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Abstract: The thyroid stimulating hormone (TSH) and its cognate receptor (TSHR) are of crucial
importance for thyrocytes to proliferate and exert their functions. Although TSHR is predominantly
expressed in thyrocytes, several studies have revealed that functional TSHR can also be detected in
many extra-thyroid tissues, such as primary ovarian and hepatic tissues as well as their corresponding
malignancies. Recent advances in cancer biology further raise the possibility of utilizing TSH and/or
TSHR as a therapeutic target or as an informative index to predict treatment responses in cancer
patients. The TSH/TSHR cascade has been considered a pivotal modulator for carcinogenesis and/or
tumor progression in these cancers. TSHR belongs to a sub-group of family A G-protein-coupled
receptors (GPCRs), which activate a bundle of well-defined signaling transduction pathways to
enhance cell renewal in response to external stimuli. In this review, recent findings regarding the
molecular basis of TSH/TSHR functions in either thyroid or extra-thyroid tissues and the potential of
directly targeting TSHR as an anticancer strategy are summarized and discussed.

Keywords: thyroid stimulating hormone receptor; cancer cells; extra-thyroid; G protein

1. Introduction

Thyroid stimulating hormone receptor (TSHR) is a receptor for thyrostimulin and thyroid
stimulating hormone (TSH, also called thyrotropin) [1]. TSHR is a cell surface glycoprotein receptor
and belongs to the leucine-rich repeat (LGR) subfamily of G-protein-coupled receptors (GPCRs).
There are two groups of receptors for gonadotrophic hormones: follitropin (FSH) and leutropin
(LH)/choriogonadotropin (CG), that are structurally closely related to TSHR in humans and mammals [2].
Physiologically, upon binding of the blood circulating TSH on the surface of thyrocytes, TSHR is
activated, switching on the coupled signaling pathways and thereby promoting the expression of
downstream effector genes to control thyroid growth; thyrocyte differentiation; thyroid hormone
synthesis, which includes thyroxine (T4) and triiodothyronine (T3); and hormone secretion [3]. The
feedback loop composed of TSH-thyroid hormone has also been well characterized during the past
decades [4]. Persistently low levels of thyroid hormone in the blood stream, or hypothyroidism,
enhances TSH production and secretion, whereas over-production, or hyperthyroidism, represses
this process in the hypothalamus. Notably, a similar regulatory loop does not exist between the
expression levels of TSH and TSHR [5-7]. TSHR also serves as an autoantigen in Graves’ disease,
where autoantibody binding leads to activation of the downstream signaling cascades, mimicking the
effect of consistent stimulation of TSH and thus resulting in hyperthyroidism.

Expression of TSHR has been recognized in either benign or malignant thyrocytes, serving as a
cognate receptor for TSH. Activation of the coupled signaling cascades through TSHR is considered the
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pivotal pathway for de novo carcinogenesis and/or tumor growth promoter for thyroid cancer. Clinically
useful strategies have been proposed to treat well-differentiated thyroid cancer, which harbors a higher
density of TSHR. For example, radio-iodine uptake into cancerous thyrocytes could be enhanced
through transient elevation of the sodium-iodide symporter (NIS), a downstream gene of TSHR, by
TSH stimulation [6]. This can also be achieved by either manipulating the thyroid hormone levels
or exogenously supplementing the recombinant human TSH (thTSH) [8]. Alternatively, activation
of TSHR-mediated proliferative cues in malignant thyrocytes can be minimized therapeutically
by inducing pharmacologic hyperthyroidism, leading to suppression of endogenous TSH. Recent
investigation has unraveled novel possibilities to directly target TSHR in thyroid cancers by using
selective small molecule antagonists of TSHR. Such strategies preclude the requirement of inducing
systemic hyperthyroidism or the use of TSHR agonists to enhance the therapeutic index for drug
delivery, such as radio-iodine uptake.

Although the roles remain elusive, the presence of TSHR in a bundle of extra-thyroid tissues [9],
including some malignant tumors, such as ovarian cancer and hepatocellular carcinoma (HCC), has
been found by researchers. Aroused interest in the roles of TSHR demands an inclusive review of
evidences for its expression in distinct types of cancers. Herein, we review the reported evidence for
the existence of TSHR in thyroid and non-thyroid tissues and its downstream coupled signaling as
a mitogenic pathway in cancer cells. Additionally, we discuss potential new therapeutic strategies
devised according to these findings.

2. Genomic Feature, Protein Structure and Distribution of TSHR

The existence of TSHR was initially proposed and then confirmed during 1960-1980 by using
thyroid tissue slices to demonstrate a bovine TSH (bTSH) binding surface protein [10,11]. However, it
was not until the end of 1980s that the gene location of TSHR, together with its coding sequences, were
identified and cloned from human chromosome 14q31 [12-14]. There are 10 exons in the TSHR gene.
The former nine constitute the ectodomain (extracellular region) starting from the amino-terminus,
whereas the tenth exon encodes seven transmembrane segments as well as a carboxyl-terminal region
containing the intracytoplasmic domain (Figure 1A). The relationships have been established between
genetic variations in TSHR gene and thyroid diseases, such as autoantibody-mediated and genetic
variant-induced hyperactivation or repression of TSHR, causing hyper- or hypo-thyroidism. For
instance, in patients with Graves’ disease or autoimmune-related hypothyroidism, such correlations
have been extensively investigated and comprehensively reviewed during the past decades [15-25].
These topics are not included in this review.

The TSHR gene encodes a full-length protein of 764 amino acid residues, harboring a molecular
weight of 87 kDa. Although it might exist as a single polypeptide chain under some specific situations
in thyroid cells or in extra-thyroidal cells [26-29], most of the TSHR in thyroid cells are cleaved and
divided into two subunits, A and B (or o and [3)—A for an extracellular and B for a large intracellular
portion, crosslinked by disulfide bonds, with exclusion of a 50-amino acid region (also called the hinge
region), subjected to post-translational proteolysis [30-35] (Figure 1B). To achieve full functionality,
TSHR also undergoes N-linked glycosylation, palmitoylation and other types of post-translational
modifications [22,36,37]. The extracellular A-subunit possesses the TSH binding sites, composed of the
leucine rich repeat domain (LRRD). Conformational change upon binding with TSH or stimulatory
auto-antibodies leads to activation of TSHR and thereby switches on the intracellular B-subunit-coupled
downstream signaling pathways [34,35].
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Figure 1. The genomic features and protein structure of thyroid stimulating hormone receptor (TSHR).
(A) Schematic representation of the genomic structure of TSHR gene. The corresponding numbers
of nucleotides and amino acids for the protein domains within the coding region are shown in this
diagram. SP, signal peptide. LRR, leucine-rich repeat domain. TMD, transmembrane domain. CD,
intracytoplasmic domain. (B) The schematic diagram represents the folded protein structure of
TSHR, in which a large extracellular domain, including the hinge and leucine-rich repeat domain, the
transmembrane domain and the intracytoplasmic domain are depicted. Cys, cysteine, where disulfide
bonds formed.

It has been well studied and extensively reviewed that TSHR is distributed predominantly on the
basolateral membrane of thyroid follicular cells [22]. In addition to thyroid tissues, the mRNA and
protein expression of TSHR has also been identified in a bundle of other human and animal extra-thyroid
tissues, including neural tissues, immune cells, ocular muscles, bone, adipocytes, erythrocytes, ovary
and liver. The expression and functional role of TSHR in a variety of non-thyroid cancerous tissues,
including melanoma, glioma, lung cancer, breast cancer, ovarian cancer and liver cancer, have been
reported [38—43]. It is unfortunate that some of these findings are not confirmed by independent
follow-up studies. As such, these findings will not be discussed in detail here. The evidence regarding
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TSHR mRNA and protein expression in extrathyroidal tissues, including normal and cancerous tissues,

are summarized in Table 1.

Table 1. Summary of evidences of TSHR expression in human extra-thyroid tissues or cells.

Benign Tissues Expression @ Functionality ? Reference
Adipose tissue Both mRNA and protein Yes [44-46]
Adrenal Both mRNA and protein No [47]
Endometrium Both mRNA and protein No [48]
Erythrocytes Protein Yes [49,50]
Kidney Both mRNA and protein No [47]
Liver Both mRNA and protein Yes [51,52]
Lymphocytes Both mRNA and protein No [53]
Pituitary Both mRNA and protein No [54]
Cardiac muscle mRNA Yes [55]
Hair follicles Both mRNA and protein Yes [56]
Vascular smooth muscle  Both mRNA and protein Yes [57]
Ovary Both mRNA and protein Yes [58,59]
Malignant tissues Expression 2 Functionality P Reference
Melanoma Both mRNA and protein Yes [39]
Glioma mRNA No [38]
Lung cancer Protein No [40]
Breast cancer Both mRNA and protein No [41]
Ovarian cancer Both mRNA and protein Yes [42,59-61]
Hepat'ocellular Protein Yes [43]
carcinoma

2 Detection of TSHR mRNA was performed by RT-PCR or real-time quantitative-PCR, whereas detection of TSHR
protein was conducted by immunohistochemical staining or Western blot.  Functionality examination was assayed
by quantitating cAMP production or determining downstream effectors activation.

3. The Signaling Pathways Downstream of TSHR in Response to Stimulatory Signals

TSHR belongs to a subfamily of family A G-protein-coupled seven-transmembrane receptors
(GPCR) and activates canonical GPCR signaling cascades once stimulus signals are encountered [35,62].
Physiologically, the stimuli for TSHR activation on the surface of thyroid cells are of multiple
distinct origins. Firstly, typical stimulation comes from binding of circulating TSH. Secondly,
autoantibody-mediated binding mimicking that of TSH to the “pocket” of the extracellular region
triggers TSHR activation. This is commonly observed in those with autoimmune disease, such as
Graves’ disease. Thirdly, autonomous activation of TSHR caused by somatic or germline mutations in
the TSHR gene, especially when the genetic variations are identified in sequences encoding the (3 (or B)
subunit, as it directly associates with G proteins inside the cell membrane [35,63—-65]. Another rarely
discussed stimulating ligand for TSHR is an anciently-conserved hormone called thyrostimulin, a
non-covalent heterodimeric hormone, also called orphan glycoprotein hormone or corticotroph-derived
glycoprotein. It is composed of two protein subunits, glycoprotein hormone subunit alpha 2 (GPHA?2)
and glycoprotein hormone subunit beta 5 (GPHB5), identified initially from in vitro yeast-two hybrid
and human cell-based experiments for its ability to physically interact with TSHR. These findings are
further confirmed by colocalization experiments using tissues from the anterior pituitary of rats [66].
All of these stimulatory events contribute to the activation of signaling pathways downstream of
TSHR-coupled G proteins.

Activation of TSHR and the linked signaling cascades through binding of circulating TSH or
autoantibodies onto the surface of thyroid cells plays a pivotal role in controlling thyrocyte growth
and in regulating thyroid hormone production/secretion [67,68]. This is executed through switching
on different subtypes of G proteins and signaling pathways [69-73]. Among them, the Gas- and
Gag-induced cascades are of the greatest importance [74-77], as they have been tightly linked to
specific intracellular signal transductions downstream of TSHR in response to stimulations [78].
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Generally, elevated activity of Gas triggers adenylate cyclase (AC) activation, leading to generation
of cyclic adenosine monophosphate (cAMP) to promote the pathways transduced by protein kinase
A (PKA), also known as cAMP-dependent protein kinase, a complex consisting of two catalytic and
two inhibitory subunits. Activation of PKA is achieved when binding of two cAMP molecules to
each subunit occurs, resulting in conformation changes of the proteins and release of the inhibitory
subunits. Among the proteins identified as potential substrates of PKA, direct phosphorylation of the
cAMP-responsive element binding protein (CREB), a transcription factor, is the most frequently studied
and reported. Upon CREB activation, expression of the downstream genes, most of them harboring
the capability to enhance mitogenic effects, is then turned on in response to such stimulations [79-86]
(Figure 2).
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Figure 2. Diagrammatic representation of the identified signaling pathways activated by TSHR
in thyrocytes.

Another extensively investigated effect caused by activation of TSHR-coupled Gxq is a pathway in
which TSHR/Gaq turns on phospholipase C (PLC) and/or phosphoinositide 3-kinase (PI3K) cascades so
as to promote cell proliferation and survival. In this signaling pathway, elevated activity of PLC enhances
decomposition of phosphatidylinositol 4,5-bisphosphate (PIP;) and thereby leads to release of inositol
1,4,5-trisphosphate (IP3) and generation of diacyl glycerol (DAG). As a result, protein kinase C (PKC), a
calcium (Ca®*)-dependent protein kinase, is activated, so as to switch on downstream mitogen-activated
protein kinase (MAPK) pathways. On the other hand, activation of PI3K-mediated signaling also triggers
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production of various 3-phosphorylated phosphoinositides, phosphatidylinositol (3,4,5)-trisphosphate
(PI(3,4,5)P3), phosphatidylinositol 3-phosphate (PI3P) and phosphatidylinositol (3,4)-bisphosphate
(PI(3,4)P,) for instance, to recruit and activate an assorted group of signaling proteins containing
specific phosphoinositide-binding domains, such as the phosphoinositide-dependent kinase-1 (PDK1)
and pleckstrin homology domains (PH domains) harboring protein AKT. The activated PDK1 then
phosphorylates AKT at the T308 residue to partially elevate its function, although exercising the full
functionality of AKT needs additional phosphorylation at 5473 [69,70,87-89] (Figure 2).

A similar mechanism seems to be employed by the ancestrally-conserved thyrostimulin, which is
estimated to have 30-fold stronger binding affinity to TSHR than TSH, acting as a circulatory hormone
released from the anterior pituitary or a paracrine hormone secreted from neighboring tissues [59,90,91].
Thyrostimulin binds to the binding sites on TSHR, where GPHA2 binds to the transmembrane domain
and GPHBS associates with the extracellular domain, leading to activation of TSHR-mediated signaling
cascades. The binding between GPHA2 and TSHR has been found to be similar to that between TSH
and TSHR, wherein the N-linked glycosylation at specific residues either on GPHA2 or TSH is pivotal
for activation of TSHR [92,93]. Although the existence of thyrostimulin in humans remains doubtful
currently, its roles and functions have been extensively investigated in a bundle of animal models (for
a comprehensive review of thyrostimulin, see [90]).

4. TSHR in Thyroid Cancer Cells

Expression of TSHR is predominantly identified in thyroidal tissues, either in benign and malignant
thyroid tissues, serving as a target mainly for TSH [9]. The TSHR-mediated growth of thyroid was
initially observed in TSH-secreting pituitary adenoma and Graves’ disease [94,95]. Subsequently,
multiple large cohort studies have proposed that higher serum TSH levels are linked to an increased
risk of thyroid cancer [96]. The activated TSHR-induced signaling cascades, as mentioned above, have
been shown to serve as oncogenic pathways in thyroid cancer, especially in tumors carrying mutations
at V60OE in B-Raf proto-oncogene. Furthermore, it has been demonstrated by subsequent studies

EV600E mtations in vitro in cell culture and

that TSH signaling overcomes senescence induced by BRA
in vivo in mice [97-100]. Moreover, by using a TSHR-knockout mouse model (TSHR(-/-)) to study the
role of TSH/TSHR-mediated growth signaling, it was discovered that existing additional oncogenic
mutation, such as that in TRbeta(PV/PV) mice, is indispensable for follicular thyroid cancer (FTC) cells
to metastasize [101], indicating that although the signaling transduction downstream of TSH/TSHR
plays an important role in modulating thyroidal cell proliferation, other coexisting mutations capable
of turning on other signaling cascades are required to establish an invasive phenotype. Except for
the TSH-induced activation of TSHR, there are numerous spontaneously occurring mutations located
within the TSHR gene, which are identified in thyroid cancer patients. These can be either germline
or tumor-specific mutations, carrying the ability to automatously turn on downstream cascades and
thereby promoting cell proliferation, such as V509A, C672Y and M453T [65,102]. Taken together,
TSHR has a growth-promoting or oncogene-like function in thyroid cancer, although other co-existing
mutations are required to establish a fully malignant phenotype. Nevertheless, clinically, the expression
levels of TSHR seem to be downregulated in patients with more advanced stages of thyroid cancer,
especially for those with poorly differentiated cell types, suggesting the existence of an uncharacterized
selection/adaption mechanism [103].

5. TSHR in Extra-Thyroid Cancer Cells

5.1. Ovarian Cancer

Existence of both TSHR and thyroid hormone receptor (TRs) in human ovarian tissue was initially
reported in 2009 by Aghajanova et al., using immunohistochemical staining and reverse transcription
polymerase chain reaction (RT-PCR). Functionality of TSHR and TRs in primary human ovarian tissues
under TSH or thyroid hormone stimulation was also demonstrated through assessing downstream
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signaling pathways or metabolites [58]. Subsequent studies were in agreement with this, finding that
TSHR was indeed expressed in ovarian tissues, and furthermore in cancerous cells [42,59,61]. Among
these studies, Sun et al. confirmed that expression of TSHR mRNA not only occurs in ovaries but
also in the oviduct by use of RT-PCR assay in either animal models or human ovarian cell lines. Full
functionality of TSHR in NIH:OVCR-3 ovarian cancer cells was also demonstrated. Moreover, the
expression of TSHR was periodically up-regulated by the gonadotropin-driven cAMP cascade and
down-regulated by estradiol production in rat ovaries. Intriguingly, contradictory to Aghajanova’s
findings (although both may be true), they demonstrated that it was not TSH but thyrostimulin
which acted as a paracrine regulator to modulate activation of TSHR in mammalian ovaries [59].
Recently, they also discovered that the paracrine thyrostimulin-mediated activation of TSHR switched
on canonical G-protein coupled signaling pathways and trans-regulated activation of epithelial growth
factor receptor (EGFR) to promote ovarian cancer cell proliferation [61] (Figure 3).
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Figure 3. Schematic representation of the identified effectors and pathways downstream of TSHR in
response to thyrostimulin stimulation in ovarian cancer cells.

The results reported by Huang et al. indicated that TSHR served as a master oncogenic protein
in response to thyrostimulin stimulation in ovarian cancer. This concept is partially confirmed
by another publication showing that TSHR mRNA expression level could serve as a biomarker
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to predict the response of adjuvant intravenous platinum-taxane chemotherapy in patients with
ovarian cancer, wherein those with increased TSHR mRNA level are associated with poorer clinical
outcomes [60]. These lines of evidence partially uncover the growth-promoting role of TSH/TSHR
and/or thyrostimulin/TSHR in ovary and ovarian cancer. Nevertheless, the details of underlying
mechanisms by which TSHR modulates oncogenesis or tumor growth of ovarian cancer, and new
strategies designed accordingly to intervene these processes, still await further exploration.

5.2. Liver Cancer

The presence of TSHR on the cell surface of human liver tissues as well as a hepatocyte cell line
(L-02) was first demonstrated by Zhang et al. via RT-PCR and immuno-fluorescence assay (IFA),
respectively [51]. The functionality of TSHR, driving cAMP accumulation in response to the stimulation
of bovine TSH (bTSH) and immunoglobulins isolated from patients with Graves’ disease, was also
demonstrated in this study. Subsequently, these findings were confirmed in an animal model by
showing that TSH/TSHR played a role in maintaining hepatic blood glucose, triacylglycerol and bile acid
homeostasis [104-106]. Lines of evidence from other studies also indicated that TSH/TSHR modulated
progression of liver-associated metabolic diseases in human and in mice model [52,106-110]. Recently,
it has been unveiled that abnormality in metabolic processes can lead to enhanced carcinogenesis
and/or metastasis of several cancers, including liver cancer [111]. However, it was not until 2018 that
Shih and coworkers demonstrated that the levels of TSHR predicted clinical outcomes of patients
with hepatocellular carcinoma (HCC), of which poorer survival rates were observed in those with
higher TSHR expression, and the presence of TSH altered sensitivity of HCC cells to cisplatin, a
chemotherapeutic drug for HCC, in vitro [43]. Moreover, several mutations within exon 10 of the
TSHR gene were identified in HCC tissues, despite the fact that the roles of these mutants in promoting
tumorigenesis or cancer progression in HCC remained uncharacterized.

In liver cancer, another frequently debated issue is the roles of the thyroid hormones T3 and
T4 in tumorigenesis, cell growth and metastasis. Thyroid hormones might impact HCC growth
through various pathways. According to current understandings in this field, most of the literature
has considered T3/T4 a potential tumor suppressor, while others have considered them to be oncogenic
promoters in HCC (for a comprehensive review of the effects of thyroid hormones in HCC, see [112]).
Some of these studies provided a possible explanation for the finding that higher TSH and free
T4 levels in blood were associated with poorer prognoses and larger tumor size in unresectable
HCC patients [113]. Intriguingly, another independent study showed that higher TSH or free T4
concentrations in blood were associated with better clinical outcomes in HCC patients receiving
chemotherapy, but not sorafenib (a targeted anticancer drug) treatment [114]. According to this study,
it might be better to treat HCC patients with higher TSH and free T4 levels by chemotherapy instead of
the targeted drug sorafenib, although the mechanisms behind these observations still require future
elucidation. Overall, these results partly unveil the role and applicability of TSH/T4 in liver cancer
treatment. Notably, the oncogenic role of thyroid hormones (not TSH/TSHR) in HCC is still under
debate [115,116].

6. Clinical Usefulness of TSHR Related Pathways in Anticancer Therapies

For thyroid cancer, there are lines of evidence revealing a strong association between high levels
of T4 or T3 and reduced thyroid cancer growth, as thyroid hormones suppress TSH secretion from
the pituitary gland [117]. Subsequently, by using levothyroxine, an artificially synthesized mimic of
T4, to treat patients, the sizes of thyroid nodules are reduced and metastases of thyroid cancer are
restrained [118-121]. Indirect TSH suppression by exogenous levothyroxine administration remains a
mainstay of clinical management for differentiated thyroid cancer nowadays, especially for patients
under high risk of recurrence [121]. However, a more individualized treatment strategy regarding TSH
suppression has to be adopted, because it is of little benefit for patients with low risk of recurrence and
there is an increased risk of bone loss and cardiovascular diseases, owing to adverse effects caused by
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exogenous subclinical hyperthyroidism [122,123]. On the other hand, the TSHR-mediated upregulation
of sodium-iodide symporter expression is frequently used to enhance the radioiodine uptake in ablative
radioiodine therapy. This can be achieved by means of either endogenous TSH stimulation through
thyroxine withdrawal or exogeneous administration of recombinant human TSH [8]. Additionally,
evidence from clinical studies shows that expression levels of TSHR serve as a marker to predict the
efficacy of these therapies [124,125].

Several small molecule kinase inhibitors, identified as thyroid cancer cell proliferation
repressors, rather than as tumoricidal, have been used as the first-line strategy to treat progressive
radioiodine-resistant differentiated thyroid cancer. They can provide prolonged progression-free
survival but not a cure [8]. Moreover, the toxicities of this class of agents hinder its widespread use. A
combination or sequential treatment strategy to apply the TSHR-mediated pathway manipulation and
kinase inhibitors may be considered in the future.

In order to improve the therapeutic strategies for cancer, the term “theranostics” has been created.
Owing to the dedication of scientists in this field, several novel strategies and methods to deliver
drugs have been established to minimize the off-target/mis-target effects and maximize the proper
delivery of drugs to where they are needed. These include several attractive models of nanoliposomes,
organ-specific targeting and immune system evasion methods, which can be achieved by molecules
embedded in the lipid bilayer. To target the TSH/TSHR pathway, the nanoliposomes coated with
fragments of TSH were used to compete with the binding of TSHR in vitro and in vivo [126]. In this
study, the researchers showed that the nanoliposomes packed with gemcitabine, a chemotherapeutic
agent, exhibited higher efficacy against the proliferation of thyroid cancer cell line FTC-133 in vitro
than uncoating TSH liposomal gemcitabine and free gemcitabine. A similar study confirmed such
notions by packing cisplatin [127]. These studies indeed provide a novel strategy, taking advantage of
the TSH/TSHR pathway to treat thyroid cancer. Inconvenience exists, however, as liposomes need
to be used freshly and are unstable under long-term storage, raising the needs of an alternative or
improved design.

Pharmacologic suppression of endogenous TSH via the negative feedback loop for the purpose of
inhibiting TSHR-mediated growth signaling often leads to subclinical hyperthyroidism. Considering
the stability and easily manufactured nature of protein or peptidyl drugs, it may be more reasonable
to develop antagonists of TSHR to avoid systemic side effects, while manifesting effectiveness to
inhibit thyroid cancer growth. Such small-molecule antagonists of TSHR attract much attention
from scientists who are dedicated to developing new treatments for Graves’ disease, a pathological
condition caused by binding of stimulatory autoantibodies to TSHR to induce hyperthyroidism.
However, unsatisfactory results remain, as most molecules cannot achieve sufficient specificity in vivo
to substantially inhibit TSHR signaling, although several synthesized compounds have been generated
that are capable of suppressing TSHR expression or its downstream signaling to a certain extent [128].
These compounds, including antagonists and inverse agonists, are of minimal/mild effectiveness in
suppressing TSHR signal transduction, as only around 50% and 39% inhibitory effects for cAMP
production could be achieved when stimulated by TSH or sera derived from patients with Graves’
disease, respectively [129,130]. Recently, a novel small molecule antagonist of TSHR has been identified
by drug screening. The researchers claimed that a selective inhibitory effect could be observed in TSHR
but not in those closely related receptors, such as follitropin and lutropin receptors [131]. Indeed, it
would be very helpful if an oral small molecule drug can be approved for clinical use to treat patients
with thyroid cancer or Graves’ disease, but there remains a long way to go, as the present findings are
still limited to cell-based assays and mouse models, rather than clinical trials.

On the other hand, it has not been explored whether patients with extra-thyroid cancers can
be treated by targeting TSHR or the related pathways. Only a few studies have demonstrated such
potentiality in ovarian and liver cancers [43,60,114]. Directly targeting TSHR in extra-thyroid cancer
seems to be impractical, as the systemic effect caused by such treatment is difficult to avoid. TSHR
expression is most abundant in thyroid cells, compared to all other extra-thyroid tissues or organs. As
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such, unless a specific liver or ovarian cancer delivering or targeting system can be developed, the
TSHR-targeting strategy cannot be applied to extra-thyroid cancers. However, by use of the index
obtained from the levels of TSH and free T4, one can select a better strategy to treat patients with
HCC [113,114].

7. Conclusions

The molecular function and clinical role of TSHR have been extensively explored in both benign
and malignant thyroid tissues. Accordingly, it has been proposed that TSHR might serve as a candidate
target for anticancer therapy [103]. Our current understandings of the anticancer role of TSHR in
thyroid cancer come mostly from the effectiveness of the therapeutic strategies manipulating the
TSH/TSHR signaling pathways, for example, by administration of levothyroxine. Such strategies
remain largely unchanged during the past decades.

In addition to thyroid cancer, the aforementioned strategies targeting the TSH/TSHR pathways
can potentially be used to fight against extra-thyroid cancers, provided that the malignant tissues
harbor higher expression levels of TSHR on the surface of cancerous cells. To date, expression
of TSHR mRNA and protein have been detected in a variety of tissues and extra-thyroid cancers,
although our knowledge regarding the functional characteristics of these extra-thyroid TSHR remains
limited. Several difficulties have to be overcome, however, prior to a possible clinical application.
For example, the expression levels of TSHR in the extra-thyroid cancers have to be high enough that
the alteration of TSHR function induced by the cognate ligands is great enough to elicit the desired
anticancer responses. It is highly likely that the TSHR expression can vary not only cancer-to-cancer
but also patient-to-patient.

In the era of precision medicine and targeted therapy, TSHR has been proposed to be a potent
target against thyroid cancer with several experimental compounds under development. This potential
is supported by the success of the therapeutic strategies to manipulate TSH/TSHR function in treating
differentiated thyroid cancer. Although thereis hope for targeting TSHR in the treatment of extra-thyroid
cancers, much work needs to be done before this becomes a clinical reality.
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