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Abstract: Breast cancer, the most prevalent female carcinoma, is characterized by the expression of
steroid nuclear receptors in a subset of cases. The most important nuclear receptor with prognostic
and therapeutic implications is the Estrogen Receptor (ER), which is expressed in about three out
of four breast cancers. The Progesterone Receptor (PR) and the Androgen Receptor (AR) are also
commonly expressed. Moreover, non-steroid nuclear receptors, including the vitamin D receptor
(VDR) and the thyroid receptors (TRs), are also present in breast cancers and have pathophysiologic
implications. Circulating thyroid hormones may influence breast cancer risk and breast cancer
cell survival, through ligating their canonical receptors TRa and TRf but also through additional
membrane receptors that are expressed in breast cancer. The expression of TR subtypes and their
respective isotypes have diverse effects in breast cancers through co-operation with ER and influence
on other cancer-associated pathways. Other components of the TSH/thyroid hormone axis, such as
TSH and selenoiodinase enzymes, have putative effects in breast cancer pathophysiology. This paper
reviews the pathophysiologic and prognostic implications of the thyroid axis in breast cancer and
provides a brief therapeutic perspective.
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1. Introduction

Breast cancer is a major cause of morbidity and mortality in women across geographies
and age groups. It represents the top cancer in terms of prevalence and in mortality among
women globally [1]. The majority of breast cancers express the Estrogen Receptor (ER)
and display ER dependence for their growth. Thus, targeted therapies inhibiting the ER
or inhibiting production of the main ligand estradiol have been the mainstay of their
treatment [2]. Other steroidal Nuclear Receptors (NRs), such as the Progesterone Receptor
(PR) and the Androgen Receptor (AR), play a role in breast cancer. For example, PR, as a
target of ER transcription, is an indicator of ER functional status, but also has additional
functions in its own right. AR is an alternative functional receptor, expressed in a subset
of cancers, either with or without ER expression [3]. Non-steroidal NRs, such as vitamin
D Receptor (VDR) and nuclear receptors for thyroid hormone (TRs), are also expressed in
breast cancer and play functional roles in breast cancer cells, although these roles are less
critical than that of ER. VDR is a regulator of calcium metabolism in kidney, bones and
intestine [4]. It is also expressed in mammary tissues and breast cancers, where it suppresses
proliferation and promotes apoptosis in established cancers [5]. Low circulating levels of
the VDR ligand, vitamin D, are commonly associated with breast cancer development [6].
Furthermore, thyroid hormone receptors are expressed in a subset of breast cancers and
influence cancer cell survival.

Thyroid hormones, thyroxine (T4, also called tetra-iodothyronine) and triiodothyro-
nine (T3) are produced by the thyroid gland after receiving signals through the pituitary
hormone Thyroid Stimulating Hormone (TSH, also called thyrotropin). TSH binds receptor
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TSHR in the surface of thyroid follicular cells. After secretion by the thyroid to the circu-
lation, T4 is transformed to T3 inside target cells by deiodinases DIO1 and DIO2, which
remove one of the iodine atoms of T4. Thyroid hormone receptors, TRx and TRf3, bind T3
in peripheral target tissues and exert multiple systemic effects. Thyroid hormones stimulate
metabolic processes, increasing body heat production, and oxygen consumption as well as
the uptake of cholesterol, triglycerides and glycose [7]. Thyroid hormones also increase
blood supply in tissues by the vasodilation effect and lead to an increase in cardiac output
by increasing both heart rate and contractility. Thyroid hormones collaborate with other
hormones in the regulation of growth and fertility. Most tissues receive direct or indirect
regulatory physiologic inputs from the thyroid cascade, which results in regulation of the
expression of hundreds of genes.

This article reviews the role of the thyroid axis in breast cancer, with a focus on
the circulating levels of TSH and T4 as well as on the expression and function of TRs
and TSHR in breast cancer cells. Moreover, the effects of thyroid hormones mediated by
non-nuclear receptors, which are present in breast cancers, are discussed. Breast cancer
is a heterogeneous disease with at least four major sub-types, the clinical equivalents of
genomic luminal A, luminal B, HER?2 enriched and basal-like genotypes derived from
genomic studies [8,9]. The expression of thyroid receptors and the pathophysiologic
implications of the thyroid axis in these sub-types may be diverse and are also considered.

2. The Hypothalamic-Pituitary-Thyroid Axis and Systemic Effects Related to
Cancer Pathogenesis

Production of the glycoprotein hormone TSH by the hypophysis is stimulated by Thy-
rotropin Releasing Hormone (TRH), produced by neurons of the paraventricular nucleus
of the hypothalamus [10]. TRH is a neuropeptide consisting of pyro-glycine, histidine and
proline and is a positive regulator of the expression of the TSHB gene encoding for the
beta subunit of TSH. TSH is a heterodimer and consists of an alpha and a beta polypeptide.
The alpha sub-unit is shared with other pituitary hormones, Follicle Stimulating Hormone
(FSH), Luteinizing Hormone (LH) and human chorionic gonadotropin (hCG) and the beta
sub-unit is specific for TSH and specifies interaction with the TSH Receptor (TSHR). The
glycosylation of TSH affects its potency and is also regulated by TRH [11]. TSH enters
the circulation and reaches the thyroid gland, where it binds TSHR in the basolateral
membrane of thyroid follicular cells and stimulates iodine mobilization and the production
of thyroid hormones T4 and T3 (Figure 1) [12]. T3 acts in target tissues through the ligation
of nuclear receptors, TR and TRf3, which then function as transcription factors executing
a metabolic program. Moreover, T3 and T4 have non-genomic actions through binding
to cell surface integrin av33 [13]. The specific DNA binding sequences of TRs, called
TR Response Elements (TREs), consist of the AGGTCA sequence as a half site, which is
repeated in a direct, everted, or inverted manner in different promoters [14,15]. T4 is the
main circulating hormone and is de-iodinized to T3 in target tissues by iodothyronine
deiodinases DIO1 and DIO2 [16]. Another deiodinase, DIO3, further deiodinizes T3 and
T4, producing the inactive forms T2 and reverse T3 (r'T3), respectively. T3 and T4 also
exert a feedback action in anterior pituitary thyrotrope cells, shutting down the production
of TSH, through negative regulations of the promoters of alpha and beta TSH subunits
(Figure 1). They also act on hypothalamic neurons to decrease the production of TRH.
Alpha subunit production is under the control of other hormones, such as gonadal steroids,
and is increased in post-menopausal women. As a result, increased TSH levels may occur
with normal aging and are not associated with hypothyroidism, except if concomitant
thyroid pathologies, such as autoimmune thyroiditis, are present [17]. The feedback loops
from circulating thyroid hormone levels, together with TRH, are the major regulators of
physiologic TSH levels [17]. An excess of thyroid hormones (hyperthyroidism) leads to
the suppression of TRH and TSH. Additionally, TSH is suppressed by exogenous steroids,
by severe illness and by dopamine. In contrast, hypothyroidism causes the elevations of
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TSH [18]. TSH, especially when elevated, may produce direct effects in cells that express
the receptor TSHR, independently of thyroid hormones.
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Figure 1. The TRH/TSH/Thyroid hormone axis. For details, please see text. TSH, Thyroid Stimulat-
ing Hormone; TRH, Thyrotropin Releasing Hormone.

TRocand TR receptors have overlapping but distinct target genes, and they have three
and two isoforms, respectively, TRa1, TRx2 and TRa3 and TRB1, and TRB2, produced
by alternative splicing [15]. The two TR receptors enter the nucleus after ligation by
T3 and bind TRE sequences as either homodimers or heterodimers with the Retinoid X
Receptor (RXR).

Target organs of thyroid hormones include the heart, the central nervous system,
organs of the musculoskeletal apparatus and the kidney [18]. Genomic effects are mediated
by regulation of target gene promoters bound by TRs ligated by T3. Non-genomic effects
are mediated by the ligation of surface integrin av33 (vitronectin receptor) and triggering of
signal transduction pathways through kinases PI3K and ERK [13]. Target genes mediating
genomic effects include direct targets of TRs and indirect targets that are transcribed by
other transcription factors that are themselves direct targets of TRs. As an illustrative
example, TR« directly regulates the CTNNB1 gene encoding for (3-catenin, which then
participates in the upregulation of the transcription of cyclin D and oncogene c-Myc [19,20].
Through these actions, TRs regulate cellular metabolism, proliferation and apoptosis [12].

The hypothalamic-pituitary-thyroid axis may directly affect cancer pathogenesis by
affecting cancer cells when receptors for ligands of the axis are expressed in tumors, and
indirectly affect cancer pathogenesis by altering systemic factors. An excess of thyroid
hormones, as observed in clinical or sub-clinical hyperthyroidism, is associated with an
increased incidence of various common cancers including prostate cancer, lung cancer,
gastrointestinal cancers, and breast cancer [21,22]. Elevated thyroid hormone levels are
associated with an increased incidence of breast cancer in diverse populations. For example,
in a study from Brazil, patients with breast cancer had higher free T3 and T4 levels, and
lower TSH levels, than age-matched controls [23]. In a population-based study from the
United Kingdom, in post-menopausal women, the ratio of free T3 to estradiol was also
significantly higher in breast cancer patients than in controls [24]. In contrast, this inves-
tigation disclosed no association of TSH with breast cancer risk and found an increased
risk of breast cancer in patients with thyroiditis. Furthermore, in a study from Germany,
breast cancer patients had higher free T3 and T4 levels than patients with benign breast
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tumors and healthy controls without breast pathologies [25]. In a study from the Swedish
Cancer Registry, the risk of breast cancer was higher in women with higher levels of T3, in
the higher quartile compared with women in the first quartile of T3 levels [26]. Women
with high T3 levels more often had cancers of a larger size, with positive lymph nodes and
negative expression of ER and PR [27]. Moreover, hyperthyroidism is often associated with
adverse survival outcomes after cancer diagnosis. Conversely, primary hypothyroidism is
associated with reduced breast cancer risk and more indolent cancers, as suggested by the
smaller tumor size and lower rates of pathologic lymph node involvement [28]. Despite
this reduced risk, hypothyroidism is associated with obesity, which is a risk factor for the
development of ER-positive breast cancers [29]. Thus, hypothyroidism may influence the
risk of breast cancer in difference directions through direct and indirect effects. The follow-
ing sections examine the indirect and direct effects of the hypothalamic-pituitary-thyroid
axis in breast cancer.

3. Expression and Actions of Thyroid Hormone Receptors and Other Proteins of the
Axis on Breast Cancer Cells In Vitro and In Vivo

The effects of thyroid hormones have been examined in various experimental models
of breast cancer, confirming the influence of the thyroid axis in cancer cell survival and
proliferation. T3 stimulated proliferation of the hormone-sensitive breast cancer cell line
T47D and led to the downregulation of tumor suppressors p53 and Retinoblastoma protein
(Rb), in a manner similar to estradiol [30]. An estrogen receptor antagonist was able to
reverse these effects of T3, suggesting that thyroid hormone effects are at least partially
mediated through co-operation with ER in this model. The proliferation of both T47D cells
and MCF7 cells was induced by T3 and estradiol in another study, which also showed that
T3 was an inducer of an Estrogen Receptor Element (ERE), although it was significantly
weaker than estradiol [31]. ER-positive breast cancer cell lines MCF7, T47D and ZR75
displayed a synergistic enhancement of growth following exposure to estradiol and T3,
while this growth induction was not observed in ER-negative cell lines MDA-MB-231 and
MDA-MB-468 [32]. The transfection of MDA-MB-231 cells with ER sensitized them to
inhibition by estradiol and T3, an opposite effect to that observed in endogenously ER
positive cells. The action of T3 on potentiation of the effects of estradiol in ER-positive cells
requires TRs, as an RXR-selective retinoid ligand SR11217 that prevents the interaction
of TRs with transcriptional partner RXR, and abrogates the synergistic effect of T3 to
estradiol [30]. In a mouse model of 7,12-dimethylbenza-anthracene (DMBA)-induced
breast carcinogenesis, euthyroid mice developed more voluminous tumors with a shorter
latency than hypothyroid mice [33]. Other studies have shown that T3 stimulates the
growth of MCF-7 cells through ER and induces the expression of ER target genes PR and
EGEFR [34]. This proliferative effect is not observed in the ER-negative cell line MDA-MB-
231. However, in another study, the treatment of MCEF-7 cells with T3 induced apoptosis
by a mechanism involving the transcriptional suppression of apoptosis-negative regulator
regucalcin (also called Senescence Marker Protein 30 (SMP30)) [35].

The specific type of TR expressed in a particular cell is critical for the genomic ef-
fects of thyroid hormones. Cell line MDA-MB-468 is negative for the expression of TR31.
The transfection of MDA-MB-468 cells with TRP1 led to a reduction in the growth of
xenografts in mice in vivo compared with xenografts of non-transfected parental cells [36].
In addition, TRB1-transfected MDA-MB-468 cells displayed decreased invasion and metas-
tasis and underwent a partial mesenchymal-to-epithelial transition. These results were
corroborated by another study in MDA-MB-468 cells transfected with TR [37]. After trans-
fection, TR 3-expressing cells acquired a more epithelial-like phenotype, with a reduction
in mesenchymal cytokeratins expression. TR31 transfection leads to the suppression of
the expression of receptors EGFR1 and HERS3, as well as IGF-IR [36]. The TR{ repressive
complexes recruit co-repressors, such as Nuclear Receptor Co-repressor 1, (NcoR1) to
silence the transcription of target genes, including receptor tyrosine kinase ligands VEGF-C
and VEGF-D [38]. The VEGEF axis is crucial for breast cancer lymphangiogenesis [38]. In
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TR expressing T47D, treatment with T3 suppressed the activity of STAT5 signal trans-
ducer, leading to the suppression of proliferation, whereas the expression of a mutant
form of TR allowed for the de-repression of STATS and sustained proliferation [39]. TRf,
in co-operation with transcription partner RXRf3, directly represses the transcription of
pro-tumorigenic 3-catenin in thyroid and cervical cancer cells [40]. The phosphorylation
of TR at tyrosine 406 seems to be a pre-requisite for its tumor-suppressing function [41].
Cells transfected with a TR mutated at position 406 (phenylalanine replacing the native
tyrosine) showed a growth ability in rats that was equivalent to cells transfected with an
empty vector, while xenografts of cells transfected with a wild-type TR were deficient in
their growth.

The expression of acv33 integrin (also known as the vitronectin receptor) marks vas-
cular beds associated with tumor neovascularization [42]. av[33 integrin can differentiate
tumor-associated endothelia better than CD31, which is also expressed in normal endothe-
lial cells. av33 integrin is expressed in tumor vessel endothelial cells and tumor cells of
breast cancer patients [43]. av[33 integrin expression is induced by Transforming Growth
Factor beta (TGFf) signaling in breast cancer cells [44]. av[33 integrin acts as a cellular re-
ceptor for the thyroid hormones, and its expression in breast cancer cells has an association
with bone metastases in rats and in mice bearing human breast xenografts [45,46]. T47D
cells exposed to T3 display activation of the FAK and AKT kinases through av33 integrin
binding, resulting in a remodelling of focal adhesion and the promotion of mobility and
invasion [47]. The ocv33-integrin-mediated activation of FAK kinase and the PI3K/AKT
cascade may also be executed by lipid 14,15-epoxyeicosatrienoic acid in breast cancer cells
and promotes EMT and cisplatin resistance [48]. The MAPK cascade is also activated by
FAK and induces proliferation [49]. The high expression of «v[33 integrin has been reported
in triple-negative breast cancers with the mesenchymal phenotype [50]. An antagonistic
peptide, called YRGDechi, decreased the migration and invasion of mesenchymal breast
cancer cells and their ability to form mammospheres, suggesting decreased stem cell prop-
erties. Tetraiodothyroacetic acid (tetrac), an antagonist of thyroid hormones, acts through
the av33 integrin to inhibit the proliferation of MDA-MB-231 cells [51]. Tetrac results in
the downregulation of apoptosis inhibitors XIAP (X-linked inhibitor of Apoptosis) and
MCL1 (Myeloid Cell Leukemia 1). These effects are maintained when cells are exposed to
nanoparticulate tetrac, which is not able to penetrate the cytoplasm [51].

As well as actions carried out through av(33 integrin and downstream pathway
activation, thyroid hormones have pleiotropic effects through thyroid receptors in cancer
cells by co-operating with other pathways [52]. In the context of the bowel, TRs co-operate
with (-catenin to promote proliferation in a pathway that is active in crypt stem cells and
is strongly activated in colorectal cancers due to APC mutations [20]. Given that 3-catenin,
but also the soluble frizzled ligand sFRP2, are targets of thyroid receptor transcription,
a positive activating loop exists between the thyroid and Wnt/ 3-catenin transcriptional
programs in cells where the two programs are functional [53].

The systemic effects of circulating thyroid hormones on breast carcinogenesis were ex-
amined in a model of DMBA-induced breast carcinogenesis in rats [54]. Rats were exposed
to DMBA and treated with propylthiouracil or T4 to become hypothyroid or hyperthyroid,
respectively. Hypothyroid rats showed a lower incidence of mammary tumors, which
developed later and had a lower tumor growth rate than tumors in euthyroid controls and
hyperthyroid rats. However, these effects may have been indirect, given that hypothyroid
rats displayed reduced serum levels of estradiol [54]. Other systemic effects of hypothy-
roidism observed in rats included a lower serum leptin level with preserved abdominal fat
mass, while circulating progesterone and prolactin levels were not different compared with
controls. In another in vivo animal model of immunocompetent Balb/c mice, which were
inoculated with triple-negative 4T1 breast cancer cells, tumors in hyperthyroid mice grew
faster than tumors of hypothyroid animals and displayed decreased infiltration by cytotoxic
lymphocytes [55]. However, lung metastases were more numerous in hypothyroid animals
compared with hyperthyroid animals.
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Overall, data from animal and in vitro models confirm that the thyroid axis may
have both pro-carcinogenic and tumor-suppressing effects. The specific thyroid nuclear
receptor expressed is critical in mediating thyroid hormone effects and, in addition, av(33
integrin is expressed in breast cancer cells and is equally important for the observed effects.
A model, consistent with the one for estrogens, where high levels of hormones promote
mammary carcinogenesis but are associated with the development of more indolent disease,
is suggested by in vivo models of thyroid-hormone-facilitated mammary carcinogenesis in
mice. Among the receptors responding to thyroid hormones, TRx and ov 33 integrin are
pro-proliferative, while TR3 mainly has tumor-suppressing effects.

4. Expression of TRs, TSHR and Related Proteins in Human Breast Cancers and
Prognosis According to Subtype

A direct effect of the thyroid axis can be anticipated in breast cancers that express
receptors for the thyroid hormones, either the TRs or the av[33 integrin (Table 1). Thus,
determination of the expression of these receptors in breast cancer cells is of particular inter-
est. The expression of thyroid receptor TRx1 was reduced in breast cancers compared with
normal, benign (fibrocystic changes and fibroadenomas) and lactating breast tissues [56].
TR expression was even lower in more sizable and higher-grade breast cancers compared
with smaller and lower-grade ones [57]. The cellular localization of TR« and TRf3 was
examined by immunohistochemistry in a study of 148 samples from normal breast tissues,
benign breast lesions and in situ or invasive breast cancers [58]. TRa was expressed in
nuclei of epithelial cells lining normal breast ducts but was excluded in the cytoplasm
of cells from benign and malignant lesions. In infiltrating carcinomas, TRx expression
displayed an inverse correlation with cell proliferation, as measured by PCNA (Proliferat-
ing Cells Nuclear Antigen). TR3 was cytoplasmic in benign ducts. Benign breast lesions
and in situ carcinomas showed a nuclear localization of TRf3, while invasive carcinomas
mostly showed cytoplasmic staining of the receptor [58]. In addition to sporadic breast
cancers, the expression of TRx and TRf3 was confirmed in breast cancers associated with
BRCA1 gene mutations [59]. TR« was positive in 41.9% of sporadic cancers and 44.7% of
BRCA1-associated cancers in this study. TR} was positive in 22.1% of sporadic cancers
and 52.6% of BRCA1l-associated cancers. In contrast to sporadic cancers, TR receptors
had prognostic significance in BRCA1l-associated cancers but reverse correlations between
TR and TRP. BRCA1l-associated cancers with positive TR had an inferior prognosis
compared to counterparts that were negative for TRx expression [59]. The reverse was true
for TR, with BRCA1-associated cancers that were positive for TR expression having a
better prognosis than TR[3-negative counterparts. Cells with BRCAI mutations were unable
to degrade TR in vitro, suggesting that dysregulated excess activity may contribute to
adverse outcomes.

The expression of different isotypes of TRx and TR receptors in varying frequencies
in breast cancer was confirmed in another study [60]. Isotypes TRx1 and TRx2 were
expressed in about 70% of breast cancers, while TR31 receptors were expressed in 54% of
cases, and TR32 was the most commonly expressed isotype in 79% of cases. No significant
prognostic associations were observed, but a trend was noted for TRx2 and disease-free
survival as well as overall survival. The Allred score was equal to or greater than 6 (TR
Allred score of 6 or above was considered positive in this study) for TRl and TR«2 in
74% and 40% of breast cancer patients in another series [61]. TRa2 expression correlated
with expressions of ER and PR, with HER2 negativity, and with improved 5-year OS [61].
However, another study showed no clear association between TRo expression and breast
cancer intrinsic sub-types or hormonal profiles [57]. ER and TRs were concomitantly
expressed in a study of breast cancer tissues from 12 patients [62]. The ex vivo exposure of
breast cancer cells to T3 and estradiol showed that the two hormones had partial agonistic
effects, initiating transcription from each other’s target promoters [63]. When exposed
to T3, ex vivo breast cancer cells upregulated the expression of EGFR, an effect that was
reversed by tamoxifen. High TRB1 expression, as defined by an Allred score above 4,
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was associated with a longer breast-cancer-specific survival compared with low TRp1
expression in women with localized breast cancer [64]. In this extensive database study,
40% of patients (318 of 796 of patients) had a high TRf3 expression, with an Allred score
above 4. TR positivity with this cut-off was observed in 92.4% of ER-positive tumors and
in 68% of ER-negative tumors [64]. In another study, specifically focusing on triple-negative
breast cancer patients, lower TRf3 expression was associated with worse outcomes [63].
In vitro evaluation with TR knockdown suggested that the tumor-suppressing effects of
TR were mediated by the suppression of cAMP /Protein Kinase A (PKA) signalling [65].

Table 1. Studies of thyroid receptors in breast cancers discussed in this article.

Study Number of Patients Type of Cancer Receptor Sub-Type Findings
46 patients with cancer and Decreased expression in cancer
Alyusuf et al. [54] 100 controls with benign All TR«xl compared to normal mammary
lesions and normal tissues tissue and benign lesions.
Decreased expression in cancer
Charalampoudis et al. 41 patients (tumors and All (23 ER-positive, TR« compared to normal mammary
[55] normal tissues) 11 HER2-positive) tissue. Partial loss in larger and
high-grade tumors.
TR« located in nuclei of normal
52 patients with invasive cells and the cytoplasm of
cancers, 20 patients with in pathologic lesions. The reverse is
Conde etal. [56] situ cancers and 12 controls All TR, TRB true for TRPB except for invasive
with benign lesions cancers, which showed a similar
cytoplasmic localization to TR.
s sporadic g TRS i grod oo
Heublein et al. [57] 38 BRCA1l-associated breast All TR, TR .
: and TR« is an adverse
cancer patients ¢
prognostic factor.
Both receptor isotypes are
Ditsch et al. [58] 82 patients All TRad, F{}égﬁ’ TRB1, expressed in subsets of breast
cancers.
TRa1 and TR«2 positivity
. All (95 ER-positive, (Allred score above 6) was
Jerzak etal. [59] 130 patient 17 HER2 positive) TRad, TRa2 observed in 74% and 40% of
cases.
- High expression of TRA1 is
. All (616 ER-positive, : .
Jerzak et al. [62] 796 patients 219 HER2-positive) TRB1 associated A‘A.Ilth bet.ter
cancer-specific survival.
. . High expression of TRB1 is
Guetal. [63] 227 patients Triple-negative breast TRpB associated with better

cancers

disease-free survival

The expression of av[33 integrin receptor facilitates the metastatic process, and espe-
cially the early steps of metastasis [66]. The expression of «v[33 integrin was associated
with adverse disease-free survival outcomes in triple-negative breast cancers, with high
expression (above the median of the group) of the integrin receptor [67].

TSHR is a protein of 87 kDa and belongs to the family of G-coupled protein receptors
(GCPRs) [68]. The activation of TSHR in the plasma cell membrane transmits signals
through G proteins Gas and Gaq, and downstream through the cAMP/PKA /CREB path-
way and the phospholipase C/PI3K/AKT/mTOR pathway. The role of TSHR is established
in well-differentiated thyroid cancers, where treatment with T4 to suppress TSH secretion
from the hypophysis, in order to prevent TSHR activation, is the mainstay of treatment [69].
TSHR is also expressed in other cancers, such as ovarian carcinomas, hepatomas and
melanomas [68,70-72]. The expression of TSHR is increased in breast cancer tissues com-
pared to adjacent normal mammary tissues [73]. However, the functional significance
of the increased expression of TSHR in breast cancer is unclear. Specifically, the effects,
if any, of direct TSH signaling through TSHR expressed in breast cancer cells have not
been confirmed.
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The deiodinases (DIOs) are an integral part of the TSH/thyroid hormone axis and can
regulate the actions of the axis through the production and disposition of thyroid hormones.
DIO3 is expressed in the normal mammary luminal duct and acini cells and, at similar
levels, in breast carcinomas [74]. There was no difference in DIO3 expression between
cancers with positive or negative ER and positive or negative HER2 receptors. Patients
with higher DIO3 levels (above the median expression by immunohistochemistry) had a
better survival than patients with DIO3 expression below the median of the group [74]. A
similar difference in survival was observed when breast cancer patients from the TCGA
cohort were categorized according to their DIO3 mRNA expression levels. DIO1 was not
differentially expressed between normal mammary tissues, benign breast lesions and breast
cancers [56]. In contrast, another study found increased mRNA expression and enzymatic
activity in breast cancers compared with surrounding normal tissues [75]. DIO1 was
expressed in ER-positive cell line MCF-7 but not in ER-negative cell line MDA-MB-231 [76].

Selenium is a trace element that facilitates the function of the family of selenoproteins
such as deiodinases. Selenium levels, as measured in plasma and toenails, have been associ-
ated with breast cancer risk, suggesting that the function of thyroid-hormone-metabolizing
enzymes are involved in aspects of breast cancer pathogenesis [77].

The transcriptional corepressor Silencing Mediator of Retinoid and Thyroid Receptors
(SMRT) plays a role in gene repression by nuclear receptors that are not bound by their
respective ligands. In a series of breast cancers, higher SMRT expression by immunohisto-
chemistry was associated with lower circulating levels of T3 and a higher tumor grade and
proliferating index, as measured by the marker Ki-67 [78]. The overexpression of SMRT
and lower levels of circulating TSH (below the median in the group) were associated with
adverse survival outcomes in this study [78].

In conclusion, studies of thyroid hormone receptors and related proteins in breast
cancer tissues show that the TR subtypes are expressed in most breast cancers. Their
localization is altered compared to normal mammary epithelia and they tend to be excluded
to the cytoplasm, where they are not transcriptionally active. TR3 expression is particularly
associated with improved survival. The expression and function of other components of
the thyroid axis in breast cancer are less studied, and their role remains less clear.

5. Circulating Thyroid Hormones and Breast Cancer Prognosis

An association of thyroid function with survival outcomes in patients diagnosed
with breast cancer has been suggested in diverse populations, as discussed in a previous
section. TSH and thyroid hormone levels after the diagnosis of breast cancers are more
informative for the care of breast cancer patients, as they could have prognostic implications
in these patients. The contrasting effects of the thyroid axis on the risk of developing breast
cancer and prognosis of established breast cancers may underpin the results of thyroid
hormones studies in breast cancer patients presented in the following paragraphs, which
are in contrast to the results of thyroid hormones as risk factors for breast cancer in the
general population.

A subgroup of 551 patients who were diagnosed with breast cancer from the Malmo
Diet and Cancer Registry were analyzed for breast cancer outcomes according to levels of
circulating thyroid hormones and TSH [79]. Levels of free T4 in the second (mid) tertile
of the group were associated with statistically significant better breast cancer mortality
compared with the low tertile (hazard ratio 0.50, 95% confidence interval 0.29-0.86). Patients
with the high tertile of T4 also showed a trend of improved breast cancer mortality, although
this was not statistically significant. Neither free T3 levels nor TSH levels were associated
with mortality [79]. Consistent with these results, in another study, low circulating levels of
T4, but also of T3, as well as a high TSH, were associated with a more advanced stage of
breast cancer and disease with positive lymph node and metastases [80]. At least part of
the thyroid hormone association with breast cancer prognosis is explained by differences
in the functional status of the thyroid axis in breast cancer sub-types. High serum levels of
T4 were observed in women who mostly developed ER- and PR-positive breast cancers in
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the Malmo Diet and Cancer Registry [81]. In another, smaller study of 97 women newly
diagnosed with breast cancer and healthy controls with negative mammograms, T4 levels
were higher in breast cancer patients compared with controls [82]. In contrast, baseline
levels of T3 and TSH did not differ between breast cancer patients and controls. These data
regarding circulating thyroid hormones in conjunction with the functional significance of
the expression of thyroid receptors in breast cancer, as discussed in the previous section, are
reminiscent of the estrogen/ER axis association with the promotion of established breast
cancers but decreased malignant potential in ER positive cancers.

Possibly, at odds with the above data, in a retrospective cohort of 437 breast cancer
patients categorized according to ER, PR and HER?2 receptors, higher levels of TSH were as-
sociated with hormone-receptor-positive/HER2-negative cancers compared with hormone-
receptor-positive/HER2-positive cancers. No other associations of TSH levels with sub-
types or pathologic features of aggressiveness were discerned [83]. In addition, whether
higher TSH levels was associated with decreased circulating thyroid hormones in this
cohort was not reported. If, indeed, higher TSH levels denote subclinical hypothyroidism,
these data suggest that hormone-receptor-positive/ HER2-positive cancer patients are more
commonly euthyroid than patients with hormone-receptor-positive/HER2-negative can-
cers. This would support the role of thyroid axis perturbations in the pathogenesis of
luminal breast cancers but not in HER2-dependent disease.

6. Therapeutic Perspective

Steroid nuclear receptors have a well-established role in endocrine-dependent cancers
such as breast and prostate. The inhibition of estrogen receptors or suppression of their
ligand levels are therapeutic manipulations with proven efficacy in ER-positive breast
cancers. Similarly, thyroid hormones and thyroid receptors play a role in the treatment
of thyroid cancers. However, despite the expression of thyroid receptors in a variety of
tissues and cancers, their role in other cancers remain less well-defined. Studies of TR«
and TR expression in breast cancer have shown their presence in most breast cancers
and have suggested an association with improved breast cancer outcomes, especially for
TRp. Data regarding the expression and influence of other components of the thyroid
hormone axis in breast cancer are sparser. Despite experimental confirmation of a pro-
carcinogenic role of the thyroid membrane receptor v 33 integrin in cancer, few data exist
on the influence of thyroid hormones through the ligation of this receptor on breast cancer.
Conceivably, the influence of the «v33 integrin in breast cancer cells extends beyond its
function as a membrane thyroid hormone receptor and is mediated through other ligands
of the extracellular matrix, such as the canonical ligand vitronectin [84]. av33 integrin has
been studied as a targeting molecule of therapeutic delivery in cancer cells that express
the receptor [85]. A similar approach to blocking the v 33 integrin receptor with the goal
of interfering with thyroid hormone effects in breast cancers could be envisioned. This
approach would have the additional benefit of maintaining the potential anticarcinogenic
effects of thyroid hormones mediated by TRs.

Several additional factors may contribute to the lack of a clearer picture regarding
thyroid hormones and the pathogenesis of breast cancer. One factor is the close interrela-
tionships of thyroid hormone effects in breast tissues with the effects of female hormones.
For example, the effect of a longer exposure to sex hormones due to longer ovulatory
activity, a classic breast cancer risk factor, was more pronounced in patients with lower
circulating T4 levels [86]. In addition, some of the effects of TRs in breast cancer cells that
were observed in experimental models are only present in ER-positive cells, suggesting
that the expression of ER modulates the function of TRs. It is conceivable that the thyroid
axis actions vary according to the breast cancer subtypes, given the fundamental molecular
differences underpinned by the expression of ER. Future studies examining the thyroid
axis in each breast cancer subtype are needed to obtain a clear understanding. This would
be a prerequisite for devising and developing therapeutic strategies that will exploit the
manipulation of this axis in patient subsets with the highest probability of receiving any
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benefit. The degree of thyroid receptor expression varies between individual breast cancers
and would have to be taken into consideration using the Allred score or a similar metric in
immunohistochemistry section evaluations. Finally, another strategy to deconvolute the
thyroid hormone receptor effect in breast cancer would involve the development of specific
receptor activators for TR3 or inhibitors of the thyroid receptor site of «v[33 integrin.

7. Conclusions

The thyroid axis represents a potential, unexplored target for the treatment of breast
cancers. Both nuclear and cytoplasmic membrane receptors of the thryroid axis are ex-
pressed in a majority of breast cancer cells and would be rational targets. However, a
nuanced approach, considering factors such as level of expression and the specific subtype
of receptors that are expressed, as well as the molecular subtype of the breast cancer, is
necessary to maximize the chance of developing a successful treatment.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.

References

1.

10.

11.

12.
13.

14.

15.

16.

17.

18.

Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209-249. [CrossRef]
[PubMed]

Walsh, E.M.; Smith, K.L.; Stearns, V. Management of hormone receptor-positive, HER2-negative early breast cancer. Semin. Oncol.
2020, 47, 187-200. [CrossRef]

Bronte, G.; Rocca, A.; Ravaioli, S.; Puccetti, M.; Tumedei, M.M.; Scarpi, E.; Andreis, D.; Maltoni, R.; Sarti, S.; Cecconetto, L.; et al.
Androgen receptor in advanced breast cancer: Is it useful to predict the efficacy of anti-estrogen therapy? BMC Cancer 2018,
18, 348. [CrossRef] [PubMed]

Welsh, J. Function of the vitamin D endocrine system in mammary gland and breast cancer. Mol. Cell Endocrinol. 2017, 453, 88-95.
[CrossRef] [PubMed]

Voutsadakis, I.A. Vitamin D receptor (VDR) and metabolizing enzymes CYP27B1 and CYP24A1 in breast cancer. Mol. Biol. Rep.
2020, 47, 9821-9830. [CrossRef]

Voutsadakis, I.A. Vitamin D baseline levels at diagnosis of breast cancer: A systematic review and meta-analysis. Hematol. Oncol.
Stem Cell Ther. 2021, 14, 16-26. [CrossRef]

Shahid, M.A.; Ashraf, M.A.; Sharma, S. Physiology, thyroid hormone. In StatPearls; StatPearls Publishing: Treasure Island, FL,
USA, 2021.

Serlie, T.; Perou, C.M.; Tibshirani, R.; Aas, T.; Geisler, S.; Johnsen, H.; Hastie, T.; Eisen, M.B.; van de Rijn, M.; Jeffrey, S.S.; et al.
Gene expression patterns of breast carcinomas distinguish tumor subclasses with clinical implications. Proc. Natl. Acad. Sci. USA
2001, 98, 10869-10874. [CrossRef]

Perou, C.M,; Serlie, T.; Eisen, M.B.; van de Rijn, M.; Jeffrey, S.S.; Rees, C.A.; Pollack, J.R.; Ross, D.T.; Johnsen, H.; Akslen, L.A;
et al. Molecular portraits of human breast tumours. Nature 2000, 406, 747-752. [CrossRef]

Gauthier, B.R.; Sola-Garcia, A.; Caliz-Molina, M.A.; Lorenzo, P.I; Cobo-Vuilleumier, N.; Capilla-Gonzalez, V.; Martin-Montalvo, A.
Thyroid hormones in diabetes, cancer, and aging. Aging Cell 2020, 19, e13260. [CrossRef]

Beck-Peccoz, P; Rodari, G.; Giavoli, C.; Lania, A. Central hypothyroidism—A neglected thyroid disorder. Nat. Rev. Endocrinol.
2017, 13, 588-598. [CrossRef]

Brent, G.A. Mechanisms of thyroid hormone action. J. Clin. Investig. 2012, 122, 3035-3043. [CrossRef] [PubMed]

Liu, Y.C.; Yeh, C.T.; Lin, K.H. Molecular functions of thyroid hormone signaling in regulation of cancer progression and
anti-apoptosis. Int. J. Mol. Sci. 2019, 20, 4986. [CrossRef] [PubMed]

Ayers, S.; Switnicki, M.P.; Angajala, A.; Lammel, J.; Arumanayagam, A.S.; Webb, P. Genome-wide binding patterns of thyroid
hormone receptor beta. PLoS ONE 2014, 9, e81186. [CrossRef] [PubMed]

Cheng, S.Y.; Leonard, J.L.; Davis, P.J. Molecular aspects of thyroid hormone actions. Endocr. Rev. 2010, 31, 139-170. [CrossRef]
[PubMed]

Nappi, A.; De Stefano, M.A.; Dentice, M.; Salvatore, D. Deiodinases and cancer. Endocrinology 2021, 162, bqab016. [CrossRef]
Mariotti, S.; Beck-Peccoz, P. Physiology of the hypothalamic-pituitary-thyroid axis. In Endotext; Feingold, K.R., Anawalt, B.,
Boyce, A., Chrousos, G., de Herder, WW.,, Dhatariya, K., Dungan, K., Grossman, A., Hershman, ].M., Hofland, J., et al., Eds.;
MDText.com, Inc.: South Dartmouth, MA, USA, 2000.

Kim, ML.I. Hypothyroidism in older adults. In Endotext; Feingold, K.R., Anawalt, B., Boyce, A., Chrousos, G., de Herder, WW,,
Dhatariya, K., Dungan, K., Hershman, ].M., Hofland, J., Kalra, S., et al., Eds.; MDText.com, Inc.: South Dartmouth, MA, USA, 2000.


http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.1053/j.seminoncol.2020.05.010
http://doi.org/10.1186/s12885-018-4239-3
http://www.ncbi.nlm.nih.gov/pubmed/29587674
http://doi.org/10.1016/j.mce.2017.04.026
http://www.ncbi.nlm.nih.gov/pubmed/28579119
http://doi.org/10.1007/s11033-020-05780-1
http://doi.org/10.1016/j.hemonc.2020.08.005
http://doi.org/10.1073/pnas.191367098
http://doi.org/10.1038/35021093
http://doi.org/10.1111/acel.13260
http://doi.org/10.1038/nrendo.2017.47
http://doi.org/10.1172/JCI60047
http://www.ncbi.nlm.nih.gov/pubmed/22945636
http://doi.org/10.3390/ijms20204986
http://www.ncbi.nlm.nih.gov/pubmed/31600974
http://doi.org/10.1371/journal.pone.0081186
http://www.ncbi.nlm.nih.gov/pubmed/24558356
http://doi.org/10.1210/er.2009-0007
http://www.ncbi.nlm.nih.gov/pubmed/20051527
http://doi.org/10.1210/endocr/bqab016

J. Clin. Med. 2022, 11, 687 110f13

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Plateroti, M.; Kress, E.; Mori, ].I.; Samarut, ]. Thyroid hormone receptor alphal directly controls transcription of the beta-catenin
gene in intestinal epithelial cells. Mol. Cell Biol. 2006, 26, 3204-3214. [CrossRef]

Kress, E.; Skah, S.; Sirakov, M.; Nadjar, J.; Gadot, N.; Scoazec, J.Y.; Samarut, ].; Plateroti, M. Cooperation between the thyroid
hormone receptor TRalphal and the WNT pathway in the induction of intestinal tumorigenesis. Gastroenterology 2010, 138,
1863-1874. [CrossRef]

Krashin, E.; Piekietko-Witkowska, A.; Ellis, M.; Ashur-Fabian, O. Thyroid hormones and cancer: A comprehensive review of
preclinical and clinical studies. Front. Endocrinol. 2019, 10, 59. [CrossRef]

Khan, S.R.; Chaker, L.; Ruiter, R.; Aerts, ].G.; Hofman, A.; Dehghan, A ; Franco, O.H.; Stricker, B.H.; Peeters, R.P. Thyroid function
and cancer risk: The Rotterdam study. J. Clin. Endocrinol. Metab. 2016, 101, 5030-5036. [CrossRef]

Saraiva, P.P; Figueiredo, N.B.; Padovani, C.R.; Brentani, M.M.; Nogueira, C.R. Profile of thyroid hormones in breast cancer
patients. Braz. |. Med. Biol. Res. 2005, 38, 761-765. [CrossRef]

Bach, L.; Kostev, K.; Schiffmann, L.; Kalder, M. Association between thyroid gland diseases and breast cancer: A case-control
study. Breast Cancer Res. Treat. 2020, 182, 207-213. [CrossRef] [PubMed]

Ditsch, N.; Liebhardt, S.; Von Koch, F.; Lenhard, M.; Vogeser, M.; Spitzweg, C.; Gallwas, J.; Toth, B. Thyroid function in breast
cancer patients. Anticancer Res. 2010, 30, 1713-1717. [PubMed]

Tosovic, A.; Bondeson, A.G.; Bondeson, L.; Ericsson, U.B.; Malm, J.; Manjer, ]. Prospectively measured triiodothyronine levels are
positively associated with breast cancer risk in postmenopausal women. Breast Cancer Res. 2010, 12, R33. [CrossRef] [PubMed]
Tosovic, A.; Bondeson, A.G.; Bondeson, L.; Ericsson, U.B.; Manjer, J. T3 levels in relation to prognostic factors in breast cancer: A
population-based prospective cohort study. BMC Cancer 2014, 14, 536. [CrossRef] [PubMed]

Zuo, Q.; Band, S.; Kesavadas, M.; Madak Erdogan, Z. Obesity and postmenopausal hormone receptor-positive breast cancer:
Epidemiology and mechanisms. Endocrinology 2021, 162, bqab195. [CrossRef]

Cristofanilli, M.; Yamamura, Y.; Kau, S.W.; Bevers, T.; Strom, S.; Patangan, M.; Hsu, L.; Krishnamurthy, S.; Theriault, R.L.;
Hortobagyi, G.N. Thyroid hormone and breast carcinoma. Primary hypothyroidism is associated with a reduced incidence of
primary breast carcinoma. Cancer 2005, 103, 1122-1128. [CrossRef]

Dinda, S.; Sanchez, A.; Moudgil, V. Estrogen-like effects of thyroid hormone on the regulation of tumor suppressor proteins, p53
and retinoblastoma, in breast cancer cells. Oncogene 2002, 21, 761-768. [CrossRef]

Hall, L.C.; Salazar, E.P; Kane, S.R.; Liu, N. Effects of thyroid hormones on human breast cancer cell proliferation. J. Steroid Biochem.
Mol. Biol. 2008, 109, 57—66. [CrossRef]

Shao, Z.M.; Sheikh, M.S.; Rishi, A K.; Dawson, M.I; Li, X.S.; Wilber, ].E,; Feng, P.; Fontana, ].A. Thyroid hormone enhancement of
estradiol stimulation of breast carcinoma proliferation. Exp. Cell Res. 1995, 218, 1-8. [CrossRef]

Zyla, L.E; Cano, R.; Gémez, S.; Escudero, A.; Rey, L.; Santiano, FE.; Bruna, FA.; Creydt, V.P; Carén, R.W.; Fontana, C.L. Effects of
thyroxine on apoptosis and proliferation of mammary tumors. Mol. Cell Endocrinol. 2021, 538, 111454. [CrossRef]

Nogueira, C.R.; Brentani, M.M. Triiodothyronine mimics the effects of estrogen in breast cancer cell lines. J. Steroid Biochem. Mol.
Biol. 1996, 59, 271-279. [CrossRef]

Sar, P; Peter, R.; Rath, B.; Das Mohapatra, A.; Mishra, S.K. 3, 3’5 Triiodo L thyronine induces apoptosis in human breast cancer
MCEF-7 cells, repressing SMP30 expression through negative thyroid response elements. PLoS ONE 2011, 6, e20861. [CrossRef]
[PubMed]

Martinez-Iglesias, O.; Garcia-Silva, S.; Tenbaum, S.P.; Regadera, J.; Larcher, F; Paramio, ].M.; Vennstrom, B.; Aranda, A. Thyroid
hormone receptor betal acts as a potent suppressor of tumor invasiveness and metastasis. Cancer Res. 2009, 69, 501-509.
[CrossRef] [PubMed]

Bolf, E.L.; Gillis, N.E.; Davidson, C.D.; Cozzens, L.M.; Kogut, S.; Tomczak, J.A; Frietze, S.; Carr, EE. Common tumor-suppressive
signaling of thyroid hormone receptor beta in breast and thyroid cancer cells. Mol. Carcinog. 2021, 60, 874-885. [CrossRef]
[PubMed]

Martinez-Iglesias, O.; Olmeda, D.; Alonso-Merino, E.; Gémez-Rey, S.; Gonzéalez-Lopez, A.M.; Luengo, E.; Soengas, M.S;
Palacios, J.; Regadera, J.; Aranda, A. The nuclear corepressor 1 and the thyroid hormone receptor 3 suppress breast tumor
lymphangiogenesis. Oncotarget 2016, 7, 78971-78984. [CrossRef]

Guigon, C.J.; Kim, D.W.; Willingham, M.C.; Cheng, S.Y. Mutation of thyroid hormone receptor-f3 in mice predisposes to the
development of mammary tumors. Oncogene 2011, 30, 3381-3390. [CrossRef]

Guigon, C.J.; Kim, D.W,; Zhu, X.; Zhao, L.; Cheng, S.Y. Tumor suppressor action of liganded thyroid hormone receptor beta by
direct repression of beta-catenin gene expression. Endocrinology 2010, 151, 5528-5536. [CrossRef]

Park, J.W.; Zhao, L.; Willingham, M.C.; Cheng, S.Y. Loss of tyrosine phosphorylation at Y406 abrogates the tumor suppressor
functions of the thyroid hormone receptor 3. Mol. Carcinog. 2017, 56, 489-498. [CrossRef]

Gasparini, G.; Brooks, P.C.; Biganzoli, E.; Vermeulen, P.B.; Bonoldi, E.; Dirix, L.Y.; Ranieri, G.; Miceli, R.; Cheresh, D.A. Vascular
integrin alpha(v)beta3: A new prognostic indicator in breast cancer. Clin. Cancer Res. 1998, 4, 2625-2634.

Beer, A J.; Niemeyer, M.; Carlsen, J.; Sarbia, M.; Ndhrig, J.; Watzlowik, P.; Wester, H.J.; Harbeck, N.; Schwaiger, M. Patterns of
alphavbeta3 expression in primary and metastatic human breast cancer as shown by 18F-Galacto-RGD PET. . Nucl. Med. 2008,
49, 255-259. [CrossRef]


http://doi.org/10.1128/MCB.26.8.3204-3214.2006
http://doi.org/10.1053/j.gastro.2010.01.041
http://doi.org/10.3389/fendo.2019.00059
http://doi.org/10.1210/jc.2016-2104
http://doi.org/10.1590/S0100-879X2005000500014
http://doi.org/10.1007/s10549-020-05675-6
http://www.ncbi.nlm.nih.gov/pubmed/32424720
http://www.ncbi.nlm.nih.gov/pubmed/20592366
http://doi.org/10.1186/bcr2587
http://www.ncbi.nlm.nih.gov/pubmed/20540734
http://doi.org/10.1186/1471-2407-14-536
http://www.ncbi.nlm.nih.gov/pubmed/25060772
http://doi.org/10.1210/endocr/bqab195
http://doi.org/10.1002/cncr.20881
http://doi.org/10.1038/sj.onc.1205136
http://doi.org/10.1016/j.jsbmb.2007.12.008
http://doi.org/10.1006/excr.1995.1124
http://doi.org/10.1016/j.mce.2021.111454
http://doi.org/10.1016/S0960-0760(96)00117-3
http://doi.org/10.1371/journal.pone.0020861
http://www.ncbi.nlm.nih.gov/pubmed/21687737
http://doi.org/10.1158/0008-5472.CAN-08-2198
http://www.ncbi.nlm.nih.gov/pubmed/19147563
http://doi.org/10.1002/mc.23352
http://www.ncbi.nlm.nih.gov/pubmed/34534367
http://doi.org/10.18632/oncotarget.12978
http://doi.org/10.1038/onc.2011.50
http://doi.org/10.1210/en.2010-0475
http://doi.org/10.1002/mc.22511
http://doi.org/10.2967/jnumed.107.045526

J. Clin. Med. 2022, 11, 687 12 0f13

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Naber, H.P,; Wiercinska, E.; Pardali, E.; van Laar, T.; Nirmala, E.; Sundqvist, A.; van Dam, H.; van der Horst, G.; van der Pluijm, G.;
Heckmann, B.; et al. BMP-7 inhibits TGF--induced invasion of breast cancer cells through inhibition of integrin 3(3) expression.
Cell Oncol. 2012, 35, 19-28. [CrossRef] [PubMed]

Takayama, S.; Ishii, S.; Ikeda, T.; Masamura, S.; Doi, M.; Kitajima, M. The relationship between bone metastasis from human
breast cancer and integrin alpha(v)beta3 expression. Anticancer Res. 2005, 25, 79-83. [PubMed]

Pécheur, I.; Peyruchaud, O.; Serre, C.M.; Guglielmi, J.; Voland, C.; Bourre, F; Margue, C.; Cohen-Solal, M.; Buffet, A ; Kieffer, N.;
et al. Integrin alpha(v)beta3 expression confers on tumor cells a greater propensity to metastasize to bone. FASEB ]. 2002, 16,
1266-1268. [CrossRef] [PubMed]

Flamini, M.I.; Uzair, I.D.; Pennacchio, G.E.; Neira, EJ.; Mondaca, ].M.; Cuello-Carrion, ED.; Jahn, G.A.; Simoncini, T.; Sanchez,
A.M. Thyroid hormone controls breast cancer cell movement via integrin oV/33/SRC/FAK/PI3-kinases. Horm. Cancer 2017, 8,
16-27. [CrossRef] [PubMed]

Luo, J.; Yao, J.E; Deng, X.F,; Zheng, X.D; Jia, M.; Wang, Y.Q.; Huang, Y.; Zhu, J].H. 14, 15-EET induces breast cancer cell EMT
and cisplatin resistance by up-regulating integrin av33 and activating FAK/PI3K/AKT signaling. J. Exp. Clin. Cancer Res. 2018,
37,23. [CrossRef]

Kim, W.G.; Cheng, S.Y. Thyroid hormone receptors and cancer. Biochim. Biophys. Acta 2013, 1830, 3928-3936. [CrossRef]

Hill, B.S.; Sarnella, A.; Capasso, D.; Comegna, D.; Del Gatto, A.; Gramanzini, M.; Albanese, S.; Saviano, M.; Zaccaro, L.; Zannetti,
A. Therapeutic potential of a novel « 33 antagonist to hamper the aggressiveness of mesenchymal triple negative breast cancer
sub-type. Cancers 2019, 11, 139. [CrossRef]

Glinskii, A.B.; Glinsky, G.V,; Lin, H.Y; Tang, H.Y.; Sun, M.; Davis, EB.; Luidens, M.K.; Mousa, S.A.; Hercbergs, A.H.; Davis, PJ.
Modification of survival pathway gene expression in human breast cancer cells by tetraiodothyroacetic acid (tetrac). Cell Cycle
2009, 8, 3562-3570. [CrossRef]

Sirakov, M.; Skah, S.; Nadjar, ].; Plateroti, M. Thyroid hormone’s action on progenitor/stem cell biology: New challenge for a
classic hormone? Biochim. Biophys. Acta 2013, 1830, 3917-3927. [CrossRef]

Kress, E.; Rezza, A.; Nadjar, J.; Samarut, J.; Plateroti, M. The frizzled-related sFRP2 gene is a target of thyroid hormone receptor
alphal and activates beta-catenin signaling in mouse intestine. J. Biol. Chem 2009, 284, 1234-1241. [CrossRef]

Lopez-Fontana, C.M.; Sasso, C.V.; Maselli, M.E.; Santiano, EE.; Semino, S.N.; Cuello Carrién, ED.; Jahn, G.A.; Carén, R.W.
Experimental hypothyroidism increases apoptosis in dimethylbenzanthracene-induced mammary tumors. Oncol. Rep. 2013, 30,
1651-1660. [CrossRef] [PubMed]

Sterle, H.A.; Hildebrandt, X.; Alvarez, M.V.; Paulazo, M.A.; Gutierrez, L.M.; Klecha, A].; Cayrol, F; Diaz Flaqué, M.C.; Rosemblit,
C.; Barreiro Arcos, M.L,; et al. Thyroid status regulates the tumor microenvironment delineating breast cancer fate. Endocr. Relat.
Cancer 2021, 28, 403-418. [CrossRef] [PubMed]

Alyusuf, R.H.; Matouq, J.A.; Taha, S.; Wazir, ].F. The pattern of expression and role of triiodothyronine (T3) receptors and type I 5'-
deiodinase in breast carcinomas, benign breast diseases, lactational change, and normal breast epithelium. Appl. Immunohistochem.
Mol. Morphol. 2014, 22, 518-523. [CrossRef] [PubMed]

Charalampoudis, P.; Agrogiannis, G.; Kontzoglou, K.; Kouraklis, G.; Sotiropoulos, G.C. Thyroid hormone receptor alpha (TRa)
tissue expression in ductal invasive breast cancer: A study combining quantitative immunohistochemistry with digital slide
image analysis. Eur. J. Surg. Oncol. 2017, 43, 1428-1432. [CrossRef]

Conde, I; Paniagua, R.; Zamora, J.; Blanquez, M.].; Fraile, B.; Ruiz, A.; Arenas, M.L. Influence of thyroid hormone receptors on
breast cancer cell proliferation. Ann. Oncol. 2006, 17, 60-64. [CrossRef]

Heublein, S.; Mayr, D.; Meindl, A.; Angele, M.; Gallwas, J.; Jeschke, U.; Ditsch, N. Thyroid Hormone Receptors Predict Prognosis
in BRCA1 Associated Breast Cancer in Opposing Ways. PLoS ONE 2015, 10, e0127072. [CrossRef]

Ditsch, N.; Toth, B.; Himsl, I.; Lenhard, M.; Ochsenkiihn, R.; Friese, K.; Mayr, D.; Jeschke, U. Thyroid hormone receptor (TR)alpha
and TRbeta expression in breast cancer. Histol. Histopathol. 2013, 28, 227-237. [CrossRef]

Jerzak, K.J.; Cockburn, J.; Pond, G.R.; Pritchard, K.I.; Narod, S.A.; Dhesy-Thind, S.K.; Bane, A. Thyroid hormone receptor o in
breast cancer: Prognostic and therapeutic implications. Breast Cancer Res. Treat. 2015, 149, 293-301. [CrossRef]

Conde, S.J.; Luvizotto, R.A.; Sibio, M.T.; Katayama, M.L.; Brentani, M.M.; Nogueira, C.R. Tamoxifen inhibits transforming growth
factor-alpha gene expression in human breast carcinoma samples treated with triiodothyronine. J. Endocrinol. Investig. 2008, 31,
1047-1051. [CrossRef]

Conde, S.J.; Luvizotto Rde, A.; de Sibio, M.T.; Nogueira, C.R. Thyroid hormone status interferes with estrogen target gene
expression in breast cancer samples in menopausal women. Int. Sch. Res. Not. 2014, 2014, 317398. [CrossRef]

Jerzak, K.J.; Cockburn, J.G.; Dhesy-Thind, S.K.; Pond, G.R.; Pritchard, K.I.; Nofech-Mozes, S.; Sun, P.; Narod, S.A.; Bane, A.
Thyroid hormone receptor beta-1 expression in early breast cancer: A validation study. Breast Cancer Res. Treat. 2018, 171, 709-717.
[CrossRef]

Gu, G.; Gelsomino, L.; Covington, K.R.; Beyer, A.R.; Wang, J.; Rechoum, Y.; Huffman, K.; Carstens, R.; Ando, S.; Fuqua, S.A.
Targeting thyroid hormone receptor beta in triple-negative breast cancer. Breast Cancer Res. Treat. 2015, 150, 535-545. [CrossRef]
Sloan, E.K,; Pouliot, N.; Stanley, K.L.; Chia, ].; Moseley, ] M.; Hards, D.K.; Anderson, R.L. Tumor-specific expression of alphavbeta3
integrin promotes spontaneous metastasis of breast cancer to bone. Breast Cancer Res. 2006, 8, R20. [CrossRef] [PubMed]


http://doi.org/10.1007/s13402-011-0058-0
http://www.ncbi.nlm.nih.gov/pubmed/21935711
http://www.ncbi.nlm.nih.gov/pubmed/15816522
http://doi.org/10.1096/fj.01-0911fje
http://www.ncbi.nlm.nih.gov/pubmed/12153995
http://doi.org/10.1007/s12672-016-0280-3
http://www.ncbi.nlm.nih.gov/pubmed/28050799
http://doi.org/10.1186/s13046-018-0694-6
http://doi.org/10.1016/j.bbagen.2012.04.002
http://doi.org/10.3390/cancers11020139
http://doi.org/10.4161/cc.8.21.9963
http://doi.org/10.1016/j.bbagen.2012.07.014
http://doi.org/10.1074/jbc.M806548200
http://doi.org/10.3892/or.2013.2648
http://www.ncbi.nlm.nih.gov/pubmed/23912381
http://doi.org/10.1530/ERC-20-0277
http://www.ncbi.nlm.nih.gov/pubmed/33908371
http://doi.org/10.1097/PAI.0b013e3182a20917
http://www.ncbi.nlm.nih.gov/pubmed/24162265
http://doi.org/10.1016/j.ejso.2017.05.012
http://doi.org/10.1093/annonc/mdj040
http://doi.org/10.1371/journal.pone.0127072
http://doi.org/10.14670/HH-28.227
http://doi.org/10.1007/s10549-014-3235-9
http://doi.org/10.1007/BF03345650
http://doi.org/10.1155/2014/317398
http://doi.org/10.1007/s10549-018-4844-5
http://doi.org/10.1007/s10549-015-3354-y
http://doi.org/10.1186/bcr1398
http://www.ncbi.nlm.nih.gov/pubmed/16608535

J. Clin. Med. 2022, 11, 687 13 0f 13

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Carter, R.Z.; Micocci, K.C.; Natoli, A.; Redvers, R.P,; Paquet-Fifield, S.; Martin, A.C.; Denoyer, D.; Ling, X.; Kim, S.H.; Tomasin,
R.; et al. Tumour but not stromal expression of 33 integrin is essential, and is required early, for spontaneous dissemination of
bone-metastatic breast cancer. J. Pathol. 2015, 235, 760-772. [CrossRef] [PubMed]

Chu, Y.D.; Yeh, C.T. The molecular function and clinical role of thyroid stimulating hormone receptor in cancer cells. Cells 2020,
9, 1730. [CrossRef] [PubMed]

Biondi, B.; Cooper, D.S. Thyroid hormone suppression therapy. Endocrinol. Metab. Clin. 2019, 48, 227-237. [CrossRef] [PubMed]
Ellerhorst, J.A.; Sendi-Naderi, A.; Johnson, M.K.; Cooke, C.P; Dang, S.M.; Diwan, A.H. Human melanoma cells express functional
receptors for thyroid-stimulating hormone. Endocr. Relat. Cancer 2006, 13, 1269-1277. [CrossRef]

Gyftaki, R.; Liacos, C.; Politi, E.; Liontos, M.; Saltiki, K.; Papageorgiou, T.; Thomakos, N.; Haidopoulos, D.; Rodolakis, A.;
Alevizaki, M.; et al. Differential transcriptional and protein expression of thyroid-stimulating hormone receptor in ovarian
carcinomas. Int. J. Gynecol. Cancer 2014, 24, 851-856. [CrossRef]

Shih, Y.L.; Huang, Y.H.; Lin, K.H.; Chu, Y.D.; Yeh, C.T. Identification of functional thyroid stimulating hormone receptor and
TSHR gene mutations in hepatocellular carcinoma. Anticancer Res. 2018, 38, 2793-2802. [CrossRef]

Govindaraj, V.; Yaduvanshi, N.S.; Krishnamachar, H.; Rao, A.]J. Expression of thyroid-stimulating hormone receptor, octamer-
binding transcription factor 4, and intracisternal A particle-promoted polypeptide in human breast cancer tissues. Horm. Mol.
Biol. Clin. Investig. 2012, 9, 173-178. [CrossRef]

Goemann, I.M.; Marczyk, V.R.; Recamonde-Mendoza, M.; Wajner, S.M.; Graudenz, M.S.; Maia, A L. Decreased expression of the
thyroid hormone-inactivating enzyme type 3 deiodinase is associated with lower survival rates in breast cancer. Sci. Rep. 2020,
10, 13914. [CrossRef] [PubMed]

Debski, M.G.; Pachucki, J.; Ambroziak, M.; Olszewski, W.; Bar-Andziak, E. Human breast cancer tissue expresses high level of
type 1 5'-deiodinase. Thyroid 2007, 17, 3-10. [CrossRef] [PubMed]

Garcia-Solis, P.; Aceves, C. 5'Deiodinase in two breast cancer cell lines: Effect of triiodothyronine, isoproterenol and retinoids.
Mol. Cell Endocrinol. 2003, 201, 25-31. [CrossRef]

Zhu, X.; Pan, D.; Wang, N.; Wang, S.; Sun, G. Relationship between selenium in human tissues and breast cancer: A meta-analysis
based on case-control studies. Biol. Trace Elem. Res. 2021, 199, 4439-4446. [CrossRef] [PubMed]

Nisman, B.; Allweis, T.M.; Carmon, E.; Kadouri, L.; Maly, B.; Maimon, O.; Meierovich, A.; Peretz, T. Thyroid hormones, silencing
mediator for retinoid and thyroid receptors and prognosis in primary breast cancer. Anticancer Res. 2020, 40, 6417-6428. [CrossRef]
Brandt, J.; Borgquist, S.; Almquist, M.; Manjer, J. Thyroid function and survival following breast cancer. Br. J. Surg. 2016, 103,
1649-1657. [CrossRef]

Elgebaly, M.M.; Abdel-Hamed, A.R.; Mesbah, N.M.; Abo-Elmatty, D.M.; Abouzid, A.; Abdelrazek, M.A. Hypothyroidism affect
progression and worse outcomes of breast cancer but not ovarian cancer. J. Immunoass. Immunochem. 2021, 1-11. [CrossRef]
Brandyt, J.; Borgquist, S.; Manjer, ]. Prospectively measured thyroid hormones and thyroid peroxidase antibodies in relation to risk
of different breast cancer subgroups: A Malmé diet and cancer study. Cancer Causes Control. 2015, 26, 1093-1104. [CrossRef]
Angelousi, A.; Diamanti-Kandarakis, E.; Zapanti, E.; Nonni, A.; Ktenas, E.; Mantzou, A.; Kontzoglou, K.; Kouraklis, G. Is there an
association between thyroid function abnormalities and breast cancer? Arch. Endocrinol. Metab. 2017, 61, 54-61. [CrossRef]
Villa, N.M,; Li, N.; Yeh, M.W.; Hurvitz, S.A.; Dawson, N.A.; Leung, A M. Serum thyrotropin concentrations are not predictive of
aggressive breast cancer biology in euthyroid individuals. Endocr. Pract 2015, 21, 1040-1045. [CrossRef]

Bera, A.; Subramanian, M.; Karaian, J.; Eklund, M.; Radhakrishnan, S.; Gana, N.; Rothwell, S.; Pollard, H.; Hu, H.; Shriver, C.D.;
et al. Functional role of vitronectin in breast cancer. PLoS ONE 2020, 15, €0242141. [CrossRef] [PubMed]

Egorova, A.; Selutin, A.; Maretina, M.; Selkov, S.; Baranov, V.; Kiselev, A. Characterization of iRGD-ligand modified arginine-
histidine-rich peptides for nucleic acid therapeutics delivery to avf3 integrin-expressing cancer cells. Pharmaceuticals 2020,
13, 300. [CrossRef] [PubMed]

Morabia, A.; Szklo, M.; Stewart, W.; Schuman, L.; Thomas, D.B.; Zacur, H.A. Thyroid hormones and duration of ovulatory activity
in the etiology of breast cancer. Cancer Epidemiol. Prev. Biomark. 1992, 1, 389-393.


http://doi.org/10.1002/path.4490
http://www.ncbi.nlm.nih.gov/pubmed/25430721
http://doi.org/10.3390/cells9071730
http://www.ncbi.nlm.nih.gov/pubmed/32698392
http://doi.org/10.1016/j.ecl.2018.10.008
http://www.ncbi.nlm.nih.gov/pubmed/30717904
http://doi.org/10.1677/erc.1.01239
http://doi.org/10.1097/IGC.0000000000000139
http://doi.org/10.21873/anticanres.12523
http://doi.org/10.1515/hmbci-2011-0130
http://doi.org/10.1038/s41598-020-70892-4
http://www.ncbi.nlm.nih.gov/pubmed/32807826
http://doi.org/10.1089/thy.2006.0012
http://www.ncbi.nlm.nih.gov/pubmed/17274741
http://doi.org/10.1016/S0303-7207(03)00007-8
http://doi.org/10.1007/s12011-021-02574-9
http://www.ncbi.nlm.nih.gov/pubmed/33420696
http://doi.org/10.21873/anticanres.14663
http://doi.org/10.1002/bjs.10284
http://doi.org/10.1080/15321819.2021.2001003
http://doi.org/10.1007/s10552-015-0602-8
http://doi.org/10.1590/2359-3997000000191
http://doi.org/10.4158/EP15733.OR
http://doi.org/10.1371/journal.pone.0242141
http://www.ncbi.nlm.nih.gov/pubmed/33211735
http://doi.org/10.3390/ph13100300
http://www.ncbi.nlm.nih.gov/pubmed/33050526

	Introduction 
	The Hypothalamic–Pituitary–Thyroid Axis and Systemic Effects Related to Cancer Pathogenesis 
	Expression and Actions of Thyroid Hormone Receptors and Other Proteins of the Axis on Breast Cancer Cells In Vitro and In Vivo 
	Expression of TRs, TSHR and Related Proteins in Human Breast Cancers and Prognosis According to Subtype 
	Circulating Thyroid Hormones and Breast Cancer Prognosis 
	Therapeutic Perspective 
	Conclusions 
	References

