4-oxo-1,2,3,4-tetrahydroquinazolin-2-yl)-2-methoxybenzyloxy)-phenyl)acetamide.
TSHR neutral antagonist: NCGC00242595, 2-(3-((2,6-dimethylphenylthio)methyl)-4-
methoxyphenyl)-3-(furan-2-ylmethyl)-2,3-dihydroquinazolin-4(1H)-one. TSHR inverse agonists:
NCGC00161856, 2-(3-((2,6-dimethylphenoxy)methyl)-4-methoxyphenyl)-3-(furan-2-ylmethyl)-
2,3-dihydroquinazolin-4(1H)-one]; NCGC00229600, 2-(3-((2,6-dimethylphenoxy)methyl)-4-
methoxyphenyl)-3-(pyridin-3-ylmethyl)-2,3-dihydroquinazolin-4(1H)-one; and Org 274179-0,
(S)-N-(1-acetyl-4-methyl-4-phenyl-1,2,3,4-tetrahydro-quinolin-6-yl)-3-(3-trifluoromethyl-

phenyl)-propionamide.
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tion of amino acid residues that comprise the binding
pocket for NCGC00161870 within the transmembrane
domain when mutated lead to constitutively active
TSHRs. These findings identify a signaling-sensitive do-
main within TSHR that may have general applicability to
other members of the GPCR family. Moreover, these find-
ings may allow for the design of better TSHR agonists.

NCGC00161870 has been used to better understand
the pathophysiology of an unusual form of hypothyroid-
ism caused by TSHR mutations (25). These patients pres-
ent with subclinical hypothyroidism, i.e. with normal cir-
culating levels of thyroid hormones maintained by high
levels of TSH, because they are usually heterozygotes with
one normal TSHR allele and a mutant TSHR allele. Before
our studies, it was postulated that the mutant TSHRs ei-
ther had a mutation that makes the receptor unable to bind
TSH with high affinity or a mutation that makes the mu-
tant receptor incapable of signaling. In both cases, the
patients would present with TSH-insensitive (TSH-resis-
tant) hypothyroidism. We studied several mutant TSHRs
identified as the cause of this type of hypothyroidism and
found that NCGC00161870 could activate the two mu-
tant receptors with mutations in the TSHR ectodomain
but could not activate signaling from a receptor with a
mutation in the transmembrane domain. We were thus
able to demonstrate that some mutations (in the TSHR
ectodomain) affected TSH binding but not signaling and
others affected TSHR signaling. We suggested that pa-
tients with TSH-binding defective mutant receptors could
be treated with a SML agonist but that this was not a
practical therapeutic approach because
these patients were readily treated with
thyroid hormone replacement.

Currently, NCGC00161870 and
several of its analogs are being further
evaluated in preclinical studies for pos-
sible submission of an Investigational
New Drug application to the Food and
Drug Administration to allow testing in
human subjects.

™
HN. .
N

e SML TSHR Antagonists

Although putative TSHR SML antag-
onists were reported earlier (see below),
we reported the first well-characterized
SML neutral antagonist (NIDDK-CEB-
52) that selectively antagonizes TSHR
in 2008 (19). NIDDK-CEB-52 was
shown to inhibit activation of TSHR by
TSH and TSAbs in a model cell system
and inhibited up-regulation of thy-

Org 274179-0
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roperoxidase expression by these agonists in primary cul-
tures of human thyrocytes. We suggested that these find-
ings represented proof of principle that SML antagonists
could serve as drugs to treat patients with GD.

In 2007, a report appeared claiming that the insecticide
1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane (DDT) and
Aroclor 1254 (a complex mixture of polychlorinated
biphenyls) were inverse agonists at TSHR by showing that
these compounds inhibited basal and TSH stimulation of
cAMP production in a model cell system (26). In a fol-
low-up study (27), these authors identified a number of
structurally similar compounds and found that many of
them inhibited TSH stimulation also. Moreover, these
compounds were able to inhibit stimulation by LH of its
receptor. The authors concluded that there may be an al-
losteric site on TSHR and LH receptor that mediates in-
hibition of receptor activation. However, in the original
study, these authors found that DDT and Aroclor 1254
inhibited forskolin-stimulated cAMP accumulation also.
In our opinion, because forskolin acts downstream of
TSHR by activating adenylyl cyclase, the enzyme that syn-
thesizes cAMP, one cannot conclude that these com-
pounds are acting at TSHR.

During the last 2 yr, reports on different compounds
discovered by two groups have added important findings
to the development of TSHR antagonists. Two reports
were published using a compound developed at Merck
Sharp & Dohme Corporation (Org274179-0) (28,29).In
the first report (28), the authors showed that Org
274179-0 (Fig. 2) was a TSHR inverse agonist that inhib-
ited the basal, TSH-stimulated, and TSAb-stimulated sig-
naling in a model system expressing TSHRs, basal signal-
ing by constitutively active mutant TSHRs in a model
system, and TSH- and TSAb-stimulated signaling in a rat
thyroid cell line (FRTL-5). We had previously described
two TSHR inverse agonists (see below). Org 274179-0 has
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FIG. 4. Inhibition of basal and TSAb-induced up-regulation of the
expression of thyroperoxidase mRNA in primary cultures of human
thyrocytes. NCGC00229600 inhibited the levels by 65 * 2.0%

(mean = sem). Importantly, although the thyrocytes were exposed

to NCGC00229600 for 48 h, there was no evidence of toxicity.
[Reproduced from S. Neumann et al.: A new small-molecule antagonist
inhibits Graves’ disease antibody activation of the TSH receptor. J Clin
Endocrinol Metab 96:548-554, 2011 (36), with permission. © The
Endocrine Society.]
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the advantage of higher potency than the other reported
TSHR antagonists (see below). However, it has a signifi-
cant disadvantage in that it is a partial agonist at the LH
receptor. In a follow-up report (29), the authors showed
that Org 274179-0 inhibited TSH-, TSAb-, and M22- [a
monoclonal antibody generated from the serum of a pa-
tient with GD (30)] stimulated cAMP production in or-
bital fibroblasts derived from patients with GO that had
been made to differentiate into adipocytes iz vitro. This is
an important finding (see below) because TSHRs on
Graves’ orbital fibroblasts are thought to be a primary
target for TSAbs in the pathogenesis of GO (6).

We have developed a series of TSHR antagonists by
chemical modification of the scaffold of our agonist
NCGC00161870 (22). Interestingly, all except one an-
alog of the agonist NCGC00161870 were inverse ago-
nists. Only NCGC00242595 (Fig. 3) was a neutral an-
tagonist at TSHR (31). A neutral antagonist is a good
tool to be able to distinguish between effects of TSH- or TSAb-
stimulated and basal TSHR activation, and therefore it is useful
asa probe of TSHR function in addition to its clinical potential.
The first report describing this series of antagonists showed that
NCGC00161856 (Fig. 3) was the first inverse agonist at TSHR
to be described. NCGC00161856, like NCGC00161870,
bound to TSHR in a transmembrane pocket and therefore is an
allosteric ligand. NCGC00161856 inhibited basal and TSH-
stimulated signaling by TSHR and basal signaling by constitu-
tively active mutant TSHRs in a model cell system and lowered
the basal levels of expression of four thyroid-specific genes—
thyroglobulin, thyroperoxidase, sodium iodide symporter,
and TSHR —in primary cultures of normal human thyrocytes.
These data were proof of principle that a SML could act as an
inverse agonist in normal human thyroid cells.

We developed a better TSHR inverse agonist by modifying
NCGC00161856. The new ligand NCGC00229600 (Fig. 3)
bound to the allosteric site within the transmembrane domain
of TSHR also and inhibited basal and TSH-stimulated signaling
(32). Because it would be of greater importance to show that an
antagonist would inhibit activation of TSHR signaling stimu-
lated by TSAbs from multiple patients with GD, we determined
the effect of NCGC00229600 on signaling stimulated by sera
from 30 patients with GD. NCGC00229600 inhibited stimu-
lation of signaling by all 30 sera tested both in a model cell
system and in primary human thyrocytes in culture. Perhaps
more importantly, NCGC00229600 inhibited the up-regula-
tion of thyroperoxidase caused by these TSAbs in human thy-
rocytes (Fig. 4). Thus, we suggested that an antagonist like
NCGC00229600 would likely be an effective inhibitor of
TSAbs from most, if not all, patients with GD and could be used
to treat the hyperthyroidism of GD and perhaps GO (see
below).
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As stated above, TSHRs on orbital fibroblasts or adi-
pocytes, or both, are thought to be a primary target for
TSAbs in the pathogenesis of GO (6). It is thought that
activation of TSHR by TSAbs leads to proliferation of
preadipocyte fibroblasts or adipocytes, stimulation of ex-
tracellular matrix production, and perhaps differentiation
of preadipocytes to adipocytes. Therefore, showing that
TSHR antagonists inhibit activation of TSHRs on Graves’
orbital fibroblasts (GOFs) would be a step in the devel-
opment of a medical therapy for GO; there is not a good
alternative to surgical decompression at the present time.
We determined the effects of NCGC00229600 on undif-
ferentiated GOFs and GOFs differentiated into adi-
pocytes; the adipocytes displayed many lipid vesicles and
high levels of the adipocyte-specific gene adiponectin (33).
GOFs exhibited higher absolute levels of basal and fors-
kolin-stimulated ¢cAMP production than differentiated
adipocytes. Consistent with previous findings, TSH stim-
ulated cAMP production in the majority of differentiated
adipocyte strains and less consistently in GOFs. Most im-
portantly, NCGC00229600 reduced both TSH- and
M22-stimulated signaling in both cell types. Moreover,
NCGC00229600 was a selective TSHR antagonist in
these orbital cells because it did not inhibit signaling by
activation of prostaglandin D2 receptors, which use the
same cAMP signaling pathway as TSHRs. We concluded,
as did the authors using Org 274179-0 (29), that SML
TSHR antagonists may have a role in the treatment of GO.

Conclusions

During the last several years, significant advances have
been made in the development of SMLs for TSHR. These
compounds can be used as probes to better delineate the
extrathyroidal actions of TSHR and as lead compounds to
develop drugs to treat several thyroid diseases. As de-
scribed in this Update, some of these agonists, neutral an-
tagonists, and inverse agonists are already being used as
probes of TSHR function. And the agonist we have de-
veloped is undergoing preclinical studies to determine
whether it could be entered into clinical trials for patients
with thyroid cancer.
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