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Editorial on the Research Topic
 Non Genomic Actions of Thyroid Hormones in Cancer



The molecular basis of the actions of thyroid hormone requires cellular uptake and liganding of the hormones by specific receptors in the cell nucleus and consequent expression of certain genes (1). That another panel of thyroid hormone receptors might allow iodothyronines to act without entering the cell appeared to be unlikely until a structural protein of the plasma membrane of rapidly dividing endothelial cells and of cancer cells (1, 2) was found to have a discrete receptor for thyroid hormone analogs. This receptor is on the extracellular domain of integrin αvβ3. It enables thyroid hormone stimulation of tumor cell proliferation, of tumor-linked angiogenesis, of tumor cell defense mechanisms, e.g., anti-apoptosis, and, apparently, of chemoresistance and radioresistance (Cayrol et al.; Davis et al.; Krashin et al.). A series of eight publications in a recent issue of Frontiers in Endocrinology is devoted to “Integrin αvβ3, non-peptide hormones and cancer” (Ashur-Fabian et al.; Cayrol et al.; Chin et al.; Davis et al.; Gionfra et al.; Hercbergs; Krashin et al.; Uzair et al.).

This previously unrecognized set of mechanisms of actions of thyroid hormones—initiated at the cell surface—has clinical implications (Hercbergs). The principal ligand for the hormone receptor on αvβ3 is L-thyroxine (T4) [(2), Davis et al.]. 3,5,3′-triiodo-L-thyronine (T3) (Uzair et al.) and reverse T3 (rT3) (Davis et al.) may have limited actions at the integrin, but Hercbergs has shown that pharmacological elimination of host T4 and substitution of T3 can serve to arrest tumor growth.

Transcription of an extensive panel of genes may be differentially regulated by T4 at its receptor on αvβ3 of cancer cells (Cayrol et al.; Davis et al.); these include driver genes and genes involved in signal transduction (2), as well as the processes of angiogenesis (Cayrol et al.) and apoptosis [(2), Davis et al.] mentioned above, and epithelial-mesenchymal transition (EMT) (Uzair et al.) and the state of cellular actin (Uzair et al.).

The Frontiers in Endocrinology papers on αvβ3 and thyroid hormone also broaden the spectrum of cancers subject to control from this site. The growth of melanoma, particularly that of the eye, may be arrested via tetraiodothyroacetic acid (tetrac), a deaminated T4 analog that inhibits T4 actions at the integrin (Ashur-Fabian et al.). Proliferation of T cell lymphoma cells and angiogenesis at sites of lymphoma xenografts are subject to regulation via αvβ3 (Cayrol et al.). Interestingly, K-RAS status (wild vs. mutant) in human colorectal cancer (CRC) cells alters the abundance of heterodimeric αvβ3 protein, but the relatively low threshold for tetrac/integrin activity at the integrin is unchanged by K-RAS status and tetrac and chemically modified tetrac are equally effective in mutant and wild-type CRC (Chin et al.).

It is important to note that normal, non-malignant cells express reduced quantities of αvβ3 and the conformation of the integrin—a reflection of its state of activation (2)—is such that its signaling functions appear to be limited. Integrin αvβ3 is one of the more than two dozen heterodimeric integrins that are structural proteins of the plasma membrane, serving a variety of functions by interacting with proteins and other cells in the immediate microenvironment. The microenvironment specific for αvβ3 is extracellular matrix proteins (vitronectin, fibronectin, osteopontin, etc., containing the Arg-Gly-Asp [RGD] sequence) and various growth factor receptors (1). In a single cell, αvβ3 may also interact with adjacent vascular growth factor receptors. All such interactions in the immediate cellular environment may cause αvβ3 and other integrins to activate intracellular signal transduction pathways with specific downstream consequences in terms of gene expression and cell function. We have not identified other integrins to contain thyroid hormone receptor sites (HY Lin: unpublished observations).

The significance of the recognition of the existence of the receptor for thyroid hormone and perhaps for other non-peptide hormones includes: (1) the receptors are new therapeutic targets for which ligands already exist, e.g., tetrac or chemically modified tetrac as an antagonist of T4; (2) scanning of tumors is feasible with radiolabeled T4, modified structurally so that it does not enter the cells, and (3) drug delivery to tumors with tetrac coupled to a drug-binding nanoparticle, such as poly-lactic-co-glycolic acid, is possible.

In conclusion, it is clear that thyroid hormone as T4 can support cancer growth via cell surface αvβ3. Exploitation of these receptors may have useful therapeutic consequences.
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In the context of genomic thyroid hormone actions in normal (noncancer) cells that involve primary interactions with nuclear thyroid hormone receptors (TRs), L-thyroxine (T4), and 3,3′,5′-triiodo-L-thyronine (reverse T3, rT3) have little bioactivity. In terms of TRs, T4 is a prohormone from which the active nuclear ligand, 3,5,3′-triido-L-thyronine (T3), is generated by deiodination. Deaminated T4 and T3 metabolites have different genomic effects: tetraiodothyroacetic acid (tetrac) is a low grade thyromimetic derivative of T4, whereas triiodothyroacetic acid (triac), the acetic acid metabolite of T3, has substantial thyromimetic activity. In cancer cells, the cell surface receptor for thyroid hormone on integrin αvβ3 mediates non-genomic actions of thyroid hormone analogs. The integrin is expressed in large measure by cancer cells and dividing endothelial cells and has a substantially different panel of responses to thyroid hormone analogs. At αvβ3, T4 is a potent proliferative, anti-apoptotic and pro-angiogenic hormone and is the primary ligand. rT3 may also be proliferative at this site. In contrast, tetrac and triac are antagonists of T4 at αvβ3, but also have anticancer properties at this site that are independent of their effects on the binding of T4.

Keywords: L-thyroxine, tetrac, triac, reverse T3, non-genomic actions


INTRODUCTION

The concept that the bioactivity of thyroid hormone is expressed by 3,5,3′-triiodo-L-thyronine (T3) has served to identify the critical metabolic and protein synthetic functions of the hormone that are dependent upon interactions of T3 with nuclear thyroid hormone receptors (TRs) in normal cells (1, 2). The T3-TR mechanism of action of thyroid hormone is designated genomic. T3 also has a limited number of effects initiated in cytoplasm or at the plasma membrane that are independent of TRs and thus are non-genomic in mechanism (1). T3 has also been recognized to have specific functions in cancer cells that may depend upon TR mutation (3, 4). The primary thyroid hormone product of the thyroid gland is L-thyroxine (T4), whose status as a prohormone for T3 has been fully appreciated to be defined by deiodinases in a variety of non-thyroid tissues that generate T3 by outer thyroid hormone ring deiodination at the 5' position of the diphenyl ether structure of iodothyronines (5). Inner ring deiodination at the 5 position produces reverse T3 (rT3), which is generally regarded as inactive. Modifications of the alanine side chain of iodothyronines occur naturally at the cellular level, but only to a limited degree, and yields tetraiodothyroacetic acid (tetrac) and triiodothyroacetic acid (triac), which have some metabolic activities (6).

The appreciation of the existence of a receptor for thyroid hormone analogs on the plasma membrane of cancer and rapidly dividing endothelial cells (1, 7, 8) has enabled the recognition of functions of thyroid hormone analogs that were previously thought to be inactive. The cell surface receptor is on the extracellular domain of integrin αvβ3. The plasma membrane receptor for thyroid hormone has no structural homologies with TRs. At this receptor, T4 promotes cancer cell proliferation, supports anti-apoptosis and enhances angiogenesis because of its presence on endothelial cells (9–11). Tetrac inhibits the actions of T4 at the integrin and in the absence of T4 has a variety of actions on expression of specific genes. That is, T4 and tetrac affect the activities of a number of signal transduction pathways that downstream modulate differentially the transcription of a number of genes (8, 12, 13). The actions of T4 and tetrac at αvβ3 are non-genomic in that they do not directly involve TRs or require hormonal presence in the nucleus. Operationally, however, both genomic and non-genomic actions of thyroid hormones may culminate in specific gene transcription. The receptor on αvβ3 can also control the trafficking of intracellular proteins—including the transfer of cytoplasmic TRs and estrogen receptor-α into the nuclear compartment of cancer cells—and regulate the phosphorylation/activation of TRs (1, 14).

Integrins are a family of two dozen heterodimeric structural proteins of the plasma membrane and are critical to tissue structure and to cell migration. They interact importantly with extracellular matrix proteins and with other cells (15). The receptor for thyroid hormone on αvβ3 is the first small molecule binding site recognized on integrins, but subsequently discrete receptors on αvβ3 have been reported for other small molecules, including dihydrotestosterone (DHT) (16) and the stilbene, resveratrol (17). Integrin αvβ3 is expressed to a limited degree by non-dividing normal, i.e., non-cancer, cells, but the function of such cells does not appear to be affected by any interactions of T4 and the integrin that may occur. This may reflect the (“non-activated”) physical state of αvβ3 in non-cancer cells (18). The integrin is functional, however, on the surface of platelets, reflecting the presence of fractions of the plasma membrane of megakaryocytes. T4 has been shown to induce platelet aggregation via αvβ3 (19).

In the succeeding sections, we briefly review the bioactivities of thyroid hormone analogs at the iodothyronine receptor on integrin αvβ3.



BIOACTIVITY OF T4 AT αVβ3

An early demonstration of the non-genomic activity of T4 was its conversion of soluble actin to fibrous actin F-actin (8, 20). This was initially demonstrated in astrocytes and glial cells. The molecular basis of this action of the hormone is incompletely understood, but appears to involve a truncated TRα (TRΔα1) isoform in cytoplasm (8). This isoform does not contain a nuclear localization signal. T3 does not affect the state of actin in cells. Regulation of the state of actin is of obvious importance to both normal and malignant cells.

In 2004, T4 was shown to be pro-angiogenic in the chick choriollantoic membrane (CAM) model. The CAM model has important dependency on αvβ3, and antibody to this integrin blocked the action of T4 on new blood vessel formation. Physiological concentrations of free T4 were shown to be active in this system (21). In this model system, the inhibition of conversion of T4 to T3 did not affect the action of T4 on the state of actin. This action of T4 was shown to be initiated at integrin αvβ3, leading to a series of studies characterizing the receptor on the head of the extracellular domain of the integrin. While integrins are found on both normal cells and malignant cells, αvβ3 is particularly generously expressed by cancer cells and rapidly dividing endothelial cells (8, 15). It and other integrins are very important to cell-cell interactions and cell-extracellular matrix (ECM) proteins that underlie tissue integrity and the orientation of motile cells. As noted above, thyroxine was the first small molecule to be found to bind specifically to αvβ3.

At the integrin, T4 was found to have a number of cancer-relevant functions mediated by αvβ3 (1, 8, 9, 12). These included stimulation of cell proliferation and anti-apoptosis (10). Such properties relied upon activation of signaling pathways [mitogen activated protein kinase [MAPK]/ERK1/2; phosphatidylinositol 3-kinase (PI3K)] that culminated downstream in specific gene transcription (1, 7, 8, 12). In contrast to the genomic actions of T3 that depend on primary intranuclear interactions of T3 with activated TRs, the actions of T4 on cancer cell proliferation, angiogenesis and apoptosis depended on the location of the hormone on the cell surface (1, 8).

Among the genes whose expression is differentially regulated from the plasma membrane and αvβ3 are genes for matrix metalloproteinases, basic fibroblast growth factor (FGF2), hypoxia-inducible factor-1α (HIF-1α), cyclooxygenase-2 (COX-2) and, interestingly, TRα and TRβ; transcription of all of the preceding genes is upregulated by T4 (8). The control of TR gene expression from the cell surface is an example of overlapping non-genomic and genomic effects of thyroid hormone (14). Downregulated is expression of the genes for pro-apoptotic APAF1, CASP3, PMAIP1, and BBC3 (8). The relevance of these genes to cancer cell survival is clear. Tetrac is a naturally occurring derivative of T4 that blocks the binding of T4 (and T3) to the receptor on αvβ3. In the absence of T4, however, tetrac and tetrac that is modified by covalent binding to a nanoparticle or polymer have effects on expression of several hundred genes (12), e.g., angiogenesis-linked vascular endothelial growth factor A (VEGFA), epidermal growth factor receptor (EGFR), cell survival pathway genes XIAP and MCL1 and cell cycle-regulating genes. The latter include genes for multiple cyclins and a cyclin-dependent kinase. Genes relevant to radioresistance and chemoresistance, e.g., p-glycoprotein (P-gp) are also affected by tetrac. The expression of all of these genes is decreased by unmodified or modified tetrac, indicating that the modified tetrac compounds have applications as experimental chemotherapeutic agents. Because tetrac is an antagonist of T4, a possible implication of these studies of tetrac is that T4 may be a stimulator of the transcription of this panel of genes. This possibility has not yet been systematically examined.



BIOACTIVITY OF rT3

The conversion of T4 to rT3, rather than to T3, generates a thyroid hormone analog with no genomic actions. This 5-deiodination process is a function of the action of deiodinase 3 (DIO3, D3) or deiodinase 1 (DIO1, D1) (6). rT3, however, was found a number of years ago to be capable of converting soluble actin to F-actin (20), just as T4 does. In developing mouse cerebellum, astrocytes lacking TRs recover normal actin function with transfection of TRΔα1 (22).

rT3 may also modulate avian lipid metabolism response to epinephrine and steroids (23). The activity of DIO2 (D2) in murine neuroblastoma cells may also be reduced by rT3 (24). Thus, a set of observations in disparate model systems indicates that rT3 has bioactivity. Against this background, we have recently tested rT3 for proliferative activity in glioblastoma cells. We had previously shown that T4 enhances proliferation of several glioma cell lines (25) and that chemically modified tetrac, a T4 antagonist, inhibited the growth of glioblastoma xenografts (26). In the recent studies, the glioblastoma cell line U87MG and two primary cultures of human GBM cells significantly increased their rates of proliferation in vitro when exposed to T4, as expected, but also to rT3 (27). These studies must be extended and expanded to include other types of cancer. Confirmation would indicate that conversion of T4 to rT3, rather than to T3, offers cancer cells another thyroid hormone analog support mechanism. Indeed, T3 at physiological concentrations may provide no stimulus to tumor cell proliferation, as a recent clinical study in endstage cancer patients of euthyroid hypothyroxinemia suggests (28). In that study, stabilization or regression of advanced disease was achieved with inhibition of endogenous thyroid hormone production by methimazole and maintenance of the euthyroid state with exogenous T3. Elimination of host T4 production in such patients also minimizes production of rT3.

We can conclude that rT3 has bioactivity and that, possibly, this thyroid hormone analog has proliferative activity on certain cancer cells.



TETRAC AND TRIIODOTHYROACETIC ACID (TRIAC)

In the nucleus, tetrac and triac are thyromimetic (6). Triac has some TRβ-selectivity that has favored its use over tetrac in thyroid hormone-resistant patients to suppress host thyrotropin (TSH) (6), but each agent has been used in this setting. Advantages of the genomic effects of these deaminated derivates of T4 and T3 have also been sought in management of obesity and hyperlipidemia. All such applications involve hormone effects on non-cancer cells.

Because of the heightened expression of αvβ3 in cancer cells, non-genomic actions of tetrac and triac are seen in such cells. Both are anti-proliferative in cancer cells (8). Tetrac has been chemically modified to a nanoparticulate drug (Nanotetrac, NDAT) by covalent coupling to large molecules such as poly-lactic-co-glycolic acid (PLGA) to minimize its access to the intranuclear compartment when the agent is internalized by cells. Tetrac is thyromimetic in the intranuclear compartment (29). Chemically modified tetrac blocks binding of T4 (and T3) to the thyroid hormone receptor on αvβ3, thus eliminating some of the cancer support properties of T4 that were described above. In addition, in the absence of T4, NDAT or tetrac in another formulation in our laboratory in which it is covalently bound to polyethylene glycol (PEG) has actions downstream of the integrin on expression of a large number of cancer-relevant genes (8, 12, 13). The actions are anti-proliferative, pro-apoptotic and anti-angiogenic by multiple mechanisms. Modified tetrac may also impair DNA repair that is important to cancer cell resistance to radiation (30). Finally, by suppressing expression of the P-gp gene, modified tetrac may reduce chemoresistance (31), since the plasma membrane P-gp pump exports certain cancer chemotherapeutic drugs (31, 32).

X-irradiation has been shown to activate integrin αvβ3 (18), an effect that is primarily on the β3 monomer and that is thought to contribute to radioresistance (33). This effect is blocked by tetrac (as NDAT).

The actions of triac on cancer cells have been incompletely characterized. It is clear, however, that triac can act at integrin αvβ3 to non-genomically initiate apoptosis in human ovarian cancer cells (34). Triac does not appear to have effects on mitochondria in tumor cells (35). How important genomic effects of triac may be in cancers cells is not known. Triac not surprisingly binds to a genetically modified TRβ that trafficks between cytoplasm and the nucleus in a cancer cell model generated to detect endocrine disrupting chemicals (36), and triac binds to TR in non-cancer cells (37) and has been used clinically to treat certain forms of thyroid hormone resistance because of its facilitated transport across the plasma membrane of normal cells.

It should also be noted that thyroid hormone analogs affect abundance of certain microRNAs (mRNAs) in cancer cells. We have pointed out that Nanotetrac differentially regulates transcription of miR-21 and miR-15A in tumor cells (12, 38) and in so doing is anti-angiogenic and decreases metastatic potential of cancer cells. The effects of T4 on expression of these miRNAs has not yet been examined.

What is apparent is that the thyromimetic properties of deaminated thyroid hormone, particularly tetrac, are importantly overshadowed in cancer cells by its anticancer actions that are expressed via integrin αvβ3. Triac also has anticancer activity at the integrin.



CONCLUSIONS

The existence of integrin αvβ3 on the surface of cancer cells and rapidly dividing endothelial cells provides new insights into the bioactivities of a number of iodothyronines. T4 is a potent pro-angiogenic hormone with proliferative-enhancing activity in cancer cells, whereas in the context of nuclear TRs, T4 is simply a prohormone for T3. At the thyroid hormone receptor on αvβ3, rT3 may also be biologically active. Finally, deaminated thyroid hormone analogs are weak thyromimetic agents at TRs, but are potent anti-T4 agents in cancer cells and also have a number of anticancer effects that are independent of their activity as blockers of T4 binding to the cell surface receptor.

What about T3 at αvβ3? In higher than physiologic concentrations, T3 can stimulate cancer cell proliferation at the receptor on the integrin (8, 39), but as the induced clinical state of euthyroid hypothyroxinemia in cancer patients suggests, maintenance of euthyroidism exclusively with T3 does not appear to promote tumor growth (28).

The scope of this review is limited by the relatively small number of types of solid tumors that have been studied for possible effects of thyroid hormone analogs. Leukemic cells have not been examined for trophic or antagonistic effects of thyroid hormones. Additional clinical studies are needed of the effects of induction of euthyroid hypothyroxinemia on tumor behavior.

An inference of the discussion of tetrac is the need to test clinically the anticancer efficacy of chemically modified tetrac that has been demonstrated experimentally in cells and in xenografts.
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Tetrac Delayed the Onset of Ocular Melanoma in an Orthotopic Mouse Model
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Ocular melanoma research, the most common primary intraocular malignancy in adults, is hindered by limited in vivo models. In a series of experiments using melanoma cells injected intraocularly into mouse eyes, we developed a model for ocular melanoma. Inoculation of 5 × 105 B16F10 cells led to rapid tumor growth, extensive lung metastasis, and limited animal survival, while injection of 102 cells was sufficient for intraocular tumors to grow with extended survival. In order to improve tumor visualization, 102 melanoma cells (B16F10 or B16LS9) were inoculated into Balb/C albino mouse eyes. These mice developed intraocular tumors that did not metastasize and exhibited extended survival. Next, we studied the therapeutic potential of inhibitor of the thyroid hormones-αvβ3 integrin signaling pathway in ocular melanoma. By utilizing tetraiodothyroacetic acid (tetrac), a thyroid hormone derivative, a delay in tumor onset in the B16F10 (integrin+) arm was observed, compared to the untreated group, while in the B16LS9 cells (integrin–) a similar rate of tumor onset was noticed in both experimental and control groups. In summary, following an optimization process, the mouse ocular melanoma model was developed. The models exhibited an extended therapeutic window and can be utilized as a platform for investigating various drugs and other treatment modalities.
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INTRODUCTION

Ocular melanoma is the most common primary intraocular malignancy in adult patients (1, 2). It is estimated that about 50% of patients develop metastatic spread, predominantly to the liver (3, 4). There are no effective treatments and death results in ~1 year following detection of systemic involvement (5). Although diagnostic and therapeutic tools for the primary ocular tumor have improved significantly over the past 40 years, there has been no change in survival rates (4, 6), emphasizing the need for alternatives to traditional treatments.

Animal models play a significant role in understanding tumor development as well as for developing novel therapeutic approaches in preclinical studies. Efforts have been made to generate ocular melanoma animal models that are suitable for uveal melanoma and its distinctive metastatic behavior (7). However, ocular melanoma research is still hindered by limited in vivo models and development is needed of a model that may provide a therapeutic window for preclinical evaluation of experimental treatments.

Thyroid hormones have been shown to influence tumor growth and angiogenesis in a variety of cancer models (8). These effects are attributed to the non-genomic hormonal effects [reviewed in Cheng et al. (9) and Davis et al. (10, 11)]. One of the mechanisms whereby such non-genomic actions may be mediated is via binding of the thyroid hormone to the extracellular domain of integrin αvβ3 (12), a protein which is overexpressed in an array of cancer types and correlates with disease stage (13). Upon binding, thyroid hormone, primarily L-thyroxine (T4), induces diverse membrane-initiated intracellular activities [reviewed in Davis et al. (11)], including cell proliferations, mainly via the MAPK pathway. Such mitogenic activities have been shown in various types of cancer cells, including glioma (14), breast cancer (15), hepatocarcinoma (16), thyroid cancer (17), sarcoma (18), tumor-associated vascular cells (19), myeloma (20–22) and ovarian cancer (23). We have recently established that hyperthyroidism shortened survival time in a metastatic ocular melanoma mouse model, while hypothyroidism had a significant protective effect (24). Based on these collective results, we hypothesized that natural thyroid hormone derivatives with low-potency thyromimetic activity at the integrin may be utilized for growth inhibition in ocular melanoma. Such analog includes a deaminated form of T4, tetraiodothyroacetic acid (tetrac), which possess low hormone activity because of shortening of the side chain on the inner ring (removal of a carbon or amine), resulting in the conversion of propionic acid (thyroid hormone) to acetic acid (tetrac). This transforms the compound from thyroid agonists to antagonist (10). Tetrac has low affinity for the nuclear thyroid hormone receptors, through which the classical genomic actions are initiated by the thyroid hormone and is a low-grade thyromimetic in the nucleus (9). Such low-grade thyromimetic genomic effects of tetrac have been shown in various tissues [e.g., (25–27)] and high rates of liver glucuronidation of triac and tetrac have been thought to explain their low bioactivity (26). In contrast, tetrac is an antagonist of T4 actions at the hormone receptor on the extracellular domain of integrin αvβ3 (11). At the cell surface integrin receptor tetrac was shown to displace thyroid hormones binding and to block αvβ3, resulting in reduced cell proliferation, anti-angiogenesis and reduced anti-apoptotic defense pathways activity in multiple cancer models, including mice and human melanoma (28, 29) and reviewed in Davis et al. (11). This antitumor activity of tetrac is initiated at the integrin and chemical modification of tetrac to prevent its nuclear uptake and thus restrict its action to the receptor on αvβ3 heightens the anticancer activity of tetrac via the membrane receptor.

We herein report the development of novel mouse models of ocular melanomas and the effect of a specific thyroid hormone-integrin antagonist on delaying the onset of tumor growth in such models.



MATERIALS AND METHODS


Reagents

Tetrac (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 0.04 N KOH 4% propylene glycol (PG) solution to a concentration of 1 mg/1 mL.



Cell Lines

B16F10 mouse melanoma cell line (ATCC, CRL-6475) and B16LS9 (a generous gift from Grossniklaus Hans E, MD, Emory Eye Center, Atlanta, GA, USA) were cultured in RPMI 1,640 medium, supplemented with 10% (v/v) heat inactivated fetal calf serum, 2 mM L-glutamine and antibiotics (penicillin/streptomycin), in a humidified atmosphere of 5% CO2 at 37°C.



Expression of Integrin αvβ3

The expression of αvβ3 integrin on B16F10 or B16Ls9 melanoma cells was quantified using flow-cytometry. In details, the melanoma cells (100,000 cells) were harvested and labeled with 50 μg/mL PE-αv antibodies (Clone RMV-7, Abcam), and FITC-β3 antibodies (Clone HM beta 3.1, Abcam) in 100 mL phosphate-buffered saline (PBS). Following incubation for 15 min at room temperature, the cells were centrifuged, diluted in PBS, and analyzed by a flow cytometer (MACSQuant, Miltenyi Biotec, Bergisch Gladbach, Germany).



Animals

Study animals were wild-type male C57BL/6 or Balb/C mice aged 8 weeks (Harlan Laboratories Ltd, Ein Kerem, Jerusalem). Mice were maintained under specific pathogen-free conditions and housed under controlled conditions (temperature: 20–24°C; humidity: 60–70%). The mice were acclimated to our vivarium for 1 week prior to their use according to study protocols. Up to 6 animals were housed in a cage under conventional conditions and fed chow and water ad libitum. All animal procedures and experiments were conducted with approval and under the supervision of the Institutional Animal Care Committee at Tel-Aviv University, and conformed to recommendations of the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research.



Experimental Groups and Inoculation of Tumor Cells

For model optimization in the C57Bl/6 mice, the subretinal space (i.e., the choroid) of each mouse's right eye was first inoculated with aliquots of 5 × 105 B16F10 cells (n = 8 mice). Next, the same cells were inoculated at decreasing concentration (104, 103, and 102 cells, total 15 mice, n = 5 for each concentration). For assessing the Balb/C Albino mice model, the subretinal space of each mouse's right eye was inoculated with aliquots of 102B16F10 or B16LS9 cells/1 μL PBS (n = 5 for each cell type), using a transconjunctival approach as previously described (30), allowing the inoculated cells to remain in the eye. Mice were anesthetized with a mixture of ketamine and xylazine (120 mg/kg ketamine, 10 mg/kg xylazine), and the experimental eye was desensitized by a drop of oxybuprocaine (Dr. Fischer, Bnei Barak, Israel). Under a dissecting microscope, a 30-gauge needle was inserted ~1 mm posterior to the limbus through the conjunctiva and sclera and into the subretinal space. The tip of a 10 μL glass syringe with a 32-gauge blunt needle (Hamilton Co., Bonaduz, Switzerland) was introduced into the subretinal space via the needle track, and a 1 μL suspension of tumor cells was then injected into the eyes of the animals. No cells were inoculated until the needle tip was inside the eye, no tumor cell reflux occurred, and the subconjunctival space remained free of tumor cells. For the final interventional study, the subretinal space of each Balb/C Albino mouse's right eye was inoculated with aliquots of 102B16F10 or B16LS9 cells in 1 μL PBS. For each experimental model, mice were given drinking water with 35 μg tetrac per day (n = 16 mice in the B16F10 model and n = 16 in the B16LS9 model), whereas the control group mice were given only polyethylene glycol dissolved in water (n = 15 mice in the B16F10 model and n = 13 mice in the B16LS9 model). Drinking water was exchanged on daily basis.



Clinical Follow-Up

Mice were checked daily for clinical evidence of intraocular tumor growth. These signs appeared in the form of intraocular bleeding, turbidity, or both. When any of these signs became evident, the mouse was transferred to a separate cage and followed-up until death. The interval between inoculation of tumor cells and death was defined as the survival time. The interval between inoculation of tumor cells and first clinical evidence of intraocular tumor growth was defined as the inoculation-to-tumor time, and the interval between first clinical evidence of intraocular tumor growth to death was defined as the tumor-to-death time. All of these data were recorded and analyzed. We did not observe an effect of the treatments on animal bodyweight (data not shown), an index of lack of toxicity.



Ultrasound and Doppler Measurements

Following general and local anesthesia, as mentioned above, Aquasonic Clear Ultrasound Gel (Medthechnica Healthcare Solutions, Petah-Tikva, Israel) was applied on the mouse's eye baring the intraocular tumor and tumor dimensions were measured and blood flow recorded using an ultrasound probe [Sequoia 512 (Acuson, Mountain View, California, US)] or Vevo 2100 (VisualSonics, Toronto, Canada). Imaging results were analyzed thereafter.



Computed Tomography Scan

Following general anesthesia, as mentioned above, and after injection of Omnipaque™ (iohexol, GE Healthcare, Tel Aviv, Israel) as contrast into the mouse tail vein, mice underwent a CT scan using a TomoScope® Synergy deivce (CT-Imaging, Erlangen, Germany) focusing on the lungs. Serial images were analyzed for the presence of metastases.



Histopathological and Immunohistochemical Studies

The tumor-bearing eyes of all the inoculated mice and lungs of mice from each experimental group were harvested and sent for pathological and immunohistochemical evaluations. Formalin-fixed, paraffin-embedded sections of the collected specimens were hematoxylin and eosin (H&E) stained for histopathologic assessment. For immunostaining, the slides were warmed to 60°C for 60 min, dewaxed in xylene and rehydrated. Hydrogen peroxide (H2O2, 3% in PBS) was used to block endogenous peroxidase activity. After being rinsed in PBS, the sections were incubated for 60 min at room temperature with anti-S100 (Z0311, 1:1,000, Dako, Herzliya, Israel), a melanoma marker or anti β3 integrin antibody (ab75872, Abcam, Cambriodge, UK). Detection was performed with Envision+ System-HRP Labeled Polymer Anti-Rabbit (K4003, Dako). The binding antibody was visualized with chromogen AEC substrate (Invitrogen Corporation). Sections were counterstained with hematoxylin and cover-slipped with an aqueous mounting fluid (Glycerol, Dako). The stained sections were reviewed with a light microscope and analyzed by a pathologist.



Statistics

Analysis of the delay in tumor onset was done using the non-parametric logrank test (Mantel-Cox test). Results were considered statistically significant for a p < 0.05.




RESULTS


Optimization of Orthotopic Mouse Ocular Melanoma Models

For the generation of an ocular melanoma mouse model, we used the mouse melanoma B16F10 cell line, given its ability to form intraocular tumors (31–34). By injecting 5 × 105 B16F10 cells into the posterior segment of C57Bl/6 murine eyes (n = 8), a tumor occupying the entire intraocular cavity was observed within 5–7 days from inoculation (Figure 1A). In addition, ultrasound Doppler evaluation showed blood flow within the mass (Figure 1B).
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FIGURE 1. C57Bl/6 mice inoculated with 5 × 105 B16F10 cells (A) Buphthalmic (enlarged) right eye filled with tumor. (B) Ultrasound Doppler demonstrating blood flow in an intraocular melanoma. (C) H&EX2 staining from an enucleated eye. (D) CT scan showing lung metastasis. (E) Macro metastasis of B16F10 cells in the lung of a representative mouse. (F) An aggregate of large epithelioid melanoma cells with expanded cytoplasm, large nuclei and prominent nucleoli within it (arrow), is surrounded by typical lung tissue (H&EX40).



After 10 days, eyes were enucleated and sent for pathological processing and H&E staining. Figure 1C depicts characteristic melanoma cells behind the lens, between the pigment epithelium and retina in a representative eye specimen.

As the B16F10 cell line is known to metastasize predominantly to the lungs (35), animal CT scans were performed, clearly showing lung metastasis (Figure 1D). Macro-metastasis of B16F10 cells, surrounded by typical lung tissue, is shown in dissected lungs from a representative mouse (Figure 1E). Pathological processing and H&E staining of the dissected lungs demonstrated aggregates of large epithelioid melanoma cells, surrounded by typical lung tissue (Figure 1F). This mouse model in summary showed that intraocular tumor cell growth was rapid and resulted in extensive lung metastasis and limited survival within about 2 weeks. These findings restricted the applicability of this model tor the evaluation of anti-cancer treatments.

In order to establish a mouse model in which tumor growth rate and metastasis permit a longer therapeutic window, we gradually reduced the intraocular-injected melanoma cell amounts. Aliquots of B16F10 cells were scaled-down to 104, 103, and eventually 102 cell aliquots (n = 5 mice in each group) and injected into C57Bl/6 mouse eyes. Based on this preliminary optimization process, the 102 cell aliquot was chosen for further use in our experiments because the tumors developed relatively slowly, with a wider therapeutic window. Results indicated that an injection of 102 B16F10 cells is sufficient to cause development of a tumor (Figure 2A) between 14 and 17 days post inoculation. The enucleated eyes exhibited an intraocular tumor behind the lens (Figure 2B). Positive S100 immunostaining confirmed the presence of melanoma cells (Figure 2C). Similar to the results with inoculation of 5 × 105 B16F10 cells, in this model, macro metastasis in the lungs were documented by CT (Figure 2D) in the dissected lungs (Figure 2E), and by H&E staining (Figure 2F). Taken together, the inoculation of 102 melanoma cells resulted in a mouse model which exhibited slower rate of intraocular tumor growth and metastasis and thus extended the therapeutic window required for pre-clinical anticancer drug evaluations. We have successfully used this model for studying the role of thyroid hormones on ocular melanoma growth (24).
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FIGURE 2. C57Bl/6 mice inoculated with 100 B16F10 cells (A) Buphthalmic (enlarged) right eye filled with tumor. (B) Enucleated murine eye showing the intraocular tumor located behind the lens, between the pigment epithelium and retina (H&EX2, arrow). (C) Tumor cells behind the lens labeled for S100(X20). (D) CT scan with lung metastasis (E) Macro metastasis in the lungs. (F) An aggregate of large epithelioid melanoma cells with expanded cytoplasm, large nuclei and prominent nucleoli within it (arrow), is surrounded by typical lung tissue (H&EX40).





Albino Mouse Ocular Melanoma Model Exhibit Extended Survival and No Tumor Metastasis

One of the limitations of using C57Bl/6 mice as an animal model in this context was its dark eyes, which make it difficult to detect the pigmented intraocular tumors at early stages. We therefore used, as a next step, another mouse strain, the Balb/C albino, which we anticipated would allow better visualization of the intraocular tumors. We repeated the same protocol of inoculating 102 melanoma cells into the albino mouse eyes. In the albino mouse studies, an additional mouse melanoma cell line was utilized: B16LS9 (n = 5 for each model). While B16F10 cells metastasize primarily to the lungs, the B16LS9 cells are known to spread to the liver when implanted into mice eyes (7, 36). Enlarged eye filled with tumor resulted; starting from 2 weeks following intraocular injections of 102 B16F10 cells (Figure 3A) or B16LS9 cells (Figure 3D). Similarly, the enucleated eyes from both models exhibited intraocular tumor behind the lens, between the pigment epithelium and the retina (Figures 3B,C,E,F). Interestingly, inoculation of 102 B16F10 or B16LS9 cells in the albino mice did not result in tumor metastasis in the lungs (Figure 3G) or liver (Figure 3H). These mice continued to thrive for up to 3 months, after which the experiment was terminated, according to our animal ethics protocol.
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FIGURE 3. BALB/c White mice inoculated with (A–C) 100 B16F10 cells and (D–F) 100 B16LS9 cells. (A,D) Buphthalmic (enlarged) right eye filled with tumor. (B,E) Enucleated murine eye showing the intraocular tumor located behind the lens (H&EX2). (C,F) H&EX10 (G) Representative lungs from the B16F10 model (H) Representative liver from the B16LS9 model.





Tetrac Delayed the Onset of Ocular Melanoma in the Albino Mouse Model

The B16F10 cells serve as a valid platform to examine the thyroid-hormone-αvβ3 axis in vivo, due to high expression of this specific integrin (Supplementary Figures S1A–D). In contrast, the B16LS9 cells express low levels of αvβ3 (Supplementary Figures S1E–H). We have recently established in a B16F10 ocular melanoma model (24) that the hypothyroid environment enhances survival of mice inoculated with the B16F10 cells, while hyperthyroidism resulted with shorter survival. The unexpected observation that albino mice, when inoculated intraocularly with melanoma cells, do not develop metastasis and exhibit an extended survival, led us to exploit these models to study the potential of thyroid-hormone-αvβ3 inhibitors in delaying the onset of ocular melanoma. One such inhibitor that has been shown in numerous in vitro and in vivo studies to inhibit thyroid hormone binding to αvβ3 integrin is tetrac and this agent was selected for the next study.

The subretinal space of the right eye of BALB/c mice was inoculated with aliquots of 102 B16F10 or B16LS9 cells/1 μL PBS (inoculation day or day 0) using a transconjunctival approach, as previously described (30). There were no cases of cell reflux following tumor inoculation and the subconjunctival space remained free of tumor cells. On the same day, each experimental tumor model was divided into mice given tap water (Control group) or drinking water containing tetrac. The mice were monitored on a daily basis and the first sign of intraocular tumor growth was recorded. The experiment design, including the number of mice in each group is indicated in Figure 4. The mice were followed-up and recorded for tumor initiation for 37–40 days.
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FIGURE 4. Experimental design. BALB/c mice were inoculated into the right eye subretinal space with aliquots of B16F10 or B16LS9 cells (102 cells/1 μL PBS). Each experimental tumor model was divided into mice given tap water with propylene glycol (Control group) or to mice given drinking water containing tetrac (Experimental group). The number of mice in each group is indicated. The mice were monitored on a daily basis and first sign of intraocular tumor growth was recorded. The mice were followed-up and recorded for tumor initiation for 37–40 days.



A small proportion of mice from both the B16F10 (Figure 5A) and B16LS9 group (Figure 5B) were diagnosed with intraocular tumors as early as 2 weeks from inoculation. However, investigating the control groups in both cell lines, tumors were evident in the B16F10 group, as a whole, in a significantly earlier and narrower time frame (15–21 days), as compared to the B16LS9 group (up to 40 days). Results further indicated a delay in tumor onset in the tetrac arm compared to the control group in the B16F10 mice model (Median 24 days to tumor onset versus median of 19 days, respectively). These results reached statistical significance by the logrank test (p = 0.0195). In the B16LS9 mice model, both the control and tetrac-treated groups exhibited a similar tumor onset rate.
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FIGURE 5. Tetrac delays the onset of ocular melanoma. Mice were inoculated with (A) integrin positive cells (B16F10 cells) but not in (B) integrin negative model (B16LS9 cells).



Mice were sacrificed after 90 days from study initiation, at which point eyes were enucleated and sent for pathological and immunohistochemical processing, including S100 (a melanoma marker) analysis and αvβ3 expression. Results indicate that in both the B16F10 (Figure 6A) and the B16LS9 (Figure 6B) cell models, the intraocular tumors were positive for S100 immunostaining, confirming the presence of melanoma cells. In accord with the flow-cytometry results, B16F10 (Figure 6A), but not B16LS9 (Figure 6B), were positively immunostained by the anti-integrin antibody. Lastly, in the B16F10 mice model, tetrac treatment clearly indicated a reduced level of S-100 and integrin staining, suggesting an inhibitory effect on tumor inoculation, growth and integrin expression.
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FIGURE 6. Enucleated murine eye of BALB/c White mice inoculated with (A) 100 B16F10 cells and (B) 100 B16LS9 cells in control and tetrac treated mice. Representative images of the intraocular tumor labeled for S100 (X10) and avb3 integrin (X10) are shown (positive (orange color) stained areas are indicated by arrows).






DISCUSSION

The prognosis and survival of patients with ocular melanoma is poor, due to the metastatic nature of the disease and lack of effective therapeutic modalities. Reliable in vivo models that can reproduce and mirror human ocular melanoma are essential in order to better understand the disease's characteristics, particularly its metastatic behavior and susceptibility to potential treatment approaches. The significance of results from animal experiments relies on selection of an appropriate animal model. For ocular melanoma, several models exist, consisting of spontaneous, transgenic, and induced models. The latter, compared to the prior two, are easier to handle and are more reproducible (7). The most widely-used induced model in ocular melanoma research is the inoculation model, in which melanoma tumor cells are implanted into the animal's eye, with the mouse being the most widely used species. The small eye size limits the possibility of using routine eye examination. However, due to its cost-effectiveness, rapid reproduction rate, and the fact that 95% of the mouse genome is similar to that of humans, many experiments have been conducted that attempt to replicate in mice the tumor growth and migration behavior of human ocular melanoma. B16 mouse melanoma cell lines are commonly studied and have been successfully inoculated into syngeneic C57BL6 mice eyes (30, 31, 37). A subculture, the B16F10 cell line, which demonstrates high metastatic rate, has also been applied (32, 38–41). In all studies, about 105 cells (range: 1–5 × 105 cells) have been injected into the posterior or anterior chambers (31, 32, 34, 38, 42). When such cell numbers were used in our preliminary studies, eyes erupted at about 1 week after inoculation. In addition, tumor cells in these models are highly invasive and the tumor-bearing eye has to be enucleated at 7–14 days post inoculation; mice usually have to be sacrificed shortly after. By optimizing the number of cells required, we have established that an inoculation of 102 cells is sufficient to develop an intraocular tumor and to exhibit an extended survival. It has been established that the B16F10 cell line metastasizes predominantly to the lungs (35) and this was confirmed in all of the animals sampled in our study, implying that it was the tumors' systemic spread that eventually killed the mice. In order to improve intraocular tumor visualization, we used Balb/C albino mice which were inoculated with 102 B16F10 or B16LS9 melanoma cells. This latter cell line is derived from B16, is liver specific (43) and grows well in the eye (36). It has been previously reported that anterior chamber inoculation of B16LS9 cells in murine eyes results in iris melanoma, but is much less likely to metastasize to the liver than posterior compartment inoculation (44). We have observed that posterior inoculation of 102 B16F10 or B16LS9 melanoma cells in the albino mice eye resulted in intraocular tumor behavior which did not metastasize and was associated with extended survival. Additionally, in the B16F10 model group, tumors developed at a significantly earlier stage compared to the time required for the B16LS9-inoculated mice.

The limited efficacy of current treatments in ocular melanoma, highlights the need for more novel treatment approaches (45). Accumulating data suggest that hyperthyroidism may increase the risk of certain non-ocular solid tumors, whereas hypothyroidism may delay disease onset and reduce aggressiveness of cancers (46, 47). We have recently observed a comparable association, both to tumor onset and survival, with states of thyroid function in the ocular melanoma B16F10 mouse model (24). We have further demonstrated in the same B16F10 melanoma cells as well as in an additional integrin positive human melanoma cell line (Malme-3M), the growth promoting effects of thyroid hormone in vitro. These results collectively are attributed to binding of the thyroid hormones to a receptor site on the plasma membrane integrin αvβ3 which may mediate the proliferative action of the hormones on tumor cells (9). The growth-promoting effects by the hormones encouraged us to study the potential of inhibitors of the thyroid hormone-integrin axis in the albino mouse ocular melanoma model. The approach of blocking this specific integrin is highly relevant to ocular melanoma as it is expressed in all tumor subtypes, including spindle, epithelioid, and mixed cell tumors (48). Of note, the B16F10 melanoma cells that were utilized in the present in vivo studies, highly express the αvβ3 integrin (24, 49), whereas B16LS9 cells were shown to possess low integrin expression. These findings are important additions for future study design and planning, especially when considering to target the integrin. We have shown that tetrac, a thyroid hormone derivative, clearly delayed tumor onset in mice receiving B16F10 (integrin positive) cells, compared to the untreated group, while in the B16LS9 cells (integrin negative) a similar rate of tumor onset was observed in both groups. Similar pharmacologic targeting of the hormone receptor with a liposomal modified formulation of tetrac was shown in the same B16F10 mice melanoma cells utilized by us (29) as well as in another human melanoma cell line (28). In both cell models tetrac was shown to bind to integrin αvβ3 resulting in reduction in cell proliferation and viability in vitro and as well as to reduce tumor growth and metastasis in vivo. Delay in tumor growth was observed with tetrac in vitro and in vivo in an array of tumor types [reviewed in (11)]. A number of laboratories have shown that specific inhibitors of αvβ3 slow growth of these melanoma, cells (50, 51). In contrast to these inhibitors, tetrac acts only at the remarkable thyroid hormone-tetrc receptor on αvβ3 to differentially regulate downstream the expression of a large number of genes related to the cell cycle, apoptosis and other cancer cell survival pathways (52–54). The plasma membrane thyroid hormone-tetrac receptor is exclusively located on integrin αvβ3 and no other alternate receptor was discovered (11). Tetrac binds to the αvβ3 integrin in two orientations and competitively displaces both 3,5,3′-triiodo-L-thyronine (T3) and T4, and thus inhibits their tumor-relevant activities (12, 55).

There are several limitations to this study. Although performed in the same manner for all of the experimental groups, the estimation of appearance of tumor after cell inoculation may be subject to error. However, we have used large enough cohorts in order to obtain significant differences between the experimental groups. Another limitation is the use of cutaneous-derived melanoma cells for ocular melanoma studies. However, intraocular inoculated B16 melanoma cells are commonly used to model ocular melanoma, including for evaluation of novel therapeutic approaches (31, 32, 34, 38, 42). For our specific integrin-targeted therapy, the blocking of the αvβ3 integrin, these cells were particularly appropriate, due to a positive high expression of this integrin.

To summarize, we have developed ocular melanoma mice models with an extended therapeutic window that may be exploited for preclinical evaluation of potential drugs. These models enabled us to assess a novel thyroid hormone-αvβ3-integrin targeted therapy, which delayed tumor onset. Tumor biopsies may serve for patient-based therapy following evaluation of the integrin abundance on the tumor cells. This, together with our published results which indicated a beneficial effect of a hypothyroid state on the primary ocular melanoma tumor (24), suggest that this mode of treatment may be administered as soon as the primary tumor is diagnosed.
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T-cell lymphomas (TCL) are a heterogeneous group of aggressive clinical lymphoproliferative disorders with considerable clinical, morphological, immunophenotypic, and genetic variation, including ~10–15% of all lymphoid neoplasms. Several evidences indicate an important role of the non-neoplastic microenvironment in promoting both tumor growth and dissemination in T cell malignancies. Thus, dysregulation of integrin expression and activity is associated with TCL survival and proliferation. We found that thyroid hormones acting via the integrin αvβ3 receptor are crucial factors in tumor microenvironment (TME) affecting the pathophysiology of TCL cells. Specifically, TH-activated αvβ3 integrin signaling promoted TCL proliferation and induced and an angiogenic program via the up-regulation of the vascular endothelial growth factor (VEGF). This was observed both on different TCL cell lines representing the different subtypes of human hematological malignancy, and in preclinical models of TCL tumors xenotransplanted in immunodeficient mice as well. Moreover, development of solid tumors by inoculation of murine TCLs in syngeneic hyperthyroid mice, showed increased tumor growth along with increased expression of cell cycle regulators. The genomic or pharmacological inhibition of integrin αvβ3 decreased VEGF production, induced TCL cell death and decreased in vivo tumor growth and angiogenesis. Here, we review the non-genomic actions of THs on TCL regulation and their contribution to TCL development and evolution. These actions not only provide novel new insights on the endocrine modulation of TCL, but also provide a potential molecular target for its treatment.
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INTRODUCTION

Thyroid hormones (THs), triiodothyronine (T3), and thyroxine (T4), are involved in different biological processes as cell growth, development, differentiation, and the regulation of metabolism and homeostasis (1). The classical mechanism of action of THs is mediated by the binding of T3 to nuclear receptors (TR) that interact with specific responding elements (TREs) in the promoters of target genes. The binding of T3 to TRs promotes a conformational change that induces the exchange of corepressors for coactivators, thus leading to gene transcription on responsive genes (2, 3). THs can also trigger their actions by a non-classical mechanism that does not implicate direct gene transcription regulation by nuclear TRs. These non-genomic actions indirectly modulate gene transcription through the activation of intracellular pathways and other transcription factors (3, 4). Despite many of the non-genomic actions have been demonstrated to be initiated by THs through the activation of a membrane receptor (mTR), they can also be initiated at receptors located in the mitochondria or cytoplasm (5).

In the last years, several studies have identified the integrin αvβ3 as the membrane receptor for THs in normal tissues as blood vessels and heart (5); but also in several types of cancer cells (4, 6–9). Integrin αvβ3 is a member of a large group of heterodimeric transmembrane receptors that regulate cell-cell and cell-extracellular matrix (ECM) interactions and enable cells to respond to their environment (10). Several studies related to cancer have implicated the activity of this group of adhesion receptors in the proliferation, migration, and survival of different types of tumor cells (11). Many aspects of the cellular microenvironment, like the composition and structure of the ECM, the signals generated by growth factors or the stimulation of cytokine secretion are regulated by integrins (12, 13). Particularly, integrin αvβ3 mediates the interaction between the cells and the ECM as a result of its binding to plasmatic and ECM ligands that express the peptide sequence RGD (Arginine–Glycine–Aspartate) (14). Interestingly this integrin is highly expressed in proliferating cells, like malignant cancer cells and cells from the endothelial and vascular smooth muscle (14).

It is well-known that the growth, invasiveness, and dissemination of a tumor are highly associated with angiogenesis. In recent studies, our group demonstrated that the interaction of THs with integrin αvβ3 triggers intracellular pathways in T-cell lymphoma (TCL) cells. This further activates transcription factors, thus stimulating gene transcription and the production of angiogenic factors (15). Therefore, the expression of integrin αvβ3 in tumor cells and their vascular network could explain the proangiogenic and proliferative effects of THs on different cancers, including gliomas (9), breast (4), thyroid (6, 8), and renal cancer (7), among others.

In this review, we will focus on the role of integrin αvβ3 as the membrane receptor for THs and how its activation induces the proliferation and survival of different types of cancer cells. Specifically, we will discuss the influence of THs non-genomic actions through integrin αvβ3 activation on TCL malignant phenotype, and the inhibition of this receptor as a potential clinical target.



ROLE OF INTEGRIN αVβ3 IN CANCER AND ANGIOGENESIS


Integrins and Cancer

Despite integrins were initially described as cell adhesion receptors, current studies highlight the idea that these receptors have essential roles in cancer. In fact, one of the well-known mechanisms of cancer is the abnormal function of integrin receptors (16). Cancer is a complex disease and its progression is deeply related with the dynamically evolving extracellular matrix that regulates many aspects of the tumor and tumor-associated cells (16). Integrin bi-directional signaling is essential to sense, modulate, and respond to changes in extracellular stimuli (17). The signal transduction mediated by these receptors usually occurs through direct or indirect interactions between the cytoplasmic domain of the integrin and intracellular effectors, which occasionally can be supported by the interactions with other cell surface proteins that are associated to integrins (14). For example, it has been reported that caveolin is required for the association between Src-family kinases and β1 integrins; moreover the loss of this association results in the loss of FAK phosphorylation induction and the correct development of focal adhesion sites (18). Tetraspanins, on the other hand, are essential for rapid cell migration mediated by α3β1, α6β1, α6β4, and α7β1 integrins, making these integrin partners potential antimetastatic targets (19). In cancer cells, FAK and Src are two of the best-studied integrin-mediated signaling effectors. Different types of solid tumors, including pancreatic, colon, and breast cancers, show high expression and activation of FAK and Src, thus contributing to the progression and the malignant phenotype of these pathologies (20–22). Inhibition of FAK and Src signaling reduces tumorigenic and metastatic potential of breast cancer cells (23). When integrin-mediated cell adhesion occurs, FAK is activated by autophosphorylation, generating a high-affinity binding site for the SH2 domain of Src. These activated FAK/Src complexes are the link between integrins and the downstream signaling effectors such Rac1 GTPase or the MAPKs (24). The interaction of integrins and their ligands, and the consequent activation of these complexes and the intracellular pathways, can influence cancer cells behavior by increasing cell proliferation, survival, and gene expression; therefore contributing to tumor growth and metastasis (24). All these findings point out the mentioned pathways as potential therapeutic targets in different types of cancer (23, 24).

Most solid tumors are originated from epithelial cells that are conferred with the ability to resist apoptosis, migrate, and disseminate through the epithelial-mesenchymal transition (EMT) (25). This process involves the remodeling of the ECM and changes in the interactions of cells with the ECM (26). Many integrins that are expressed by epithelial cells are retained in the tumor, but their levels and physiologic functions may be altered. Integrins α6β4, α6β1, αvβ5, α2β1, and α3β1, regulate the adhesion of epithelial cells to the basement membrane, however, in tumor cells they might involve and contribute to cell migration, proliferation and survival (11). However, during the differentiation into mesenchymal cells some epithelial integrins are downregulated and the expression of other integrins with key roles in EMT progression and tumor invasiveness are activated (24, 26). For example, the expression of α6β4 integrin is down-regulated during EMT in the mammary gland through the epigenetically silencing of the gene encoding β4 integrin (27). Also in mammary epithelial cells, enhanced expression of integrin αvβ3 is required for TGF-β-induced EMT (28). Likewise, α3β1, α5β1, α1β1, and α2β1 integrins are overexpressed in different stages of EMT (24, 29). Indeed, the expression of many integrin subunits, including α3, α5, α6, αv, β1, β3, and β4 in different types of cancer cells, has been linked to their invasive and metastatic potential (30). The expression of integrins αvβ3, α5β1, and αvβ6 are normally low or undetectable in most adult epithelia but in some tumors their protein levels are overexpressed (11). Elevated αvβ6 integrin levels are associated with fibrosis and cancer in lungs, skin and along the gastrointestinal tract (31). After its activation, α2β1 integrin promotes cell adhesion, proliferation and invasion in liver and lung metastasis (32). In prostate cancer (PCa) integrin α2β1 is overexpressed and its phosphorylation and consequent activation have been associated with the progression of this pathology (33). Also, integrin αvβ3 has been reported to contribute to PCa progression by promoting angiogenesis, survival, and invasion (34, 35). The overexpression of integrin αvβ3 in primary head and neck squamous carcinoma and metastatic lymph nodes was related to lymph node metastasis and worse prognosis (36). In breast cancer, the levels of integrin α6β4 and ανβ3 correlate with tumor size, grade and decreased survival (37, 38). The overexpression of integrin αvβ3 is also involved in the switch from a non-tumorigenic state of melanoma to a tumorigenic and invasive one (10) and increased bone metastasis in prostate cancer (39).

It is well-known that integrins are able to synergistically interact with cytokine receptors and growth factors, thus mediating some features of cancer progression as cell migration, invasion, and survival. In the last years, it has been described that integrin N-glycosylation is essential for integrin heterodimerization and interaction with ligands (16, 40, 41). Currently, several published works indicate that N-glycan alterations on integrin subunits influence their affinity for their ligands, thus contributing to the malignant phenotype. These studies propose the targeting of 1,6-GlcNAc structures, sialic acid, and fucose and their related enzymes, in combination with the inhibition of integrins, represent a promising new therapeutic approach (16).

Mainly two therapeutic strategies based on integrin target were developed in the last decades: inhibition of integrin function and the use of integrin expression patterns for drug delivery (42). The direct inhibition of integrin function with synthetic peptides and humanized antibodies, among others, has so far be the main therapeutic strategy in the clinic and until now is the only form of anti-integrin treatment shown to work in patients (43). The antibodies abituzumab, intetumumab, and the small molecule, cilengitide, are the most advanced molecules studied in clinical trials for the treatment of different types of cancer (44). Despite the promising preclinical results observed, poor efficacy was obtained in late-phase clinical trials (16). The problem in translating the preclinical data of anti-integrin therapies to the clinic, especially in cancer, would be related to the poor knowledge of integrin biology. For example, the profile and distribution of many integrins in normal and pathological tissues from cancer patients is somehow hard to achieve as there is a lack of good antibodies for integrin staining in formalin-fixed-paraffin embedded tissues. The use of integrins as biomarkers could improve the efficacy of anti-integrin cancer treatment (44).

In summary, if we improve the skills for the identification of integrins in patient samples and increases our knowledge on other integrin characteristics, as the internalization and intracellular trafficking response in the oncology process, new effective, and safe therapies would be generated.



Integrins and Tumor Microenvironment

The transformed cells are not capable of generating tumors with metastatic potential by themselves; this process requires a permissive tumor microenvironment (TME) that might be crucial for tumor progression. Recent works have begun to focus more deeply on the study of non-tumor cell components of the stroma and their involvement in the malignant progression (45). The TME include many host cell types, including fibroblasts, endothelial, perivascular, and inflammatory cells, that in some cases can contribute to tumor progression through different processes like angiogenesis, lymphangiogenesis or inflammation. Examples of tumor-associated stromal cells are tumor or cancer-associated fibroblasts (TAFs or CAFs) and tumor-associated macrophages (TAMs) (25, 45, 46). Reciprocal communication between cancer cells and these non-tumoral cells is essential and leads to high proliferation and metastatic capability of the tumor.

Integrins can bidirectionally transduce signals across the cell membrane, (24). The “outside-in” signaling is triggered by chemical or mechanical alterations in the ECM. The interaction of the integrin extracellular head domain with the ECM ligand or divalent cations induces integrin clustering and conformational rearrangements of the cytoplasmic tail that lead to the activation of several signaling pathways that regulate gene transcription and cell shape, survival and migration (47). The “inside-out” signaling, on the other hand, is triggered by a cytoplasmic signal that can alter the integrins' affinity for extracellular ligands (48, 49). These mechanisms are essential for the communication of the cells with their microenvironment and regulate many important biological functions including cell proliferation, survival, and motility. The tumor cells use these same processes to acquire invasive and oncogenic survival properties and to orchestrate changes in the host microenvironment that lead to tumor growth and metastatic dissemination (17).

Additionally to their role in malignant cells, integrins expression on tumor-associated host cells can profoundly influence in the malignant potential of a tumor (17, 50). Integrins are expressed on all the cell types that compose the TME, and modulate functions of both, tumor and stromal cells, that promote the communication between different cell types of the TME, leading to tumor growth and malignant progression (50). For example, integrin α9β1 regulates the signaling that increases tumor growth and lymphatic metastasis via the recruitment of TAFs in breast cancer cells (51). In gastric cancer, C-X-C motif chemokine 12 (CXCL12) derived from CAFs promotes cell invasion by enhancing the clustering of integrin β1 in gastric cancer cells (52). Dr. Cress group demonstrated that the cleavage of integrin α6β1 by the serine protease urokinase plasminogen activator (uPA) induces tumor cell motility, invasion, and metastasis in a xenograft model of PCa cells placed within the living bone matrix (53). The same group described later that TAMs stimulate the production of uPA inside the tumor, resulting in α6β1 integrin cleavage in PCa cells (54).

The capacity of integrins to regulate cell adhesion and migration alone is enough to drive invasion. Tumor cells must break the ECM barriers to metastasize to a distant organ; this process requires not only the degradation and remodeling of ECM, but it can also involve ECM stiffening. For example, in human breast carcinoma, collagen fibers become bundled and align perpendicularly to the basement membrane, thus converting into tracks for cells to migrate (55). Likewise, in pancreatic ductal adenocarcinoma, increased collagen thickness and matricellular fibrosis in response to elevated β1-integrin mechano-transduction was related to a more aggressive pathology (17). ECM degradation and remodeling is carried out by several proteases. It has been shown that integrins can modulate the expression levels and the activity of those proteases, in particular matrix metalloproteinases (MMPs) and the uPA system (56). The ability to regulate matrix organization and remodeling is a critically important function of integrins (24). For example, the interaction between MMPs and integrin β2 is required for leukocyte migration, and the combined participation of MMPs and other integrins is also necessary for tumor metastasis (56).

The levels of MMPs are always elevated in the presence of tumors (57). The expression of MMP gene can be up-regulated by integrin signaling pathways (58). It has been reported in different studies that integrins αv and β1 are able to increase the levels of several MMPs. It was demonstrated that integrin αvβ6 increases the expression levels of MMPs in oral, ovarian and colon cancers (59–61). In oral squamous cell carcinoma (SCC), the increment of integrin αvβ6 expression activates MMP-3, thus promoting oral SCC cell proliferation and metastasis in vivo (61); on the other side, integrin β1 promotes invasion and migration of SCC cells vía MMP7 (62). In ovarian cancer cells, high levels of integrin αvβ6 correlate with an augment of the expression and secretion of pro-MMP-2, pro-MMP-9 and high molecular weight uPA, thus increasing ECM degradation (59).

One of the characteristics that is important to consider is the physical location of MMPs because this dictates their biological functions and is critical for tumor progression. The localization of several MMPs in cell membrane through the interaction with integrins has been demonstrated; one example is the binding of MMP-2 to αvβ3 or MMP-9 to αVβ6 (56, 63). MMP-9 expression levels were found to be increased in colon cancer metastasis to liver, and this metalloproteinases co-localized with integrin αVβ6 at the invading border of the tumor (63). Consequently, integrins have a critical role in TME impact on tumor invasion and spreading.



Integrin αvβ3 and Angiogenesis

Angiogenesis is the formation of new blood vessels from pre-existing ones. Even though it is a fundamental physiological event, in certain situations angiogenesis can also be negative; the formation of new blood vessels contributes to the progression of several pathologies and is crucial in tumor growth and metastasis. Consequently, angiogenesis is essential for the growth, spreading and infiltration of malignant cells within tissues (64). In the beginning, tumors can proliferate and survive by taking advantage of the available vessel of their host and surroundings; nevertheless, malignant cells can become hypoxic if they are too far away from the oxygen and nutrients of those vessels (65). In response to hypoxia tumor cells are able to create new blood vessels to fulfill their metabolic needs.

Tumor angiogenesis depends on ECM disruption, the migratory ability of endothelial cells (ECs) and their adhesion to integrins. As we have already mentioned, integrins are expressed on ECs, lymphatic endothelial cells and pericytes (66) and for this reason, they have been pointed out as important players in cancer angiogenesis (11). They are involved in tumor angiogenesis by interacting with both axis that regulate the maturation and plasticity of the new vessels: the pathway of vascular endothelial growth factor (VEGF) and its receptor (VEGFR) (67) and that of angiopoietins and Tie receptors (ANG-Tie).

Among all integrins, αvβ3 has been thoroughly studied for its localized expression in neovasculature and in aggressive tumors (68). The membrane receptor integrin αvβ3 recognizes ECM proteins expressing the RGD peptide sequence. Despite the expression levels are low in resting endothelial cells and normal organ systems, integrin αvβ3 is highly expressed on activated tumor endothelial cells (11). The latter, makes this integrin an appropriate target for antiangiogenic therapeutics. Moreover, integrin αvβ3 is also express on tumor cells, thus both tumor cells and tumor vasculature can be target by anti-integrin therapy.

It was described that only 20% of integrin αv-null mice survive until birth, and that 100% die within the 1st day of birth (69). These mice develop intracerebral hemorrhage due to the defective interactions between blood vessels and brain parenchymal cells (70). On the other side, the β3 integrin-null mice can survive and apparently develop a normal vascular network (71). Furthermore, no integrin β3 protein levels are detected in quiescent blood vessels, but its expression increases during sprouting angiogenesis (72).

One of the roles of integrin αvβ3 during angiogenesis is to bind and activate MMP-2 on new blood vessels to disrupt ECM and facilitate tumor cell migration and infiltration (64). A cooperative action between activated integrin αvβ3 in tumor cells and platelets, that promotes extravasation and metastasis, has also been reported (73). Integrin αvβ3 also participates in the angiogenic switch. This process is referred the time during tumor progression where the balance between pro- and anti-angiogenic factors tilts toward a pro-angiogenic outcome, resulting in the transition from not vascularized hyperplasia to a vascularized tumor and malignant tumor progression (74). In this sense, it was described that the inhibition of tumor-associated αvβ3 integrin regulates the angiogenic switch in melanoma cells leading to reduced melanoma growth and angiogenesis in vivo (74).

In 2004, Davis et al. have shown that THs can induce angiogenesis through a cell surface receptor using a chick chorioallantoic membrane (CAM) model (75). In 2005, Bergh et al. have demonstrated that the membrane receptor for THs is near the RGD binding site of the integrin αvβ3 (76). Additionally, we found that the activation of integrin αvβ3 by THs mediates angiogenesis in malignant T cells (15). A number of in vitro and in vivo studies have supported a role for THs in the proliferation of tumor cells (75, 77–79) and as proangiogenic factor in many types of cancer (15, 75, 76, 80). These properties may be relevant to tumor biology and we will discuss them later in this review.

All the mentioned findings highlight integrin αvβ3 as a fundamental tumor angiogenic promotor. Antagonists of αvβ3 integrin were developed and some proved to be very successful antiangiogenic agents both in vitro and in preclinical angiogenesis assays in vivo. In accordance, integrin αvβ3 antagonists could inhibit tumor growth in several cancer animal models of human breast cancer (81) and glioblastomas (82). Cilengitide, a specific inhibitor of integrin αvβ3, was able to decrease tumor growth in two different angiogenic and invasive glioblastoma models, by decreasing the diameter of tumor vessels thus reducing the infiltration of cells around the tumor center (83). Associated with its function as membrane receptor for THs actions, the effects of the deaminated analog of L-thyroxine, Tetraiodothyroacetic acid (TETRAC) and its nanoparticulate formulation have been reported as antithyroid agents at the integrin (84).




THYROID HORMONE NON-GENOMIC ACTIONS IN T CELL LYMPHOMAS


THs Effects on T Cell Lymphoma Growth and Proliferation

As we have already mentioned, THs are critical for many processes like cell growth, differentiation, metabolism, and homeostasis maintenance (1). The classical effects of THs are initiated when T3 binds to their nuclear receptors (TRs) that interact with specific responding elements (TREs) in the promoters of target genes. The conformational change promoted by the binding of T3 to TRs induces the exchange of corepressors for coactivators, thus leading to gene transcription on responsive genes (2, 3). TRs are encoded by two different genes: the THRA located in chromosome 17, and the THRB located in chromosome 3, codifying for the TRα and TRβ proteins, respectively (2, 3). The expression of these isoforms differs during the embryonic development and in adult tissues (1). Mutations of TRs have been detected in several cancers, such as erythroleukemia and liver, kidney and thyroid cancers (13). These mutations have been suggested to be a selective advantage for malignant transformation (85). Thus, the mutation (86, 87) or aberrant expression (88) of TRs has been demonstrated in several cancer cell lines. Also, biopsies of patients with gastrointestinal tumors showed increased levels of TRα1 that correlate with Wnt pathway activation and tumor proliferation (89).

Several clinical studies show controversial results related to THs status and cancer. On one side, some studies show that hyperthyroidism might be a risk factor for the development and progress of different types of tumors like breast, thyroid and prostate cancers (85, 90, 91), while hypothyroidism could favor the clinical outcome of cancer patients (92, 93). However, hypothyroidism was associated with an increased risk of colorectal cancer and hepatocellular carcinoma, that would be explained by the increased generation of reactive oxidative species associated with lipid peroxidation, that result in chronic inflammation and DNA damage leading to neoplastic transformation (94, 95). The association between THs and cancer is now better understood following the discovery of the αvβ3 integrin plasma membrane receptor for T4 and T3 (see below).

In the last decade several studies reported the proliferative effect that physiological concentrations of T3 and T4 have on different cancer cell lines, such as glioma, papillary, and follicular thyroid carcinoma, lung carcinoma and breast adenocarcinoma, among others (26, 77, 78, 96). These actions induce the activation of intracellular signaling pathways and transcription factors that increase cell proliferation.

In this sense, our group has investigated the effect of genomic and non-genomic actions of THs on normal T lymphocytes (97, 98) and in TCL cell (15, 79, 99–103) proliferation and survival. We found that TH induced cell proliferation of murine TCL cells by triggering a non-genomic intracellular signaling that involves the activity of PKCζ that leads to ERK 1/2 and NF-κB activation and the increase of transcriptional levels of TRs and the inducible nitric oxide synthase (99). We have also found that THs can regulate the balance between proliferation and apoptosis of TCL cells both in vitro and in in vivo assays (79, 100). Additionally, we studied how the thyroid status modulates the in vivo growth of EL4 TCL cells and how the antitumor immune response is affected in euthyroid, hypothyroid, and hyperthyroid mice. The appearance of palpable solid tumors was earlier in hyperthyroid animals, which also developed tumors with a higher growth rate and an increased volume when compared with tumors in euthyroid controls or hypothyroid mice (79). In addition, the larger tumor size in hyperthyroid mice was accompanied by higher expression levels of the proliferating cell nuclear antigen and cell cycle regulators; and with an increase of intratumoral and peritumoral vasculogenesis (79).

Despite TCL tumor growth was not significantly different between hypothyroid and euthyroid mice, hypothyroid animals showed a higher frequency of metastases (102). This was associated to an increased percentage of regulatory T (Treg) cells in their tumor draining lymph nodes, a decrease number and activity of splenic NK cells and a decreased number of splenic myeloid-derived suppressor cells (MDSCs) when compared to control euthyroid tumor-bearing mice (102) (Figure 1). Also, tumor-bearing hyperthyroid mice displayed the lowest metastatic dissemination. This was related with an increased systemic antitumor immunity in hyperthyroid mice, reflected by the low number of MDSCs and increased number and activity of both NK and CD8+ cytotoxic T lymphocytes (Figure 1), thus strengthening the fact that low levels of circulating THs are related to TCL spreading and metastatic dissemination. These results highlight the importance of monitoring the thyroid status in patients with TCL.
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FIGURE 1. Regulation of antitumor immune cells by circulating levels of THs. In hyperthyroid conditions (blue arrows) increased number and activity of NK and cytotoxic CD8+ lymphocytes, while decreased number of myeloid-derived suppressor cells, were found in the spleens of TCL tumor-bearing mice. However, hypothyroid tumor-bearing animals displayed higher numbers of T regulatory lymphocytes (Treg) in tumor-draining lymph nodes and lower number and activity of splenic NK and CD8+ lymphocytes than control, indicating that the hypothyroid status favors the dissemination of TCL cells.





Integrin αvβ3 as the Thyroid Hormone Membrane Receptor in TCL Cells

As we have already mentioned, both T3 and T4, play important roles in regulating the proliferation of several cancer cell types. Their metabolic, developmental and growth effects in normal tissues are mediated primarily by TRs (104), while their surface receptors are involved in the modulation of angiogenesis. Bergh et al. (76) found that physiological concentrations of T4 activate the MAPK pathway in CV-1 cells that lack nuclear TRs, but express the mTR integrin αvβ3. The MAPK-mediated proangiogenic action of T4 was inhibited by TETRAC, RGD peptide, and anti-αvβ3 antibodies (76). These results indicated not only that the surface receptor for THs is on the integrin αvβ3, but also that the binding site for the hormone is either at or near the RGD recognition site. High affinity-binding of radiolabeled hormone to the purified integrin was also demonstrated, and for a complete identification of the mTR, knockdown of integrin αvβ3 by small interfering RNA (siRNA) against both monomers was shown to abrogate the transduction of the THs signaling into MAPK activation (105).

Many laboratories reported the involvement of ERK1/2, Src kinase, and PI3-kinase in the non-genomic mechanisms of THs (106, 107). Studies performed in a glioblastoma cell line showed that not only T3, but also T4 activate the ERK1/2 pathway leading to cell proliferation (26). These results point out a difference between mTR and TRs, the latest is activated with high affinity only by T3, while integrin αvβ3 can bind both T3 and T4.

Studies of the kinetics of thyroid hormone binding performed with crystallographic and mathematical modeling (108, 109) found that THs binding site on integrin αvβ3 has no homology to nuclear TR and contain two binding domains. One domain, namely S1, recognizes exclusively T3 and activates PI3K via Src kinase. The S2 domain regulates MAPK1 and MAPK2 and binds both T4 and T3, however the affinity for T4 is higher than the S1 or S2 sites have for T3 (5). At physiological free hormone concentrations T4 is maximally active at the S2 site on integrin αvβ3, however significantly higher than physiological levels of free T3 are required to induce proliferative activity via this receptor (5).

The identification of αvβ3 integrin as the mTR provides the molecular basis to many actions of TH at cancer cells. THs can influence cell proliferation, survival and angiogenesis in different cancer cells via integrin αvβ3 (110– 112). Thus, myeloma cell adhesion to fibronectin is increased by T3 and T4 which induces αvβ3 clustering. In addition, THs induce MMP-9 expression and activation via integrin αvβ3 and MAPK induction, suggesting a role for TH-mediated activation of integrin αvβ3 in myeloma migration and progression (110). THs also promote the proliferation of ovarian cancer cells via integrin αvβ3 that activates extracellular regulated kinase (ERK1/2) (112). In breast cancer cells, THs regulate cell migration via integrin αvβ3 that activates SRC/FAK/PI3-K pathway (111).



Integrin αvβ3 in the Malignant Phenotype of T Cell Lymphomas

T cell lymphomas (TCL) are a broad group of aggressive lymphoproliferative disorders with significant variation clinical, immunophenotypic, and genetic features. This group of hematologic disorders that is characterized by a clonal growth of T cells at different stages of maturation represents ~10–15% of Non-Hodking lymphomas (113, 114). The last World Health Organization classification has divided this group of hematopoietic malignancies according to its predominant presentation: leukemic (disseminated), nodal, extranodal, or cutaneous (115). The most frequent subtypes include peripheral T cell lymphoma not otherwise specified (PTCL-NOS), anaplastic large cell lymphoma (ALCL) and angioimmunoblastic T cell lymphoma (AITL) (116, 117). Although cutaneous T cell lymphomas (CTCL) are less frequent, is important to note that the skin is the second location in frequency of extranodal primary lymphomas (118). As in other neoplastic disorders, TCL are exposed to a complex environment that comprises among others, growth factors, cytokines, and hormones that are produced by either lymphoma cells or normal cells present in the surrounding or distal tumor microenvironment (119, 120). As we already mentioned, we have demonstrated that one of those factors are THs (15, 79, 99, 100, 103).

Studies of our group demonstrated that both, genomic and non-genomic actions triggered by THs increase cell proliferation of human and murine TCL lines. Moreover, these results described the contribution of the mTR, the integrin αvβ3, in the non-genomic actions of THs in TCL cells (15, 99, 103). The signaling induced by THs through the mTR in murine TCL cells includes the rapid translocation of the ζ isoform of PKC to the cell membrane (99, 103), ERK 1/2 phosphorylation and the activation of the transcription factor NF-κB (15, 99), all molecular processes that are essential for the proliferation and survival of TCL cells.

Recently, we have also demonstrated that integrin αvβ3 is the mTR in human TCL cells. Both T3 and T4 were able to induce in vitro the proliferation of tumor, but not normal T lymphocytes (99, 103), being the presence of physiological concentrations of both hormones the most effective to trigger the growth of human TCL cell lines (15). Thus, in a panel of 9 human TCL cell lines, representing the different subtypes of the disease, we showed that the proliferative actions triggered by THs were mediated by the activation of integrin αvβ3. This effect was blocked when the mRNA levels of the integrin αv, β3, or both were downregulated using siRNA (15). Additionally, we have evidenced that these effects were accompanied by the regulation of cell cycle markers. According to this, it has been reported in breast cancer cells that TETRAC inhibits the effects of THs on the integrin αvβ3 leading to an increment in the expression of proapoptotic genes, demonstrating that THs non-genomic actions are required for the survival of these cells (4, 121).

We identified the genetic programs activated by THs through their actions on integrin αvβ3 in TCL cells. To this aim we performed RNA sequencing techniques on TCL cells and analyzed results using bioinformatic tools. We found that genes involved in protein translation, lymphocyte proliferation/differentiation, DNA replication and angiogenesis were mobilized by THs through the mTR activation. Remarkably, we found that the intracellular pathways activated by THs through the mTR significantly induced the transcriptional levels VEGFA and VEGFB genes. This induction was abrogated by siRNA against integrin αvβ3 in TCL cells either from immature or mature origins; and dependent on the activation of the transcription factor NF-κB (15). Importantly, when we performed these experiments in the presence of vitronectin, the “natural” ligand of integrin αvβ3, we found that the pathways triggered by THs are different.

It is important to note that it was also evident an association between integrin αvβ3 and VEGF expression in samples from patients with PTCL. By bioinformatic analysis of PTCL tissue microarrays we found a positive correlation between the transcriptional levels of integrin αv or β3 and those of VEGFA or VEGFB. We also verified that the induction of VEGF production in TCL that is regulated by THs functions in a paracrine or autocrine manner. The induction of VEGF production mediated by THs increased the migration of human endothelial cells, and tumor cell proliferation. Moreover, the blocking antibody against VEGF, bevacizumab, abrogated all the mentioned effects. We also found that the proliferative action triggered by THs on TCL cells was impaired by the inhibitor of VEGF receptor, Axitinib, (15, 122). All these findings are resumed in Figure 2. In sum, we found that the transcriptional programs initiated by THs, through the activation of integrin αvβ3, stimulate cell proliferation and favor cell survival of TCL, thus, contributing to their malignant phenotype. Furthermore, they also lead to the production and release of angiogenic factors, thus favoring tumor dissemination.
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FIGURE 2. Non-genomic action of THs initiated at the surface receptor of TCL cells on the integrin αvβ3. THs induce signaling pathways triggered after binding to integrin αvβ3 include the activation of NF-κB, thus leading to the production of angiogenic factors such as VEGF and to cell proliferation, cell survival and angiogenesis. Figure adapted from Cremaschi et al. (122) with permission from Elsevier.





Inhibition of Integrin αvβ3 Receptor for TCL Treatment

As we have already mentioned, integrin αvβ3 is highly expressed on activated tumor endothelial cells, but not on resting endothelial cells and normal organ systems (11). In addition, this membrane receptor is also highly expressed on tumor cells. This characteristic makes integrin αvβ3 an attractive target for both tumor cells and tumor vasculature.

Based on the proliferative and proangiogenic roles of THs mediated by the integrin αvβ3 in TCL cells, we used preclinical models to analyze whether these pathways could be capitalized for the treatment of patients with TCL. We performed xenografts of human TCL in NOD-SCID immunodeficient mice and we evaluated the effect of integrin αvβ3 inhibition on tumor growth. The negative regulation of the integrins αv or β3 in TCL cells by siRNA reduced the tumor volume and decreased the protein levels of VEGF and the blood vessel area in TCL tumors (15, 122). This suggests a decrease in the angiogenic potential of tumors derived from cells that do not express the integrin αvβ3. We then wondered whether integrin αvβ3 actions on lymphoma cells could be therapeutically capitalized for the treatment of TCL patients; and considering that PTCL-NOS is the most frequent subtype, we developed a xenograft model of human PTCL-NOS cells into SCID mice and evaluated the action of the selective inhibitor of integrin αvβ3 cilengitide. We found that cilengitide treatment reduced tumor volume by decreasing NF-κB pathway activation and the microvascular lumen size, while increasing tumor apoptosis (15). Moreover, similar effects were found in mice bearing ALCL patient-derived tumors (PDX) xenografts (15, 122). It is important to note that in mice treated with cilengitide no toxic effects were observed. These results highlight the importance of these mechanisms for the development of a more effective and less toxic therapy for patients who suffer these pathologies.

Cilengitide was the first integrin antagonist evaluated in clinical phase I and II trials for the treatment of glioblastoma and several other tumor types (123–125). No encouraging results were found in patients with glioblastoma when using cilengitide as a single agent. Some reasons for the unexpected clinical low efficacy in glioblastoma could be related to the fast off-rate of cilengitide from its targets, the rapid plasma clearance, or the poor perfusion of the brain tumor environment (43). However, it is important to note that a beneficial therapeutic action was found when administered in association with standard radiotherapy or chemotherapy (125, 126), and this was also found in other type of tumors (127, 128).

There is not much information on the role of THs and its action on integrin αvβ3 in other hematologic malignancies; however it was shown that this integrin enhance the proliferation of acute myeloid leukemia (AML) cells (129) and it is required for AML cell survival (130). Furthermore, integrin αvβ3 expressed on the worst prognostic AML cells mediates the interaction with stroma cell-derived ligands in the bone marrow niche, thus triggering a signaling cascade that is critical for the proliferation of AML cells (131). Activated integrin αvβ3/β-catenin signaling pathway in tumor microenvironment decreased the sensitivity of AML cells to tyrosine kinase inhibitor sorafenib, as well (132). Thus, inhibition of this integrin signaling pathway would also be of potential therapeutic impact in AML.




CONCLUDING REMARKS

Integrins are crucial mediators for the survival and migration of tumor cells, not only by acting directly on these cells, but also through the influence they exert on the cells of the microenvironment that surround the tumor. Due to the central role that integrins play in tumor angiogenesis and metastasis, they have become promising targets for the treatment of different types of aggressive cancers.

In this sense, integrin αvβ3 has a crucial role in inducing tumor cell migration and metastasis to distant organs. Moreover, being the membrane receptor for thyroid hormone non-genomic actions, integrin αvβ3 triggers intracellular pathways leading to TCL proliferation and survival and to tumor growth and vascularization via the production of angiogenic factors. The selective inhibition of the integrin αvβ3 in different subtypes of TCL results in the decrease of cell proliferation, tumor growth and impaired angiogenesis. The lack or low expression of integrin αvβ3 in non-active endothelial cells and in normal lymphoid cells, important actors in antitumor immune response, offers a rationale and attractive target for TCL treatment.

Moreover, integrin αvβ3 may be an attractive therapeutic tool for other neoplastic diseases. In fact, in patients with advanced solid tumors, as breast, ovary, and pancreas cancers, the benefit of medical induction of euthyroid hypothyroxinemia was demonstrated (133–136). These studies were based on the fact that integrin αvβ3 is overexpressed in these types of tumors, and, by reducing T4 levels, the cancer cell proliferation and survival and the tumor-related angiogenesis can be reduced, without affecting other important metabolic processes that are mainly regulated by T3 levels.
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Thyroid hormones take major part in normal growth, development and metabolism. Over a century of research has supported a relationship between thyroid hormones and the pathophysiology of various cancer types. In vitro studies as well as research in animal models demonstrated an effect of the thyroid hormones T3 and T4 on cancer proliferation, apoptosis, invasiveness and angiogenesis. Thyroid hormones mediate their effects on the cancer cell through several non-genomic pathways including activation of the plasma membrane receptor integrin αvβ3. Furthermore, cancer development and progression are affected by dysregulation of local bioavailability of thyroid hormones. Case-control and population-based studies provide conflicting results regarding the association between thyroid hormones and cancer. However, a large body of evidence suggests that subclinical and clinical hyperthyroidism increase the risk of several solid malignancies while hypothyroidism may reduce aggressiveness or delay the onset of cancer. Additional support is provided from studies in which dysregulation of the thyroid hormone axis secondary to cancer treatment or thyroid hormone supplementation was shown to affect cancer outcomes. Recent preclinical and clinical studies in various cancer types have further shown promising outcomes following chemical reduction of thyroid hormones or inhibition or their binding to the integrin receptor. This review provides a comprehensive overview of the preclinical and clinical research conducted so far.
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INTRODUCTION

Thyroid hormones (TH) are key regulators of essential cellular processes including proliferation, differentiation, apoptosis, and metabolism. Hypothalamic thyrotropin-releasing hormone (TRH), activates the pituitary gland to synthesize and secret thyroid stimulating hormone (TSH), which in turn acts at the thyroid gland to stimulate TH synthesis and secretion (1). Tetraiodothyronine (T4), the main hormone synthesized in the thyroid gland, is catalyzed to the Triiodothyronine (T3) by specific iodothyronine deiodinases (2). T3 acts as the principal TH mediating metabolic activity, via formation of complexes between T3 and nuclear thyroid hormone receptors alpha (TRα) and beta (TRβ). This nuclear T3-receptor complex binds to thyroid hormone response elements on specific genes, regulating their transcription (3). Diseases associated with excess of TH (hyperthyroidism) and lack of TH (hypothyroidism) are common and present with distinct clinical symptoms.

More than a century ago the association between thyroid hormones and malignancies was first suggested (4). Later, Hercbergs and Leith (5) hypothesized that TH deficiency may affect cancer outcome. This assumption was supported by numerous clinical studies, demonstrating that hypothyroidism inhibits tumor growth, while hyperthyroidism produces an opposite effect (6). A great deal of research has been conducted in recent decades to determine how thyroid hormones exert their growth-promoting effect (7). These mechanisms are now better understood following the discovery of a non-genomic pathway for TH action. αvβ3 is a plasma membrane integrin which acts as a membrane receptor for TH (3). This receptor was shown to contain two distinct binding sites for the hormones, S1 and S2, each translating unique signaling cascades (8). While the S1 site binds solely physiological levels of T3, leading to PI3K activation, the second site, S2, binds T4, and with a lower affinity, T3, activating the ERK1/2 pathway (9). αvβ3 integrin binding facilitates the hormones proliferative action on cancer cells as well as blood vessel cells (3).

In this review, we will provide a summary of studies which examined the link between thyroid hormones and cancer. We will first present the preclinical research on the effects of TH in various cancer models, both in vitro and in vivo. We will then outline clinical studies examining various aspects of this association including the effect on cancer risk, behavior and outcome.



IN VITRO STUDIES OF THE THYROID-CANCER ASSOCIATION

This section summarizes the in vitro studies on thyroid hormone-cancer association, presented in Table 1. A comprehensive list of the in vitro studies, including cancer cell lines and thyroid hormone concentrations, is presented in Supplemental Table 1.



Table 1. Preclinical studies on thyroid hormones and cancer.
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Breast Cancer Cell Models

In vitro, thyroid hormones were shown to induce proliferation of breast cancer cells (10, 11, 14). These growth promoting effects were comparable to that of estrogen (E2) and the proliferative effects of T3 or T4 were blocked by co-administration of an estrogen receptor (ER) antagonist, suggesting a significant cross-talk between the two hormones (11, 12, 14). T3 is able to activate estrogen response elements-mediated gene expression in cancer cells (11). In addition, T3 induces the mRNA expression of the growth factors TGFα and TGFβ in ER positive breast cancer cells, while the ER modulator tamoxifen reverts this effect (13, 101). T3 treatment of ER positive ductal carcinoma cells leads to an increase in P53 and Rb phosphorylation, while an ER antagonist blocks these effects (12). T4 induces serine phosphorylation of ERα, which leads to DNA binding and transcriptional activation by the receptor (14). TH also demonstrates tumor promoting effects irrespective of ER signaling. In aggressive triple negative breast cancer cells, T3 enhances aerobic glycolysis (Warburg effect), a hallmark of transformed cells (22). Via a rapid signaling pathway mediated by the integrin αvβ3, T3 was also shown to regulate actin remodeling and to stimulate breast cancer cell migration and invasion (15). T4 was recently shown to stimulate PD-L1 gene expression and increase PD-L1 protein through activation of ERK1/2, thereby supporting the activity of this defensive checkpoint against immune destruction in breast cancer cells (16). In ER negative breast cancer cells, the αvβ3 inhibitor tetraiodothyroacetic acid (tetrac) hinders thyroid hormone cellular actions initiated via the membrane receptor. Nanoparticulate tetrac induces apoptosis through downregulation of apoptosis inhibitors such as XIAP and MCL1 and upregulation of apoptosis promotors such as CASP2 and BCL2L14. Nanotetrac also increases the expression of angiogenesis inhibitor THBS1 as well as the expression of CBY1, a catenin activity inhibitor, and attenuates Ras-oncogene family members (17). It also reduces the effect of T4 on PDL1 gene and protein expression (16). This further supports the assumption that the growth promoting effects of thyroid hormones in breast cancer are mainly mediated through the membrane receptor αvβ3.



Prostate Cancer Cell Models

Thyroid hormones have shown disparate effects in prostate cancer cells, depending on the thyroid hormone involved (T3 or T4) and cell line investigated. The proliferation of androgen-dependent, but not androgen-independent prostate cancer cells was enhanced by T3. In androgen-dependent cell lines T3 downregulated the expression of the anti-proliferative protein, BTG2 (34). In low invasive prostate cancer cells, but not in highly invasive cancer cells, T4 induced the acquisition of neuroendocrine-like morphology, VEGF secretion and invasive capacity (35). In these cells, while T3 itself had no effect, isoproterenol-stimulated neuroendocrine-like morphology and invasiveness were prevented in the presence of T3. In another study, migration was enhanced and detachment-induced apoptosis was inhibited by T4 in prostate cancer cells, while tetrac, the αvβ3 inhibitor, reversed these effects through diminished activity of the MAPK pathway and inhibited expressions of XIAP, MMP2 and VEGF, suggesting involvement of the integrin in these effects (36).



Lung Cancer Cell Models

T4 at physiologic concentrations and T3 at supraphysiologic concentrations increase abundance of proliferating cell nuclear antigen (PCNA) and ERK1/2 activation, markers of cell proliferation, in small cell and non-small cells lung cancer models (39). Interestingly, thyroid hormones led to phosphorylation of ERα, while an ERα antagonist blocked T4 induced PCNA expression, ERK1/2 activation and ERα phosphorylation. This suggests, as demonstrated in breast cancer cells, that thyroid hormone mitogenic effects mediated via the plasma membrane may involve an ERα dependent pathway. Tetrac, as well as pharmacologic inhibition of the MAPK pathway, blocked lung cancer cell proliferation in response to thyroid hormones (39, 40). Moreover, in human non-small cell lung cancer cells, T4 at physiological concentrations enhanced internalization and nuclear translocation of the integrin αv monomer. αv monomer then binds inside the cell nucleus promoters of central cancer-related genes, such as ERα, cyclooxygenase-2, hypoxia-inducible factor-1α (HIF1α), and thyroid hormone receptor β1 (41).



Gynecological Cancer Cell Models

In ovarian cancer cells T3 at supra physiological and T4 at physiological concentrations induced cell proliferation, survival and viability and led to αvβ3 mediated ERK up-regulation (44, 46). Genes that constrain cell cycle (p21, p16), promote mitochondrial apoptosis (Nix, PUMA), and tumor suppression (GDF-15, IGFBP-6) were inhibited by TH, while a hypothyroid environment attenuated ovarian cancer growth (44). TH were also shown to be involved in αvβ3 mediated epithelial to mesenchymal (EMT) transition in ovarian cancer cells, inducing mesenchymal markers zeb-1, slug, and vimentin, and inhibiting the epithelial markers, e-cadherin and zo-1 (47). This suggests a possible implication for TH in ovarian cancer metastases. The αvβ3 inhibitor tetrac induced ovarian cell apoptosis as well as upregulation of ATM and PARP-1, proteins that coordinate recognition of DNA damage (49). As demonstrated for lung cancer models, αv monomer internalization and nuclear translocation were induced by T4, activating multiple genes involved in cancer promotion (41). Importantly, and comparable with results from breast cancer, crosstalk between integrin αvβ3 and ERα promoted the proliferation of ovarian cancer cells by TH, mimicking functions of E2. Both T4 and E2 promoted nuclear translocation of the integrin αv monomer as well as the phosphorylation of ERα, while the presence of an antagonist for ERα blocked T4-induced ERK1/2 activation, ERα phosphorylation, PCNA expression and cell proliferation (46).

In cervical cancer cells (HeLa), T4 was demonstrated to rapidly induce phosphorylation and nuclear translocation of MAPK (50) and to potentiate EGF and TGFα-induced MAPK activation (51). These effects could not be mediated through TR, as HeLa cells lack these receptors. These effects were reproduced by T4-agarose and blocked by tetrac, suggesting a membrane receptor involvement (50–52).



Central Nervous System Tumor Cell Models

In glioma cells T4 caused proliferation and upregulation of PCNA and MAPK. This effect was inhibited by tetrac, suggesting mediation by the αvβ3 integrin (53). In another study in glioma cells, T3 and T4, acting on the αvβ3 integrin, induced proliferation and activation of ERK1/2, while only T3 activated Src kinase and its downstream PI3-kinase signaling cascade. These findings suggested that the integrin contains two iodothyronine receptor domains, activating different pathways (9). Resveratrol-induced-apoptosis was inhibited in glioblastoma cells by T4, through interference with nuclear COX-2 and ERK1/2 interaction. This effect was prevented by tetrac (54). Other studies demonstrated conflicting results. In both astrocytoma and glioblastoma cells, T3 promoted re-differentiation. T3 increased cell proliferation and phospho-Akt levels in astrocytoma cells, yet suppressed cell proliferation in glioblastoma cells, suggesting differing effects related to cancer aggressiveness (55). In neuroblastoma cells, T3 inhibited ras-induced proliferation and blocked induction of cyclin D1 expression by the oncogene (57). T3 strongly antagonized the transcriptional response mediated by the Ras/MAPK signaling pathway in neuroblastoma cells expressing TRs.



Renal Cancer Cell Models

Renal cancer is associated with multiple aberrances of thyroid hormone signaling pathway. These include mutations and altered expression of thyroid hormone receptors, decreased intratumoral concentrations of T3, as well lowered expression and disturbed alternative splicing of type 1 iodothyronine deiodinase (102–106). In contrast to normal kidney cells, which decrease proliferation in response to T3, divisions of renal cancer cell lines are stimulated by TH (58). These different T3 effects are the result of distinct, cell type specific regulation of genes that control cell cycle progression. In renal cancer cells T3 attenuates expressions of E2F4, p107, and p130, while in healthy kidney cells the expression of p107 is stimulated by T3. p107 and p130 are proteins of the retinoblastoma family which enable binding of E2F4 and E2F5 to form CERC (cyclin E repressor complex). During G1 phase, CERC interacts with and negatively affects the activity of promoter of CCNE1, encoding cyclin E1, thus repressing proliferation (107). In consequence of these disparate effects on gene expression, T3 accelerates cell cycle progression in renal cancer cells, triggering progression to S phase. In contrast, in normal kidney cells, cell cycle progression is attenuated by T3 (58). These pro-proliferative T3 effects on renal cancer cells were confirmed by an independent study (108).



Gastrointestinal Cancers Cell Models

T4 and T3 differently influence gastrointestinal cancer cells. In contrast to renal tumors, gastric cancers accumulate T3, possibly due to overexpressed transthyretin that mediates cellular T3 import (60). The increased intracellular T3 concentration directly contributes to cancer progression, by inducing the expression of HIF1α, which in turn activates the expression of proangiogenic VEGF. Interestingly, these T3 effects are mediated by accumulation of fumarate, one of the key intermediates of TCA cycle, acting as an inhibitor of HIF1α degradation. These T3 effects are mediated by rapid non-genomic mechanisms, involving PI3K signaling (60). T4, acting on αvβ3 receptors, stimulates colon cancer cell proliferation and activation of PCNA, cyclin D1, and c-Myc (66). These pro-cancerous T4 effects can be prevented by tetrac and nanotetrac. Furthermore, tetrac and nanotetrac potentiate antiproliferative activity of cetuximab, an anti-EGFR antibody, suggesting potential beneficiary effects of these drug combinations in colon cancer patients (66). These pro-mitogenic effects of extracellular T4 are in sharp contrast to mechanisms initiated by T3. Dentice et al. showed that treatment of colon cancer cells with T3 induces their differentiation with concomitant reduced proliferation (68). T3 activated tumor-suppressive E-cadherin, triggering plasma-membrane localization of beta-catenin, thus preventing its nuclear mitogenic activity. These protective T3 actions are prevented by activated beta-catenin which stimulates expression of type 3 deiodinase and downregulates type 2 deiodinase, thereby reducing intracellular T3 pool. In colon cancer cells, T4 mediated the activation of MDR1, suggesting that thyroid hormones may promote drug resistance mechanisms (67, 109).

The effects of T3 in pancreatic tumor cells depend on tumor type. Proliferation of some, but not all, cell lines derived from highly aggressive pancreatic adenocarcinoma was suppressed by T3 (63). Mechanistically, T3 changed expressions of cell cycle regulators, leading to downregulation of cyclins D1 and E, and upregulation of cdk inhibitors, p21cip1 and p27kip1. Furthermore, T3 attenuated the activity of cyclin-CDK complexes, which resulted in reduced pRb phosphorylation and G1 cell cycle arrest. In contrast, the proliferation, migration, and invasion of pancreatic cancer cells was stimulated by T3 in vitro (62). These results fit observations of patients in which hypothyroidism treated with TH supplementation correlated with increased risk of tumor progression and poor prognosis (62). Thyroid hormones were shown to potentiate cytotoxic effects of chemotherapeutics in pancreatic cancer cells (63).

Conflicting in vitro results exist regarding the effect of thyroid hormones in hepatocellular carcinoma (HCC). Several studies demonstrated that T3, acting on the TR, leads to inhibition of cancer cell growth. In HCC cells, T3 downregulated oncogenes CDK2, cyclin E and phospho-Rb (74) and up regulated the tumor suppressor p21 and endoglin (74, 75). T3 also induced DKK4, which suppresses cell invasion and metastatic potential via reduction of matrix MMP2 (77) and downregulated ELF2, a transcription factor associated with tumor growth and cell proliferation (76). In vitro experiment confirmed that TRβ1 silencing enhanced proliferation and migration of human HCC cells (79). Conversely, T3 action on TR may increase HCC aggressiveness. A high frequency of somatic point mutations of TRα and TRβ were identified in human HCC samples (110, 111). T3 was associated with increased HCC invasiveness through up regulation of furin (70) and lipocalin 2 (71) in a TR dependent manner. Lipocalin 2 and TRα were both overexpressed in HCC patient samples and correlated with cancer grade, stage, and survival (71). T4 action on TRα promoted HCC cells self-renewal, increased cancer stem-like cells and drug resistance and upregulated NF-kB (73). Finally, T3 binding to integrin αvβ3 in HCC cells, induced growth-promoting effects via ERK1/2 and Akt phosphorylation (72).



Hematological Malignancies Cell Models

T4 and T3 stimulate proliferation and viability of multiple myeloma (MM) cells by activating αvβ3 integrin receptor, leading to rapid activation of the MAPK signaling pathway (89, 90). This in turn, results in activation of genes involved in proliferation (PCNA), and reduced expression of genes encoding apoptotic regulators such as apafl, caspase-3, puma, and noxa (90). Remarkably, the integrin-mediated TH actions may contribute to progression of MM by changes in adhesion and remodeling of extracellular matrix. Specifically, T3 and T4 increased adhesion of MM cells to fibronectin and activated expression of MMP-9 via a mechanism involving αvβ3 and MAPK (91). These in vitro results are of potential clinical importance, since tetrac inhibited MM cell proliferation and induced apoptosis. Furthermore, tetrac sensitized patient-derived MM cells to bortezomib, providing a potential new therapeutic option (92). Tetrac also blocked TH-mediated induction of MMP-9 (91).

TH affect proliferation of T-cell lymphoma (TCL) cells by simultaneous induction of genomic and non-genomic mechanisms (112, 113). The non-genomic mechanisms involve rapid membrane translocation of PKC ζ isoform and activation of ERK and NF-κB. One of the downstream targets of PKC ζ signaling is inducible nitrix oxide synthase (iNOS), a well-known activator of TLC proliferation. Barreiro Arcos et al. showed that intracellular activity of TH is prerequisite for activation of iNOS expression, along with enhanced expression of TRα (113). Non-genomic TH actions also contributed to survival and progression of TCL. Specifically, binding of TH to αvβ3 receptors, triggered pro-proliferative, and proangiogenic signals including enhanced expression of cyclins, PCNA, and VEGF. This TH-induced secretion of VEGF stimulated proangiogenic activity of endothelial cells, possibly contributing to TCL progression (94). In another study, in vitro treatment of lymphoma cells with T3 and T4 activated proliferation, as indicated by increased expressions of PCNA, as well as cyclins D, A2, and B (95).



In vitro Studies in Other Cancer Models

The cancers originating from thyroid gland are influenced by its own secretory products. Specifically, T4 and T3 promote proliferation of follicular and papillary thyroid cancers in vitro (80). These effects are largely mediated by non-genomic signaling involving αvβ3 receptor as indicated by tetrac blockade of the TH-induced proliferation. Furthermore, T4 treatment blocked pro-apoptotic signaling induced by external stimuli such as resveratrol (80). Altogether, this data indicates pro-cancerous and anti-apoptotic role of TH in thyroid cancers. An inhibitory role of TH was reported for skin cancer. T3 inhibited proliferation and induced apoptosis in basal cell carcinoma cells (85). Mechanistically, T3 reduced protein stability and transcriptional activity of Gli2, an oncogenic transcription factor, that promotes G1/S cell cycle phase transition.

Moriggi et al. tested TH influence on six cell lines derived from various types of cancer that differed by the profile of mutations in genes involved in PI3K and beta-catenin signaling pathways. Remarkably, for each cancer type, T3 exerted dual effect, either stimulating or attenuating proliferation. Unfortunately, the presented data did not clarify the cause of this differential T3 effects (45). The results of this study underscore the complexity of mechanisms involved in TH-mediated effects in cancer cells.

Taken together, the results of the in vitro studies suggest that effects of thyroid hormones in cancer are mediated by complex genomic and non-genomic signal transduction pathways and are highly dependent on cell type and molecular context. These biological pathways were extensively summarized in a recent review by Goemann et al. (114).

The complex and often contradictory T4 and T3 effects observed in vitro underline the importance of in vivo studies, which can provide valuable information on the net TH effects in a living organism. On the other hand, in vitro experiments provide a unique opportunity to reveal mechanistic details of intra- and extracellular processes initiated by T4 and T3 in cancer cells. Inevitably, both types of studies are required to clarify the role of TH in cancer development and progression.




IN VIVO STUDIES OF THE THYROID-CANCER ASSOCIATION

This section summarizes the in vivo studies on the thyroid hormone-cancer association, presented in Table 1. A comprehensive list of in vivo studies is presented in Supplemental Table 2.


Breast Cancer Animal Models

One of the earliest reports analyzing in vivo the link between thyroid hormones and breast cancer was published in 1946. Treatment of mice with the thyroid synthesis inhibitor, thiourea, delayed development of spontaneous breast tumors (115). Similar results were achieved when mice were treated with another compound, thiouracil (116). These results were further validated by Vonderhaar et al., who found that thiouracil-induced hypothyroidism delayed development and decreased incidence of spontaneous breast tumors in mice (27). The study suggested that hypothyroidism could contribute to local atrophy of mammary glands, resulting in reduced tumor formation. Contrasting results were obtained on experimental Ehrlich tumors (ET) that arise from mouse mammary adenocarcinoma (86). In that study, hyperthyroidism decreased metabolic activity and proliferation of ET as evidenced by lowers nuclear diameter, mitotic index, and number of nucleolus organizer regions. TH effects were also tested in vivo in models of chemically induced breast tumors. Early studies brought inconclusive results, showing that both thyroidectomy and thyroxine supplementation reduced incidence of breast tumors (117). However, a series of later reports clearly demonstrated the protective effect of PTU (propylthiouracil)-induced hypothyroidism. PTU given at a dose that produced severe hypothyroidism in rats, dramatically reduced the incidence of 7,12-dimethylbenz(a)anthracene (DMBA) (28) and N-methyl-N-nitrosourea (MNU) (29) induced breast tumors. A more recent study further demonstrated that PTU-induced hypothyroidism delayed development and reduced incidence of DMBA-induced mammary tumors by activating apoptosis (30). The protective effects of hypothyroidism were also shown in a model of breast tumor xenografts. Treatment with PTU inhibited growth of inoculated mammary adenocarcinomas and improved survival of mice (31). Spectacular effects of PTU treatment were reported by Shoemaker and Dagher who demonstrated complete remission of mammary tumor xenografts in 77% of PTU-treated mice (33). Confounding reports on the influence of thyroidal status in human cancer was partially explained by Martínez-Iglesias et al. (32). Their study revealed that while the growth of breast cancer cells inoculated into hypothyroid hosts was delayed, the tumors were more invasive and metastatic. The tumors grown in hypothyroid animals were more undifferentiated, with reduced expression of epithelial markers (e.g., keratin 8/18, β-catenin) and enhanced expression of mesenchymal markers (vimentin). However, the same study demonstrated that hypothyroidism reduces cancerous proliferation and stimulates necrosis in tumors, resulting in retarded tumor growth (32). In a parallel study, the same group showed that overexpression of thyroid hormone receptor β (TRβ) attenuated growth of breast tumor xenografts in mice, indicating its tumor suppressive activity (118). These studies demonstrated that intracellular and extracellular effects of thyroid hormones can differently contribute to development and progression of breast cancer, affecting both cancer cells and tumor stroma.



Prostate Cancer Animal Models

Consistently with results described above, PTU-induced hypothyroidism attenuated growth of prostate cancer xenografts in athymic mice (37, 38). The latter study clearly demonstrated that PTU did not affect the proliferation of prostate cancer cells in vitro, supporting the conclusion that anticancer effect was the result of hypothyroid state of the animals (38). In contrast to these suppressive effects of hypothyroidism, a more recent study reported that treatment with T3 (2.5 μg/day) inhibited growth of prostate tumors inoculated in nude mice (35).



Lung Cancer Animal Models

One of the early in vivo studies on TH effects on lung cancer was performed using a model of Lewis lung carcinoma (3LL), an undifferentiated squamous cell carcinoma that spontaneously developed in the lung of C57/BL6 mouse (42). Hyperthyroidism induced by T4 administration significantly increased growth of tumors inoculated by subcutaneous injections of 3LL cells in mice. In contrast, hypothyroidism triggered by methimazole treatment attenuated tumor growth and increased survival of the animals. Remarkably, T3 and T4 differently affected progression of the disease. The number of pulmonary metastases was reduced by treatments with T3 or methimazole while it was increased by treatment with T4. The reduction of tumor growth by methimazole was probably a result of its direct inhibitory effect on cancer cells, since in vitro experiments revealed that methimazole suppressed growth of 3LL cells (42). However, another study showed that hypothyroidism itself can also suppress growth of lung tumors. Treatment with PTU significantly suppressed growth of lung tumors subcutaneously inoculated in mice. This PTU effect was possibly not the result of suppressive effect on cancer cells since in a parallel experiment PTU did not affect growth of prostate cancer cells in vitro (38). Interestingly, it was suggested that TH may also affect cancer progression by influencing immune response. In the abovementioned study both T4 and methimazole suppressed the activity of NK cells, while alveolar macrophages were activated by T4 and T3 (42). This data indicates that T4 and T3 have broad effects on lung cancer development and progression, not only via direct effects on cancer cells but also by influencing tumor environment and elements of the immune system. The direct effects of T4 on lung cancer cells are probably the result of non-genomic actions. Interesting data was provided by a large study involving 100 mice with Lewis lung carcinoma tumors in which interactions between thyroid hormone and nitric oxide signaling were analyzed (43). Treatment of mice with T4 resulted in a remarkable increase of tumor weight compared to euthyroid animals. These effects were associated with increased expression of VEGF, suggestive of enhanced vascularization. Furthermore, intraperitoneal injections of tetrac, an antagonist of T4 binding to integrin αvβ3, significantly reduced tumor growth and VEGF expression. These results suggested that pro-tumorous T4 effects in 3LL cells are mediated by αvβ3 integrin receptor (43). Similar data was obtained in non-small cell lung cancer cells in which pro-proliferative T4 actions were blocked by antibody directed against integrin αvβ3 as well as by tetrac (40). These promising therapeutic effects of tetrac were also confirmed in studies involving other tumors (56, 64, 82).



In vivo Studies of Gastrointestinal Cancers

Several lines of evidence indicate that high T4 levels promote gastrointestinal carcinogenesis in vivo. In rats, T4 administration increased incidence of chemically induced tumors of colon and stomach (61, 69). TH effects were comprehensively analyzed in models of liver neoplasia. It was shown that hypothyroidism delays progression of experimental Morris hepatoma tumors implanted in female Buffalo Rats (78). Specifically, hypothyroidism induced within 2 weeks from tumor implantation not only attenuated growth of localized tumors but also decreased the number of lung metastases and prolonged survival of the animals. These results were further supported by later studies demonstrating tumor suppressive role of TRβ1 in the progress of hepatocellular carcinoma (HCC). Using rat model of HCC, Frau et al. (79) showed that expressions of TRα1 and TRβ1, along with downregulated expressions of their targets, are decreased in tumors. Notably, downregulation of TRβ1 expression was associated with high proliferative activity of liver cells. TRβ1 expression was also decreased in human HCC tissue samples. In contrast, induction of hyperthyroidism in rats bearing nodules resulted in increased TRβ1 expression and regression of preneoplastic lesions. These results clearly suggest a tumor suppressive role of TRβ1 in HCC. However, contrasting results were published on the role of TRα1 in HCC (71), showing that TRα1 is overexpressed in human HCC and stimulates migration and invasion in vitro and in vivo. Under hyperthyroid conditions HCC cells expressing TRα1 induced invasion and metastases formation in mice. These effects were mediated via MET/FAK pathways. These results were further confirmed by analysis of human HCC tissue samples in which high expressions of TRα1 were associated with lower patients' survival. Remarkably, no such correlation was observed for TRβ1. The authors suggested that T3/TR could play a dual, oncogenic or tumor suppressive role, depending on the molecular background and stage of the disease. So far, this hypothesis was not supported by experimental data. Curiously, the same research group published contrasting results on the expression of TRs in human HCC tissue samples. In a study published in 2012 they reported decreased expressions of TRs (including TRα1) in HCC specimens and concluded that TRs play a tumor suppressive role (119). Clearly, the role of T3 and TRs in HCC requires further elucidation in independent studies involving both human tissue samples and in vivo experiments in mice.



In vivo Studies of Hematological Malignancies

The earliest in vivo studies exploring the relations between TH and leukemia brought inconsistent results. One study reported decreased incidence of spontaneous lymphatic leukemia in mice with T4-induced hyperthyroidism when compared with hypothyroid mice treated with PTU (120). The hypo- and hyperthyroid leukemic animals did not differ in their survival rates. However, interpretation of these results is challenging, mainly due to limited information on methods and criteria used for leukemia diagnosis in the animals. In contrast, Morris et al. showed that PTU-induced hypothyroidism attenuated lymphomatous infiltrations in rats compared with euthyroid animals (121). Furthermore, hypothyroidism prolonged survival of mice and rats with transplanted lymphomas, while T4 treatment of euthyroid animals resulted in the opposite effects. Different results were obtained in a study focused on progression of acute stem-cell leukemia in rats. The animals were rendered hypothyroid by several methods, including thyroidectomy and thyroid gland ablation with radioactive iodine. Apparently, none of these treatments influenced growth of subcutaneously inoculated tumors nor affected survival of the animals (122).

Non-genomic TH effects were reported for T-cell lymphomas (TCL), defined as a group of heterogeneous lymphoproliferative disorders. TH stimulated TCL proliferation and angiogenesis by acting through αvβ3 integrin receptor (94). TH binding to αvβ3 triggered activation of VEGF and NF-κB pathways, resulting in stimulation of angiogenesis and proliferation. This study further showed that selective inhibition of αvβ3 with cilengitide attenuates growth of TCL xenografts in mice. An interesting study providing the link between TH, stress, and cancer was published by Frick et al. (93). They showed that chronic stress led to suppression of TH plasma levels which was associated with attenuation of T-cell proliferation in response to mitogens, suggestive of impaired immune functions. Supplementation with T4 protected T-cells against stress-induced suppression of proliferation. More importantly, treatment with T4 prevented stress-induced growth of lymphoma tumors subcutaneously inoculated in mice. The study also suggested that TH antitumor effects could be mediated by PKC isoforms θ and α. Exposition of the animals to stress diminished activation of these PKC isoforms. In contrast, T4 supplementation counteracted stress-induced attenuation of PKC activation.

Thyroid hormone status can have dual effect on lymphoma growth and metastasis as shown by a study in which hyperthyroidism stimulated local tumor growth while hypothyroidism fostered formation of metastatic lesions in kidneys (95). Interestingly, these dual effects of TH on primary and secondary malignancies seem to be a more generalized mechanism since similar observations were made in the above mentioned mouse model of breast cancer. Lymphoma cells inoculated in hyperthyroid animals grew faster, with enhanced tumoral and peritumoral vasculogenesis, and increased expression of PCNA and caspase 3 (96). These effects were associated with shorter survival of hyperthyroid animals when compared with eu- and hypothyroid mice. Similar to the effects described in vitro (95), enhanced expressions of PCNA and cyclins D and E was described in tumors grown in hyperthyroid animals, when compared with eu- and hypothyroid animals. Surprisingly, hyperthyroidism stimulated apoptosis, as demonstrated by activation of caspase 3 and Bax. The enhanced metastasis observed in hypothyroid animals could be the effect of changes in immune responses. Hypothyroidism increased the percentage of CD4+CD25+FoxP3+ Treg cells in tumor draining lymph nodes (TDLN). Tregs suppress activation and proliferation of CD4+ and CD8+ T lymphocytes. Likewise, activated CD8+ T cells (CD8+CD69+ or CD8+CD44hi) were decreased in TDLN of hypothyroid animals. The presence of immunosuppressive Tregs in hypothyroid TLDN possibly contributed to metastatic progression, since depletion of CD8+ cells resulted in enhanced metastasis in mice (95). In contrast, TH could prevent metastasis by activation of apoptosis. Indeed, tumors grown in hyperthyroid animals showed increased presence of apoptotic cells when compared with eu- and hypothyroid mice. Remarkably, no signs of apoptosis were found in highly proliferative regions of tumors, explaining their intense growth. Altogether these results suggest that hypothyroidism creates an immunosuppressive milieu that allows for immune tolerance toward metastasizing tumor cells. Another indication of immune tolerance is reduced accumulation of NK cells in spleens from hypothyroid animals suggestive of reduced ability to remove tumor cells by NK cells (95).



In vivo Studies in Other Cancer Models

Protective effect of hypothyroidism was also shown for uveal melanoma, one of the most common and highly metastatic intraocular malignancies (84). PTU-induced hypothyroidism significantly improved survival of mice with ocular melanoma, in contrast to hyperthyroid animals that demonstrated significantly shorter survival when compared to euthyroid animals. Remarkably, uveal melanoma cells expressed high levels of αv and β3 subunits of the integrin receptor, thus providing the platform for binding of T4 and activation of pro-proliferative intracellular signaling cascades.

Studies on the effects of TH on sarcoma brought conflicting results with early studies demonstrating that thyroid radioablation did not change growth of fibrosarcomas in mice (123), while in another reporting that hyperthyroidism attenuated growth of sarcoma tumors in mice (124). However, these results were later negatively verified by independent studies which showed that T4-induced hyperthyroidism stimulated growth and metastatic progression of sarcoma xenografts in mice, while tumor growth was attenuated in mice rendered hypothyroid by radioablation of the thyroid gland (88).

Antitumor effects of T3 were shown for basal cell carcinoma (BCC), the most common human cancer. Topically applied T3 significantly reduced tumor growth in mouse model of BCC (85). Intracellular T3 levels are regulated by activity of type 3 deiodinase (D3) which degrades T3. Depletion of D3 in skin of BCC bearing mice significantly reduced the occurrence of tumors, suggesting that antitumor T3 actions are mediated via its intracellular activity and not mediated by αvβ3 integrin receptor (125).

In contrast, plasma membrane-initiated TH signaling is well-documented in a mouse model of follicular thyroid carcinoma (FTC). FTC tumors are spontaneously developed by ThrbPV/PV mice in which both alleles of thyroid hormone receptor β bear PV mutation that initially was identified in a patient with thyroid hormone resistance. TRβ with PV mutation are unable to bind T3 and activate transcription. Treatment of ThrbPV/PV mice with PTU reduced the expression of integrin αv subunit, thus leading to attenuation of TH-plasma membrane signaling, including the cascade involving PI3K, AKT, and β-catenin (81). This in turn resulted in inhibition of cancerous proliferation and reduction of tumor growth.

In conclusion, the in vivo studies in animal models indicate that TH have broad effects on cancer development and progression. On one hand, local intracellular changes in TH concentrations contribute to proliferation of cancer cells, stimulating tumor growth. On the other hand, extracellular hypothyroid milieu may support cancer progression by attenuating immune responses. Several lines of evidence strongly indicate that non-genomic T4 actions can trigger cancerous proliferation and that interference with T4-αvβ3 integrin binding can provide efficient therapeutic option for patients.




CLINICAL STUDIES OF THE THYROID-CANCER ASSOCIATION

This section summarizes clinical studies on the thyroid hormone-cancer association, presented in Table 2. A detailed list of clinical studies, including study design and number of patients, is presented in Supplemental Table 3.



Table 2. Clinical studies on thyroid function and cancer.
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Effect of Thyroid Status on Cancer Risk

Effect on the Overall Risk of Cancer

Hellevik et al. conducted a prospective population based study of 26,691 people without a previously diagnosed thyroid disease (153). Baseline TSH levels were measured and 9 years of follow up of cancer incidence was recorded. Compared to euthyroid reference group, increased cancer risk (HR 1.34) was associated with low TSH levels (<0.5 mU/l), a risk driven by lung cancer (HR 2.34) and prostate cancer (HR 4.99). In another population based cohort study, 17,034 patients with newly diagnosed hyperthyroidism were matched with 34,066 patients without hyperthyroidism. Over a 4 year follow up period, patients with hyperthyroidism were at higher overall risk of cancer (Adjusted HR 1.2, p < 0.05) and thyroid cancer (Adjusted HR 6.8, p < 0.05), with extended duration of hyperthyroidism associated with greater risk of thyroid cancer (195). The Rotterdam study prospectively included 10,318 patients with baseline measurements for free T4 and TSH, followed for a median of 10.4 years. Higher free T4 levels were associated with higher risk of solid cancers (HR 1.42 per unit increase in free T4), lung cancer (HR 2.33), and breast cancer (HR 1.77), although no association were found for TSH levels (126). Collectively, these prospective studies support a causal association between disorders in thyroid hormones and cancer risk.

Effect on the Risk of Breast Cancer

In a population based case control study including 676 breast cancer patients and 680 controls (127), free T4 levels were associated with a high overall risk of breast cancer (OR 1.4 for free T4 above vs. below the median). This increase was later attributed to a higher incidence rate of less aggressive breast cancer subgroups (128). Another prospective cohort study conducted by the same group included 2,185 women followed for an average of 19.3 years for breast cancer incidence (135). An association was demonstrated between T3 and breast cancer risk (HR 1.61 of third quartile compared to first). In another large population-based study conducted by Søgaard et al., women with hyper- and hypothyroidism were followed for up to 7.4 years (129). Hyperthyroidism was related to a slight increase in the risk of breast cancer compared to the general population (SIR 1.11), while the opposite was shown for hypothyroidism (SIR 0.94). In a retrospective cohort study of 437 breast cancer patients, elevated levels of TSH were associated with a lower likelihood of triple positive breast cancer (ER+ PR+ Her2/neu+) compared with ER+ PR+ Her2/neu– breast cancer. However, no association was found with tumor grade or stage (146). Interestingly, Brandt et al. were recently able to identify a SNP (rs2235544) in the gene for deiodinase type 1 (DIO1) which was associated with both free T4 level and breast cancer risk (211). A recently published case control study which included 682 breast cancer patients and 731 controls demonstrated an association between higher serum total T4 and breast cancer in both premenopausal (OR 5.98) and post-menopausal women (OR 2.81), whereas a negative association was demonstrated between total T3 and breast cancer (134). Similarly, Huang et al. demonstrated higher free T4 and lower T3 in patients with newly diagnosed breast cancer compared with patients with benign breast lesions (23). However, these findings may demonstrate the effect of malignancy on the thyroid axis, rather than a true demonstration of risk or causality. Specifically, malignancy may be associated with a reduction of T3, resulting the so-called non-thyroidal illness syndrome (NTIS) (212). The association between NTIS and malignancies is later detailed in this review in a designated section. A meta-analysis from 2012, which included 10 case control studies of hyper- and hypothyroidism and breast cancer, failed to find a putative relationship of either disorder. Notably, a high degree of heterogeneity was demonstrated between the six hypothyroidism studies included (139). Another meta- analysis from 2017 included population based studies assessing thyroid dysfunction and the risk of breast cancer. Analysis of 12 studies, including 24,571 cases, also did not find a statistical correlation between hypothyroidism and breast cancer (p=0.162). Similarly, by analyzing 10 studies, which included 21,889 cases, the authors did not demonstrate a statistically significant higher risk of breast cancer in hyperthyroid patients (140).

Effect on the Risk of Prostate Cancer

In a prospective cohort study, sera from 3649 patients were assayed for TSH and free T4 (154). During a 20 year follow up period, 7.8% of males were diagnosed with prostate cancer. Higher TSH was associated with a lower risk of prostate cancer (adjusted HR: 0.7 per 1 mIU/L increase in TSH). Similarly, higher free T4 was associated with increased risk of prostate cancer (adjusted HR: 1.11 per 1 pmol/L increase). In a prospective study of male smokers including 402 prostate cancer patients and 800 controls (157), TSH in the highest quintile was associated with decreased risk of cancer (Q5 vs. Q1–4: OR 0.7). Hypothyroid men (high TSH with normal or low T4) had lower prostate cancer risk compared to euthyroid men (OR 0.48).

Effect on the Risk of Gynecologic Cancers

In a population based case-control study, 767 patients with recent diagnosis of epithelial ovarian cancer were compared with 1,367 community controls (162). Based on data retrieved from interviews, hyperthyroidism history was linked with increased cancer risk (OR 1.8). In another study, Kang et al. evaluated the association of self-reported history of thyroid dysfunction with medical records of confirmed endometrial carcinoma (n = 1,314) and ovarian cancer (n = 1,150) as part of the Nurses' Health Study (NHS). In this case, history of hypothyroidism or hyperthyroidism was not associated with cancer risk (213). Lastly, in a retrospective study Brinton et al. assessed the relationship between hospital and outpatient admission for various conditions and subsequent development of uterine and ovarian cancer. A prior diagnosis of thyroid disease was associated with uterine cancer (RR 1.52). However, no specific type of thyroid disease was more strongly linked to risk than others (214).

Effect on the Risk of Gastrointestinal Cancers

In a large population based case control study by Ko et al., 532 patients with pancreatic cancer were matched to 1,701 controls randomly selected from the same population (182). Based on patient self-report, hyperthyroidism history was related with increased cancer risk (OR 2.1).

Unlike pancreatic cancer, data regarding colorectal cancer (CRC) and hepatocellular carcinoma (HCC) produced conflicting results. A single prospective population based study suggested an association between hyperthyroidism and an increased risk of CRC (153), but due to a small cohort, this increase was not statistically significant. In contrast, additional studies demonstrated that hypothyroidism was associated with increased risk of colon cancer. A large case-control study compared 20,990 colorectal cancer (CRC) patients and 82,054 matched controls from a population database, followed for an average of 6.5 years and determined CRC risk in patients with thyroid dysfunction (184). In this study both hyperthyroidism (OR 1.21) and untreated hypothyroidism (OR 1.16) were associated with increased risk of colorectal cancer. Chan et al. conducted a prospective case-control study of 3,836 older men (186). Over a median follow up period of 9 years, 136 men developed colorectal cancer. Following adjustments, higher TSH was related with increased incidence of colorectal cancer (SHR 1.19), an association which was reinforced after eliminating the first year of follow up (SHR 1.23). Free T4 was not associated with cancer incidence in this study.

Similar to CRC, hypothyroidism may also play a role in liver carcinogenesis. Hassan et al. conducted a case-control study including 420 patients with hepatocellular carcinoma and 1,104 healthy controls (192). Hypothyroidism of longer than a decade was associated with significantly higher risk of HCC in women, unrelated to known HCC risk factors (OR 2.9 following regression analysis for risk factors). However, the data on thyroid disorders was based on patient self-report using questionnaires rather than thyroid hormone levels. Reddy et al. (193) demonstrated that in 160 patients with HCC, hypothyroidism was more prevalent in HCC of unknown etiology compared to patients with HCC secondary to HCV or alcoholic liver disease (OR 6.8).

The inverse correlation between thyroid function and cancer risk observed in CRC and HCC may be attributed to the elevation of TSH under hypothyroid state. The overexpression of a functioning thyroid stimulating hormone receptor (TSHR), which was demonstrated in HCC tissues (215), may provide a possible mechanism. TSH elevation in hypothyroidism may lead to HCC progression through direct stimulation of its receptor on cancer cells. However, no documentation for a similar TSHR expression in CRC was reported to date.

Effect on the Risk of Hematologic Malignancies

Dalamaga et al. compared 73 patients with primary multiple myeloma to 73 matched controls admitted for non-neoplastic conditions (200). The prevalence of clinical thyroid disease was higher in multiple myeloma patients compared to controls (adjusted OR 4.03 for thyroid disease, 5.68 for autoimmune thyroid disease). The levels of free T3 was higher (3.5 vs. 2.7 pg/ml, p = 0.002) and TSH lower (2.2 vs. 3.1 μIU/ml, p = 0.001) in myeloma patients compared to controls, albeit within the normal range. The same group conducted a case control study of 101 patients with histologically and cytogenetically confirmed MDS to 101 matched control. MDS patient had significantly higher serum levels of free T3 and free T4 and lower TSH than controls (203). A small case control study compared thyroid hormone levels between 25 patients with acute leukemia and 25 matched controls. Total T3, free T3, total T4, and free T4 were higher in patients than control, within the normal range, while TSH levels were significantly lower (201). However, since TH levels were not determined prior to the development of disease, an assessment of risk could not be established.



Effect of Thyroid Hormones on Clinical Presentation of Cancer

Cristofallini et al. retrospectively compared 1,136 women with breast cancer with 1,088 controls (142). Prevalence of hypothyroidism was significantly lower in the cancer group compared to the control group (7.0 vs. 14.9%, p < 0.001). Hypothyroid breast cancer patients were diagnosed at an older age (58.8 vs. 51.1 years; p < 0.001), had higher probability for having a localized disease (95.0 vs. 85.9% clinical T1 or T2 disease, respectively; p = 0.025), and were more likely to be lymph node negative (62.8 vs. 54.4%; p = 0.15). While these findings suggest that hypothyroidism slows breast cancer progression, the study was limited by its retrospective nature and by the fact that the diagnosis of hypothyroidism was based on information from medical charts rather than hormone values. In the aforementioned study by Tosovic et al. (135), higher T3 level (third quartile compared to first) was associated with large breast tumors (>20 mm) (HR of 3.17) and lymph node metastases (HR 4.53). This association was especially pronounced in post-menopausal women. In a series by Atkins et al. 34 patients with various advanced neoplasms (melanoma, renal cell carcinoma, lymphoma, and colon cancer) had received treatment with interleukin-2 and lymphokine-activated killer (LAK) cells (179). Twenty-one percent of patients had laboratory evidence of hypothyroidism. Patients with hypothyroidism had a higher rate of tumor regression (71 vs. 19%, p < 0.02).

Conversely, hypothyroidism was associated with increased aggressiveness of colorectal and liver cancer, comparable with the effect on cancer risk. In a case control study comparing 273 colorectal cancer patients to 819 matched controls, the prevalence of subclinical hypothyroidism was significantly higher in the colorectal neoplasm group (24.5 vs. 15.3%, p < 0.01). Compared with euthyroid subjects, hypothyroid patients had higher likelihood of advanced colonic disease (8.3 vs. 4.4%, p = 0.028) (185). In another study by Pinter et al., 667 patients diagnosed with non-surgically treated HCC were retrospectively followed for a mean period of 65.5 months (190). Hypothyroid patients (TSH>3.77 μU/ml) had a higher risk for large lesions (>5 cm), while Hyperthyroid patients (TSH<0.44 μU/ml) had a lower risk.



Effect of Thyroid Status on Cancer Survival

Effect on Overall Cancer Survival

Several population based studies have demonstrated increased cancer mortality in hyperthyroidism, with opposite outcomes in hypothyroidism, supporting the assumption of growth promoting effect of thyroid hormones. Brandt et al. used data of 2,152 patients with Grave's disease and toxic nodular goiter, followed for 11 years (204). Both diseases were associated with increased all-cause mortality compared with non-hyperthyroid controls, and increased cancer mortality was demonstrated for toxic nodular goiter (HR 1.36, p < 0.05). In a recent population based study by Journy et al., 75,076 female radiologic technologists who completed medical questionnaires were retrospectively followed for a median of 28 years (130). No association was demonstrated between overall cancer mortality and hyper or hypothyroidism. However, risk of breast cancer mortality after 60 years of age was increased in patients with self-reported hyperthyroidism (HR 2.04, p < 0.05). Women with hyperthyroidism treated with radioactive iodine had increased risk of ovarian cancer mortality compared with women without thyroid disease (HR 5.32, p < 0.05), based on very few cases. Lechner et al. (216) conducted a retrospective cohort study of 538 patients with various solid malignancies (renal cell carcinoma, GIST, HCC, neuroendocrine, primary central nervous system, other carcinoma, sarcoma) treated with tyrosine kinase inhibitors. Thirteen percent of patients developed subclinical hypothyroidism and 27% developed overt hypothyroidism. Patients with hypothyroidism had significantly longer overall survival (median overall survival 1,005 days in subclinical hypothyroidism and 1,643 in overt hypothyroidism compared with 685 days in euthyroid patients, p < 0.0001). In Franklyn et al.'s retrospective cohort of hyperthyroid patients treated with radioiodine (217), mortality from cancers of all sites was reduced following treatment (SMR 0.9, p = 0.02). In subgroup analysis lower mortality was significant only for cancer of the bronchus and trachea (SMR 0.78, p = 0.03) while for cancers of the small bowel and thyroid, small absolute risk increases in mortality were demonstrated. Opposing results were demonstrated in a large population based study, wherein 115,746 patients were followed for 10 years for evaluation of cancer mortality (137). Following adjustment, patients with biochemically proved subclinical hypothyroidism (1.6%) at study inclusion had higher risk of cancer death (RR 1.51, p < 0.05) as well as increased risk of bone, skin and breast cancer (RR 2.79, p < 0.05). A prospective study by Zhang et al. (191) was conducted on a cohort of 212,456 middle aged Korean subjects who had undergone thyroid function tests. Following a median follow-up of 4.3 years, an inverse association was demonstrated between free T4 and all-cause mortality (HR = 0.77, P = 0.01) as well between free T3 and cancer mortality (HR = 0.62, p for trend = 0.001). TSH was not associated with mortality endpoints. This discrepancy may be at least partially attributed to the large proportion of gastrointestinal tumors in both studies (>45% of cancer deaths) which, as described above, may propagate in hypothyroid conditions.

Effect on Breast Cancer Survival

In 1964, Humphrey and Swerdlow were among the first to demonstrate the effect of thyroid disorders on breast cancer outcomes (218). In their study, the 5-year survival of 14 patients who had undergone a thyroidectomy for non-toxic goiter was significantly longer than nine patients who had undergone thyroidectomy for hyperthyroidism (71 vs. 22%, p < 0.05). In another study of 462 cases of breast cancer (131), patients with a history of thyroid disease had significantly lower survival rates at 5 and 10 years compared with controls (p < 0.005). In a subgroup analysis, patients with a history of treated hyperthyroidism had significantly shorter 5- and 10-year survival (p < 0.01). A population-based prospective cohort study by Tosovic et al. included 2,185 women who had T3 levels measured as part of a preventive health study (138). After a mean follow-up of 24.1 years, 26 women died of breast cancer. T3 levels were correlated with age-adjusted breast cancer related death (HR 2.8, p=0.012), especially in post-menopausal patients (adjusted HR 3.73, p = 0.001). Thyroid hormone status may also affect response to breast cancer therapy. A study by Cao et al. included 28 patients with metastatic breast cancer treated with the VEGFR-2 inhibitor famitinib (144). Sixty-four percent of patients had elevated TSH (>4.94 mIU/L) during treatment. Progression free survival (PFS) was longer in these patients compared with patients with normal TSH (107 vs. 53 days, respectively, p = 0.002).

Effect on Lung Cancer Survival

Several decades ago, Hercbergs and Leith reported a case of a 69 year old male with metastatic non-small cell lung cancer that resolved spontaneously following resuscitation from myxedema coma, dying of unrelated causes 4 years after the myxedema event (5). In a later retrospective case-controls study (159), Hercbergs et al. compared 85 hypothyroid lung cancer patients to 85 matched euthyroid lung cancer patients. Hypothyroid patients were older at diagnosis (median age 73 vs. 64 years, p = 0.0006) and survived longer (stages 1–4: 14.5 vs. 11.1 months, p = 0.014; stage 4: 11 vs. 5 months, p = 0.0018) compared with controls. In a recent study of 51 non-small-cell lung cancer patients treated with pembrolizumab, a PD-1 inhibitor (160), 21% of patients developed hypothyroidism requiring thyroid hormone replacement, with 80% developing positive antithyroid antibodies. Overall survival (OS) with pembrolizumab was significantly longer in subjects who developed thyroid dysfunction (mean OS 40 vs. 14 months. HR 0.29, p = 0.04).

Effect on Ovarian Cancer Survival

Minlikeeva et al. used collective data from 11 studies, including information on thyroid hormone status for a total of 5,822 patients diagnosed with invasive ovarian cancer (163). Increased risk of mortality was demonstrated for patients with a history of hyperthyroidism in the 5 years preceding cancer diagnosis (HR = 1.94; p = 0.01). Hypothyroidism was associated with a mildly decreased mortality risk (HR = 1.16; p = 0.01). Duration of hypothyroidism or thyroid medications use were not associated with survival.

Effect on Renal Cancer Survival

Much research has been conducted on the possible positive effects of drug-induced hypothyroidism on the outcome of treatment for renal cell carcinoma (RCC). In a small scale study by Weijl et al. (180), patients with metastatic renal cell carcinoma were treated with IL-2 and LAK cells. Forty-seven percent of patients became hypothyroid following treatment. Favorable response to treatment was positively correlated with hypothyroidism (r = 0.76, p = 0.001).

Over the past decade, several studies have reported on potential favorable outcomes of tyrosine-kinase inhibitors (TKI's)-induced hypothyroidism, specifically by sunitinib. Sunitinib is an oral multitargeted tyrosine kinase inhibitor commonly used in metastatic renal cell carcinoma. Hypothyroidism is a common side effect of this treatment, with up to 85% patients developing abnormality of thyroid function consistent with hypothyroidism, and roughly a third requiring thyroid hormone replacement (219, 220). The mechanism for this effect is not altogether clear, though it may be related to a decreased VEGF binding to normal thyroid cells and/or disruption of thyroid blood flow (219). In a retrospective analysis of metastatic RCC patients who received VEGF receptor tyrosine kinase inhibitors (171), median OS and PFS were significantly longer in patients with a peak TSH >10 mIU/L compared to patients with a peak TSH of ≤ 10 mIU/L (not reached vs. 21.4 months, p = 0.005; 47.7 vs. 9.3 months, p = 0.009, respectively). In a series of sunitinib-treated clear cell RCC (172), hypothyroid (TSH >4 mIU/L) patients receiving levothyroxine as thyroid-replacement therapy had prolonged PFS compared with other patients (25.3 vs. 9.0 months; p = 0.042). A prospective cohort study by Schmidinger et al. included 87 sunitinib or sorafenib treated patients with metastatic RCC (173). Patients who developed subclinical hypothyroidism had a higher rate of remission compared with euthyroid patients (28.3 vs. 3.3%, p < 0.001) and longer median duration of survival (not reached vs. 13.9 months, p = 0.016). Other studies have similarly demonstrated prolonged PFS in sunitinib induced hypothyroidism (174, 175). One prospective study did not show such a correlation (221). However, this study was based on only 6 months of follow up. In 2015, Nearchou et al. published a meta-analysis evaluating hypothyroidism as a predictive marker for survival in metastatic RCC patients treated with TKI's (176). Based on six studies, PFS in patients with sunitinib-induced hypothyroidism was not significantly different compared with patients without hypothyroidism. However, in three studies which included patients treated with sunitinib or sorafenib, the difference in PFS was statistically significant in favor of patients with acquired hypothyroidism (HR, 0.59; p = 0.003). Moreover, an analysis of four studies indicated a statistically significant improvement in OS in patient who developed sunitinib-induced hypothyroidism compared with patients who did not (HR 0.52, p = 0.01).

Effect on Gastrointestinal Cancer Survival

Similar to the effect on cancer risk, CRC and HCC appear to represent cancer subtypes whose association with thyroid status differs from that of other solid tumors. In a recent study by Schirripa et al. (189), a higher baseline free T3/free T4 ratio was associated with increased survival in patients with metastatic colorectal cancer treated with the multikinase inhibitor regorafenib (p = 0.003). In Pinter et al.'s study of non-surgically treated HCC patients (190), increased OS was associated with lower TSH (≤ 1.7 vs. >1.7 μU/ml, median OS 12.3 vs. 7.3 months; p=0.003) and lower free T4 (≤ 1.66 vs. >1.66 ng/dl, median OS, 10.6 vs. 3.3 months; p = 0.007). Similarly, in a study by Zhang et al. (191), both free T3 and free T4 were inversely associated with liver cancer mortality (HR per SD change: 0.64 for free T3, 0.52 for free T4). These findings again support a growth promoting effect of hypothyroidism in HCC, which may be related to activation of the TSH receptor. In a recent case control study (194), the product of TSH and free T4 was calculated for 123 patients with advanced HCC treated with sorafenib or chemotherapy. High TSH x free T4 at baseline (>2.48) was associated with favorable time to tumor progression (TTTP) (HR 0.478, p = 0.008) and better OS if chemotherapy was provided (HR 0.44, p = 0.006). Conversely, high baseline TSH x free T4 (>2.55) was associated with unfavorable TTTP (HR 2.03, p = 0.039) and overall survival (HR 3, p = 0.007) if sorafenib was administered. However, the association between this calculated ratio and thyroid status was not fully elucidated.

Effect on Head and Neck Cancer Survival

Head and neck cancer patients commonly undergo involved-field radiation therapy and are prone to iatrogenic hypothyroidism, which can therefore serve as a useful model to study the effect of thyroid dysfunction on cancer outcomes. Nelson et al. conducted a retrospective analysis of 155 patients with advanced head and neck squamous cell carcinoma who were treated with radiation therapy alone or in combination with other treatments (196). Patients who developed new onset hypothyroidism post-treatment had less cancer recurrence (p = 0.02), improved survival (p < 0.001), and longer recurrence-free survival (p < 0.001), compared with patients who did not. In another population based study of patients with head and neck cancer treated with radiotherapy (197), the 10 year incidence of hypothyroidism was 59% and these patients exhibited longer survival (HR 0.42, p < 0.001) as well as longer cause-specific survival (HR 0.36, p < 0.001). In a phase III trial comparing two cisplatin chemoradiotherapy protocols in 300 patients with locally advances head and neck cancer (222), 38.73% of patient developed hypothyroidism by 2 years of follow up (198). These patients had lower locoregional failure rate (LRFR) (hazard ratio 0.342, p = 0.043), and longer overall survival (hazard ratio 0.336, p = 0.001). Favorable impact on LRFR, PFS and OS were associated with hypothyroidism of longer duration and TSH levels up to 40 mIU/L.



Association Between Thyroid Autoimmunity and Cancer

Small scale case control studies have demonstrated an increased prevalence of thyroid autoimmunity in breast cancer (223, 224), gastric cancer (225), pancreatic cancer (226), multiple myeloma (200), and myelodysplastic syndrome (203). In a 2012 meta-analysis, autoimmune thyroiditis, as well as overall thyroid antibody positivity, thyroglobulin antibody positivity and thyroid peroxidase antibody (TPOAb) positivity were associated with increased risk of breast cancer (OR 2.92, 2.02, 2.72, 2.64, respectively), with minimal to moderate heterogeneity (139). Conversely, in a population based case control study by Brandt et al. (128), including 676 breast cancer patients and 680 controls, women with high levels of TPOAb (above 9 kIU/L) were at a lower risk of being diagnosed with breast cancer (OR 0.75), specifically invasive type (OR 0.74).

Thyroid autoimmunity may beneficially affect cancer outcomes. Fiore et al. (227) examined the prognostic value of thyroid autoantibodies in 47 patients with locally metastatic breast cancer referred for mastectomy. Five-year mortality was lower in patients with thyroid autoantibody positivity (6.7 vs. 46.9%, p = 0.008). Farahati et al. assessed anti TPOAb in 314 patients with newly diagnosed breast cancer (228). Among 56 patients with TPOAb, no incidences of distant metastasis was documented, whereas in 17 (6.6%) of 258 cases without TPOAb, distant metastases were demonstrated (p = 0.04). In Brandt et al., high TPOAb levels were also associated with a lower risk of ductal cancer, large tumors (>20 mm), and ER and PR positive tumors (128). Interestingly, the same group recently identified several TPOAb related SNPs (s11675434, rs3094228, rs1033662, rs301806, and rs207140) which may also be associated with breast cancer risk (211). Another study by Franzke et al. included 329 patients with metastatic RCC treated with systemic IL-2 and IFNα2 (229). Antithyroid autoantibodies were detected in 18% of patients. Thyroid autoantibodies were correlated with increased survival (5-year survival 54 vs. 15%, p < 0.0001). Interestingly, HLA-Cw7 expression was more frequent with thyroid autoantibody positivity (69.2 vs. 47.7%, p = 0.009), and Cw7 expression was associated with prolonged overall survival, suggesting HLA-dependent thyroid autoimmunity associated with improved cancer outcomes. Thyroid autoantibodies may affect breast cancer behavior irrespective of its effect on the thyroid hormone axis. Thyroid cells and benign and malignant breast tissues share common antigens. The most important of these is the sodium-iodine symporter, which is highly expressed in breast cancer cells (230). Also, lactoperoxidase in breast cancer cells shares a homology with thyroperoxidase (231). T cells directed against thyroid autoantigens could attack breast cancer cells expressing similar antigens (227).



Association of Cancer With Non-thyroidal Illness Syndrome (NTIS)

NTIS, or sick euthyroid syndrome, is characterized by alterations in circulating thyroid hormone levels in euthyroid patients with acute or chronic systemic illnesses. Changes include a decrease in T3 levels, increase in rT3 and inconstant alterations in circulating T4 levels (212). The association of NTIS with cancer was documented in various tumor types including breast cancer (232), gastrointestinal cancers (232), lung cancer (233–235), central nervous system tumors (236), multiple myeloma (237), chronic lymphocytic leukemia (238), and diffuse large cell lymphoma (239).

NTIS may be associated with adverse disease outcomes. In a 1978 study by Ratcliff et al. (233), 6 month mortality was higher among lung cancer patients with low T3 compared with matched lung cancer patients with normal T3 (49 vs. 27%). In a study of 80 patients with newly diagnosed non-small cell lung cancer (234), NTIS was more frequent among stage III (26%) and stage IV (62%) cases, and survival was shorter in patients with NTIS compared with patients without NTIS (mean survival 9.2 vs. 15.2 months, p = 0.00002). Similarly, in a cohort of both small cell and non-small cell cancer patients, NTIS was associated with disease stage and served as a poor prognostic factor (235). In a study of 230 patients with primary brain tumors (236), 27% had NTIS syndrome. Glioma patients with NTIS had greater 5-year mortality (HR = 2.197, p = 0.016) and shorter OS (249 vs. 352 days; p = 0.029). NTIS was also a predictor of poor post-operative outcomes in patients undergoing brain tumor surgery (240). In a study of patients with chronic lymphocytic leukemia (238), NTIS was associated with significantly shorter time to first treatment (2 vs. 11 months, p < 0.001) and cancer-specific survival (median survival 51 months vs. not reached) compared to patients with normal T3. In another study by the same group, of 188 patients with diffuse large B cell lymphoma, low T3 was associated with worse PFS (median survival 17 vs. 22 months) and overall survival (median survival 17 vs. 23 months) in the rituximab era (239). However, collectively these results may be a reflection of NTIS as a marker of aggressive disease, rather than a direct effect of this syndrome on cancer outcomes.



The Association Between Thyroid Replacement Therapy and Cancer Incidence and Outcome

In an early study, 5,505 patients referred to a mammography department were interviewed regarding thyroid hormone use (150). Six hundred thirty-five patients used thyroid medications. In patients receiving thyroid supplements, breast cancer incidence was significantly higher than controls without thyroid disease or thyroid medication use (12.13 vs. 6.2%, p < 0.005). The difference was especially prominent in patients taking thyroid medication for more than 15 years (19 vs. 6.2%, p < 0.005) and nulliparous women taking thyroid medication for more than 5 years (20 vs. 9.2% in nulliparous controls, p < 0.025). These findings suggest a relationship between thyroid supplements and cancer associated with the duration of use. In a prospective cohort study, 2,738 post-menopausal women were screened for thyroid hormone parameters and prospectively followed for a period of 9 years (147). New breast cancer was related to previous use of thyroid medication at study inclusion (OR 3.2). However, a meta-analysis from 2017 including six studies evaluating the relationship between thyroid hormone supplementation and risk of breast cancer found no statistical correlation between the two (140). In a population based study, Cornelli et al. compared the prevalence of breast, colorectal, gastric and lung cancer in women during 2010 with the sales of levothyroxine (LT4) in the previous year in 18 Italian regions (161). Corrected for smoking and age, a significant correlation was demonstrated for lung cancer and levothyroxine sales (R = 0.485, p = 0.04). Sarosiek et al. performed a retrospective analysis in 504 pancreatic cancer patients who underwent a Whipple procedure or distal pancreatectomy and splenectomy during the course of 7 years (62). 14.1% of patients were hypothyroid. Hypothyroid patients taking exogenous thyroid hormone, in comparison to euthyroid patients, were more likely to have perineural invasion (OR 3.38, p = 0.012), have high T stage (T3-T4, OR 2.1, p = 0.045), nodal spread (OR 2.05, p = 0.018), and have poorer prognostic stage (2B-3, OR 1.89, p = 0.037). There was no difference in survival between both groups.

Similar to the apparent protective effect of endogenous thyroid hormones in colorectal cancer, exogenous thyroid hormone supplementation was associated with decreased risk of CRC. In a population based case control study conducted in northern Israel, 2,648 colorectal cancers were matched to 2,566 controls (187). Levothyroxine use for a minimum of 5 years, evaluated by structured interviews and prescription records validation, was associated with a significantly reduced risk of CRC (OR 0.59, p = 0.001). However, this study was limited by possible recall bias. Another large population based study compared 20,990 colorectal cancer patient with 82,054 matched control patients (184) and determined CRC risk in patients with thyroid dysfunction, with and without thyroid hormone replacement. Thyroid hormone supplementation use of more than 5 years was related with lower risk for CRC, with a stronger association documented for longer periods since initiation of treatment. The adjusted odds ratio for colorectal cancer associated with thyroid hormone replacement was 0.88 (p = 0.03) for treatment initiated 5–10 years before index date and 0.68 (p < 0.001) for treatment initiated more than 10 years before index date. In response to this study, Friedman et al. (188) performed a case-control analysis of colon (n = 12,207) and rectal/rectosigmoid cancers (n = 4,729), based on the Kaiser permanente cancer registry, and obtained LT4 prescription dispensing records from outpatient pharmacies. Each case patient was matched to up to 50 control subjects. Rectal cancer risk was more than 30% lower in men who used levothyroxine for more than 5 years, compared to non-users (OR 0.66, p = 0.03). Although statistically insignificant, colon cancer risk appeared to be somewhat reduced.



The Effect of Induced Hypothyroidism and Hypothyroxinemia on Cancer Outcomes

Few interventional studies exist which examined the effect of chemically induced hypothyroidism and hypothyroxinemia on cancer outcomes. Those are based mainly on case reports and small patient series. A previous report described a patient with inoperable glioblastoma of the optic chiasm who failed standard treatment with radiation and temozolomide (169). The patient underwent induced hypothyroidism with PTU, followed by carboplatin chemotherapy. On two separate occasions, this patient responded clinically and radiographically to treatment with an extended remission period (2.5 years) and prolonged overall survival (4.5 years). In a recent report (183), a patient with triple negative breast cancer and lung metastasis who progressed under chemotherapy was treated with methimazole (45 mg per day) and increasing doses of liothyronine (L-T3). This treatment led to stabilization of the disease and CA-125 levels for several months. A second patient described in this study with metastatic pancreatic adenocarcinoma was treated with a similar protocol. In this case, treatment led to a temporary reduction in CA19-9 and a disappearance of a skin metastasis. In both patients, although L-T3 produced early resistance to treatment, a direct tumor growth inhibition effect was also observed. In a study published in 1976 (168), Yung et al. compared 32 patients with glioblastoma treated with surgery and radiation alone with 18 glioblastoma patients treated with surgery, radiation as well T3 to achieve a hyperthyroid state. Patients in the T3 treatment group had significantly longer median survival (60 vs. 30 weeks, p = 0.005). The authors speculated that this may be attributed to radiosensitizing property of triiodothyronine. Hercbergs et al. reported on 22 patients with recurrent glioma who were treated with PTU to induce hypothyroidism, concurrently with tamoxifen (170). Eleven patients became hypothyroid. Median survival was significantly longer in the hypothyroid group (10.1 vs. 3.1 months, p = 0.03). Lastly, another study by Hercbergs et al. included 23 patients with end stage cancers of the brain, ovary, lung, pancreas, salivary gland, and breast as wells mesothelioma and soft-tissue sarcoma (210). In euthyroid patients, hypothyroxinemia was reached by using methimazole, with the addition of L-T3 to avoid hypothyroidism side-effects parallel to suppressing endogenous TSH. The survival time of 83% (19 of 23) of patients exceeded the 20% expected 1-year survival for this group based on the SEER database (p < 0.01).




THE EFFECTS OF THYROID HORMONES ON ANGIOGENESIS AND ANTICANCER IMMUNE RESPONSES

Generation of dense vasculature and evasion of immune reaction are among the key hallmarks of cancer (241). Recent studies provide evidence that TH affect both these crucial features of tumors, enabling cancer progression.

T4 acting on αvβ3 receptor stimulates formation of new vessels as shown in CAM assay and three-dimensional human microvascular endothelial sprouting model (97, 99, 100) which involves activation of MAPK (97). Inhibition of T4-αvβ3 signaling by tetrac or anti-integrin antibody blocked TH-induced formation of new vessels (97, 99). Importantly, tetrac and its nanoparticulate form also inhibited angiogenesis stimulated by cancer cells, as shown by CAM models implanted with renal cell cancer (59), medullary thyroid cancer (82), follicular thyroid carcinoma (83), and non-small cell lung cancer (40).

T4 may also facilitate cancer progression by interfering with anti-tumor immune responses. Treatment of breast and colon cancer cells with T4 stimulated the expression of PD-L1, one of the elements of PD-1/PD-L1 immune checkpoint that controls activation of T cells. Cancer cells often overexpress PD-L1 which interacts with PD-1 receptors on the surface of T cells, thus blocking its activation and attenuating immune response directed against tumors (242). In breast cancer cells, T4 activated PD-L1 expression via non-genomic mechanisms involving αvβ3 receptor. Remarkably, NDAT (nanotetrac) blocked T4-mediated activation of PD-L1, providing a possibility for restoring immune defense against cancer cells. One of the key drawbacks of cancer therapies directed against PD-1/PDL-1 checkpoint, aimed at activation of immune responses, is the risk of autoimmune disease in treated patients. Since αvβ3 is specifically overexpressed in cancer cells, and rarely functions on the surface of healthy cells, treatment of patients with NDAT would possibly not lead to autoimmune responses directed against non-cancer cells (16). Clearly, the results of these promising in vitro studies require further validation in vivo on a larger group of cancer types.



THYROID HORMONES AND RESPONSE TO THERAPY

The results of several in vitro studies suggest that thyroid hormones may influence responses to chemotherapy. Through promotion of cancer cell proliferation, mitochondrial activity, and cell cycle progression from G0-G1 to S, T3 enhances the sensitivity of breast cancer cells to various chemotherapies (22, 23). In pancreatic cancer cells T3 treatment potentiated cytotoxic activities of chemotherapeutics such as cisplatin or gemcitabine (63). Contrasting observations were made for cell lines derived from colonic tumors. In colon cancer cells T3 increases the expression of P-gp (MDR1), one of the key mediators of xenobiotic efflux (67, 109). In contrast to the above mentioned prevalent non-genomic TH effects stimulating cancer progression, T3 activates P-gp expression by TR binding to the direct repeat elements located upstream of the transcription start site of the P-gp gene (243). These results suggest that T3 may possibly interfere with drug treatments of colon cancer; however this hypothesis requires experimental verification. T4 and T3 also interfered with the activity of bortezomib, a key drug in treatment of MM patients (90).



CONCLUSION

The thyroid hormones are increasingly acknowledged for their tumor-promoting effects. We aimed in this review to shed light on this association in order to clarify which types of cancer are thyroid-hormone sensitive and therefore are expected to favorably respond to manipulation of the thyroid hormone axis. This is highly relevant, specifically in the context of the discovery of the T4 receptor site upon the αvβ3 integrin, which is overexpressed in many tumor cells and vasculature and may serve as an attractive target for inhibition. However, currently few T4-αvβ3 inhibitors which demonstrated efficacy in several cancer types are under preclinical studies. Moreover, TH status is currently not yet considered as a risk factor or a prognostic factor in the clinical practice of cancer management, partly due to the conflicting data reported over the years. Future prospective studies to evaluate this link, with strict inclusion/exclusion criteria and predefined cut-off values, are therefore merited. Convincing results may promote the inclusion of thyroid status in the assessment of cancer patients and interventional studies may lead to novel treatment modalities that are desperately lacking in many aggressive cancers.
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The thyroid hormone triiodothyronine (T3) plays a fundamental role in growth regulation, differentiation, metabolism and cellular movement. These processes are particularly important considering that deregulation of T3 levels could promote abnormal responsiveness of mammary epithelial cells, which may lead to the development and progression of breast cancer (BC). Once cells migrate and invade different tissues, BC metastasis is the main cause of cancer-related death because it is particularly difficult to revert this multistep process. Cell migration integrates several steps that induce changes in cell structure and morphology to promote BC cell invasion. These sequential steps include actin cytoskeleton remodeling, focal adhesion complex formation and, finally, the turnover of branched actin filament networks. In this article, we demonstrate that T3 has the ability to modify the Epithelial-Mesenchymal Transition process. In addition, we show that T3 induces actin cytoskeleton reorganization, triggers focal adhesion formation and, as a consequence, promotes actin nucleation via non-genomic pathway. These events are specifically modulated by T3 via integrin αvβ3 to FAK/paxillin/cortactin/N-WASP/Arp2/3 complex signaling pathway, increasing cell adhesion, migration and invasion of T-47D BC cells. We suggest that T3 influences the progression of tumor metastasis by controlling signaling pathways that converge in cell motility. This knowledge is crucial for the development of novel therapeutic strategies for BC treatment.
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INTRODUCTION

Breast cancer (BC) is one of the most common cancer types in women worldwide. Nearly 300.000 new cases of invasive BC are registered every year, and more than 10% of the affected patients die due to this disease (1). Because metastasis is the main cause of death in BC patients, the study of molecular mechanisms that drive cells into an invasive phenotype could offer new perspectives for the development of targeted therapies (2). In order to invade distant tissues, BC cells need to adhere and migrate from the primary tumor, for which actin cytoskeleton reorganization is crucial. Deregulation of the signaling pathways that control actin dynamics marks the onset of cancer progression and metastasis process (3).

Metastasis consists of several steps that include migration of cells away from the primary tumor, their invasion of different tissues and, finally, the generation of a new tumor (4). To achieve these steps, carcinoma cells change their shape, losing their apical-basal polarity to acquire a front-rear polarity that allows cell migration. This process is called Epithelial-Mesenchymal Transition (EMT) (5). This transition involves a downregulation of epithelial proteins expression (E-cadherin) and an upregulation of mesenchymal proteins (vimentin), driving modifications in cell morphology through the reorganization of cytoskeletal architecture (5). Recent studies have demonstrated that the thyroid hormones triiodo-L-thyronine (T3) and tetraiodo-L-thyronine (T4) enhance EMT activity and the metastasis process via integrin αvβ3, reducing E-cadherin and increasing vimentin expression in ovarian cancer cells (6), but the action of T3 on EMT in BC cells remains to be determined.

The thyroid hormones (TH), T3 and T4 regulate cell development, differentiation, metabolism, membrane transport and morphology (7). TH also support BC development by acting as proliferative factors and enhancers of cell migration and invasion (8). T4 has been involved in the promotion of cell proliferation through the ER by a MAPK-dependent pathway in MCF-7 BC cells (9). The effects of TH are generally mediated by genomic mechanisms via nuclear TH receptors that finally regulate specific gene expression. However, in the last decade, several studies have supported the existence of non-genomic or rapid mechanisms triggered by TH, independent of nuclear receptors (10). These rapid actions can be mediated by different plasma membrane-receptors, among them integrin αvβ3 (8). We have recently shown that T3 binds to the integrin αvβ3 receptor, which is highly expressed in several cancer cell lines (8, 10, 11), and it regulates actin cytoskeleton proteins such as Src, FAK, and PI3K, increasing BC cell adhesion and migration (11). Similarly, Lin et al. (12) demonstrated that T3, but not T4, increases Src/PI3K phosphorylation through integrin αvβ3 in human glioma cells. These kinases are over-expressed in different BC cell lines. They activate proteins that are crucial for actinic nucleation, the final step to trigger BC cell motility (13).

One of these proteins is paxillin, a scaffold protein with several key domains for the binding of adhesion molecules and the recruitment of signaling components for actin nucleation (14).

Actinic nucleation, a fundamental mechanism for the branching of actin filaments, is responsible for modifying the cell's cytoskeletal architecture by generating new filaments from pre-existing ones at the cell's leading edge. This crucial step provides the force necessary to trigger cell movement (15, 16). The Arp2/3 complex is one of the main modulators of this process; it is activated by nucleation promoter factors, such as cortactin and N-WASP. Cortactin is able to bind and activate the Arp2/3 complex by its N-terminal region (17). On the other hand, N-WASP belongs to the family of the Wiskott–Aldrich Syndrome Proteins (WASP) and also regulates actinic nucleation by activating the Arp2/3 complex synergistically with cortactin (18). Despite the fact that deregulation of these proteins promotes BC progression, it remains to be studied whether T3 could modulate cell adhesion, migration and invasion, via integrin αvβ3, thus controlling cortactin, N-WASP and Arp2/3 complex activity.

The aim of the present study was therefore to continue elucidating the molecular signal pathway triggered by T3, via integrin αvβ3, on cell morphology and motility in BC cells. In particular, we pretended to deepen our understanding of the rapid actions of T3 on the generation of dynamic structural modifications of the cytoskeleton through key proteins involved in actinic nucleation, representing the starting platform for BC cell migration, invasion, and metastasis.



MATERIALS AND METHODS


Cell Culture and Treatments

The T-47D human breast carcinoma cell line was obtained from the American Type Culture Collection. T-47D cells were grown in RPMI 1640 supplemented with L-glutamine (2 mM), 10% fetal bovine serum (FBS), penicillin and streptomycin under 5% CO2 atmosphere at 37°C. Before long treatments, BC cells were kept 24 h in medium containing steroid-deprived FBS. Before experiments investigating non-transcriptional effects, BC were kept in medium containing no FBS for 8 h. T3 was obtained from Sigma-Aldrich, 4-amino-5-(4-chlorophenyl)-7-(t-butyl)-pyrazolo-(3,4-d) pyrimidine (PP2, 10 μM) was from Calbiochem (La Jolla, CA); and Tetraidothyroacetic acid (Tetrac, 10 μM), FAK inhibitor (FAKi, 1 μM), Wiskostatin (10 μM) and CK-666 (4 μM) were from Santa Cruz Biotechnology (Santa Cruz, CA). Whenever an inhibitor was used, the compound was added 45–60 min before starting the active treatments. PP2, FAKi, Wiskostatin and CK-666 were dissolved in DMSO, Tetrac was dissolved in acetone, and Triiodothyronine (T3) was dissolved in RPMI 1640 Medium.



Immunoblottings

Cell lysates were separated by SDS-PAGE in 8–10% gels and transferred into PVDF membranes. Antibodies used were: p-FAKY397 (611807), FAK (610088) (BD Transduction Laboratories, Lexington, KY); p-FAK (Tyr397) (sc-11765-R), cortactin (H-191), p-cortactin (Tyr466), paxillin (T-16), p-paxillin (Tyr118), E-cadherin (G-10), vimentin (E-5), actin (C-11) (Santa Cruz Biotechnology); α-Tubulin (T9026) (Sigma Aldrich); N-WASP (30D10) (Cell Signaling Technology); p-N-WASP (Ser484/485) (Chemicon International); p-Arp2 (Thr237) (Biorbyt). Primary and secondary antibodies were incubated with the membranes using standard techniques. Immunodetection was accomplished using enhanced chemiluminescence and recorded with a quantitative digital imaging system (Chemidoc XRS with Image Lab, Bio-Rad, USA).



Cell Immunofluorescence

T-47D cells were grown on coverslips. Cells were fixed with 4% paraformaldehyde for 30 min and permeabilized with 0.1% Triton for 5 min. Blocking was performed with PBS containing 3% bovine serum albumin for 30 min at room temperature. Cells were incubated with antibodies against p-paxillinY118; vimentin (E-5) (Santa Cruz Biotechnology); E-cadherin (24E10) (Cell Signaling Technology); p-N-WASPS484/485 (Chemicon International); and p-Arp2T237 (Biorbyt) overnight at 4 °C, followed by incubation with DyLight488/ DyLight594 and/or fluorescein-conjugated secondary antibody (FITC 1:150; Vector Laboratories, Burlingame, CA). Cells were then incubated with Texas Red-phalloidin (Sigma-Aldrich, Saint-Louis, MO) for 30 min. After washing, the nuclei were counterstained with or 4'-6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, Saint-Louis, MO) and mounted with Vectashield mounting medium (Vector Laboratories, Burlingame, CA). Immunofluorescence was visualized using a Nikon Eclipse E200 microscope and recorded with a high-resolution DP70 Olympus digital camera.



Gene Silencing With RNA Interference

Synthetic small interfering RNAs targeting paxillin (siRNA paxillin) and control siRNAs were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The siRNAs were used at the final concentration of 50 nM. T-47D BC cells were treated 48 h after siRNAs transfection. Efficacy of gene silencing was checked with Western analysis and found to be optimal at 48 h.



Transfection Experiments

Dominant negative constructs for cortactin (cortactin3YF, non-phosphorylatable mutant of cortactin) was generously provided by Ph.D John Cooper (Washington University School of Medicine, USA). The inserts were cloned in pcDNA 2AB Flag-cortactin 3YF (19). The plasmids (10 μg) were transfected into T-47D cells using Lipofectamine 2000 (Invitrogen, USA). BC cells were treated 24–48 h after the transfection. Efficacy of transfection was checked with Western analysis and found to be optimal at 36 h.



Cell Migration Assay

Cell migration was assayed with razor scrape assays. Briefly, a razor blade was pressed through the confluent T-47D BC cell monolayer into the plastic plate to mark the starting line. T-47D cells were swept away on one side of that line. Cells were washed, and 2.0 mL of RPMI 1640 containing steroid-deprived FBS and gelatin (1 mg/mL) were added. Cytosine β-D-arabinofuranoside hydrochloride (Sigma) (10 μM), a selective inhibitor of DNA synthesis that does not inhibit RNA synthesis, was used 1 h before the test substance was added to prevent cell proliferation. Immunofluorescence protocol was performed as previously described in Immunoflourescence assay. Only the nuclei were counterstained with or 4'-6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, Saint-Louis, MO) and mounted with Vectashield mounting medium (Vector Laboratories, Burlingame, CA). Migration was monitored for 48 h. Cells were digitally imaged and the migration distance was measured by using Nikon Eclipse E200 microscope and recorded with a high-resolution DP70 Olympus digital camera.



Cell Adhesion Assays

Five hundred thousand cells per well were seeded into 6-well plates on coverslips previously coated with 1% sterile gelatin and exposed to different treatments. The cells were incubated at 37°C for 2 h. Non-adherent T-47D cells were then removed by gently washing with PBS. The attached cells were fixed with 4% formaldehyde and stained with 10% ethanol/crystal violet for 20 min. Cells of attached images were captured and counted in 10 randomly chosen fields per well using a Nikon Eclipse E200 microscope coupled to a high-resolution CCD digital camera, as previously described (20).



Cell Invasion Assay

Cell invasion was assayed using the BD BioCoatTM Growth Factor Reduced (GFR) MatrigelTM Invasion Chamber (BD Bioscience, USA). In brief, after rehydrating the GFR Matrigel inserts, the test substance was added to the wells. An equal number of Control Inserts (no GFR Matrigel coating) were prepared as control. 0.5 mL of T-47D cell suspension (2.5 × 104 cells/mL) was added to the inside of the inserts. Cytosine β-D-arabinofuranoside hydrochloride (Sigma) (10 μM), a selective inhibitor of DNA synthesis that does not inhibit RNA synthesis, was used 1 h before the test substance was added to prevent cell proliferation. The chambers were incubated for 48 h at 37°C, 5% CO2 atmosphere. After incubation, the non-invading cells were removed from the upper surface of the membrane using cotton-tipped swabs. The cells on the lower surface of the membrane were then stained with Diff-Quick stain. The invading cells were observed and photographed under the microscope at 100 X magnification. Cells were counted in the central field of triplicate membranes.



Statistical Analysis

All values are expressed as (mean ± SD) of three independent experiments. Statistical analysis of the data was performed using one-way analysis of variance (ANOVA) followed by Barlett's multiple comparisons test using GraphPad Prism 5 software. P < 0.05 was considered as statistically significant.




RESULTS


T3 Enhances EMT in Breast Cancer Cells

Epithelial cells have an inherent plasticity that allows them to partially or fully transition into mesenchymal cells by downregulating epithelial and upregulating mesenchymal characteristics in response to an external signal (5). As TH are able to rapidly induce EMT in ovarian cancer cell lines (6), as a first approach we decided to investigate the action of T3 on E-cadherin and vimentin expression, two important markers of epithelial and mesenchymal cells, respectively. After treatment with T3 (10 nM) during different periods (30 min, 1, 6, 12, and 24 h), we observed that T3 induced a progressive decrease in E-cadherin levels starting at 30 min, which became statistically significant at 1 and 6 h and then returned to basal levels at 12 and 24 h (Figures 1A,B). We observed an opposite pattern when we analyzed the action of T3 on vimentin expression. T3 increased vimentin levels starting at 30 min, which became significant at 1 and 6 h and returned to basal levels at 12 and 24 h (Figures 1A,B).
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FIGURE 1. T3 modulates EMT via E-cadherin and vimentin expression. (A) T-47D BC cells were treated with T3 for different times (30 min, 1, 6, 12, and 24 h) and Western blot expression patterns for E-cadherin and vimentin were performed. (B) E-cadherin and vimentin densitometry values were adjusted to actin intensity, then normalized to the control sample. Results are expressed as mean ± S.D. *P < 0.05 vs. control. (C,D) An immunofluorescence assay and Western blot analysis were performed to determine E-cadherin and vimentin expression and localization in BC cells. Cells were treated with T3 for 1 h, in the presence or absence of Tetrac. Cells were stained with E-cadherin linked to DyLight594 and vimentin linked to DyLight488; nuclei were counterstained with DAPI. CON, Control. (E) Each EMT marker densitometry values were adjusted to actin intensity, then normalized to the control sample. Results are expressed as the mean ± S.D. *P < 0.05 vs. control. #P < 0.05 vs. control. The experiments were performed in triplicate; representative images are shown.



In parallel, we examined the cellular localization of E-cadherin and vimentin with immunofluorescence analysis after 1 h of T3 treatment. In control cells, we observed that E-cadherin was intensely localized in the plasma membrane, whereas vimentin showed a weak cytosplasmatic stain (Figure 1C). After T3 exposure for 1 h, E-cadherin reduced its membrane intensity level whereas vimentin filaments showed an intense cytoplasmatic stain (Figure 1C).

To determine whether T3 initiates its signaling pathway via integrin αvβ3, we treated the BC cells with T3 in the presence of the integrin αvβ3 receptor antagonist tetraiodothyroacetic acid (Tetrac). Tetrac impaired the expression and redistribution of both EMT markers (Figures 1C,D). By western blot analysis we demonstrated that T3 for 1 h induces E-cadherin downregulation and vimentin upregulation, and this effect was impared by Tetrac (Figure 1E), suggesting that T3 promotes EMT activity via integrin αvβ3 in T-47D BC cell.



Thyroid Hormone T3 Induces Rapid Cytoskeletal and Cell Membrane Remodeling in BC Cells

To determine the effects of T3 on BC cell morphology, we analyzed actin cytoskeleton remodeling by means of an immunofluorescence assay. T3 enhanced actin membrane reorganization, which was evidenced by a remodeling of the cytoskeleton toward the plasmatic membrane. The latter led to a thickening of the membrane and, the formation of specialized cell membrane structures involved in the generation of cellular locomotive force, such as lamellipodia, filopodia, and membrane ruffles (Figure 2A, 20 min, red arrows). This event was time-dependent; a maximal remodeling was observed after 20 min of T3 exposure, which returned to basal levels after 60 min (Figure 2A).
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FIGURE 2. T3 induces dynamic actin remodeling in BC cells. (A) T-47D cells were treated for different times with T3 (10 nM). Actin fibers were stained with phalloidin linked to Texas Red (red labeling) and nuclei were counterstained with DAPI (blue labeling). The inserts show the generation of dynamic structural modifications of the cytoskeleton, with the development of protrusive membrane structures, such as lamellipodia and filopodia at higher magnification. (B,C) Dose-dependent and (D,E) time-dependent cortactin and N-WASP phosphorylation of T-47D cells after T3 treatment. Total cell amount of wild-type cortactin and phosphorylated cortactin (p-cortactinY466) or N-WASP and phosphorylated N-WASP (p-N-WASPS484/5) are shown by Western blot analysis. Phospho-cortactin and p-N-WASP densitometry values were adjusted to cortactin and N-WASP intensity, respectively, then normalized to the control sample. *P < 0.05 vs. corresponding control. All experiments were performed in triplicate with consistent results; representative images are shown.



Cortactin and N-WASP are two important actin nucleation regulators that are modulated by specific phosphorylation. We evaluated the phosphorylation of cortactin and N-WASP after increasing doses of T3 for 20 min. We observed that the phosphorylation of both proteins was maximal with 10 nM (Figures 2B,C) and therefore used this concentration for the rest of the experiments.

In addition, T3 rapidly induced Ser484/485 N-WASP phosphorylation in a time-dependent manner, with a maximal effect at 20 min and a return to basal levels after 60 min (Figures 2D,E).



T3 Signal to FAK/paxillin Phosphorylation via Integrin αvβ3 Increasing T-47D Cell Migration

We evaluated the role of diverse protein kinases in the cascades involved in the signaling to cortactin and N-WASP in BC cells. We had previously determined that T3 induces rapid phosphorylation of Src, FAK and PI3K, via integrin αvβ3, and promotes BC cell motility (11). We thus analyzed two central proteins involved in focal adhesion complex formation, FAK and paxillin phosphorylation/activation, after T3 stimulation in T-47D cells. We observed that a rapid pulse of 10 nM T3 (20 min) increased FAKTyr397 and paxillinTyr118 phosphorylation and that this effect was prevented by the integrin αvβ3 receptor antagonist Tetrac (Figures 3A,B). Src and FAK are the main kinases involved in focal adhesion signaling; they are responsible for the recruitment and phosphorylation of paxillin. We therefore used pharmacological inhibitors of Src (PP2) and FAK (FAKi) in cells exposed to T3 and observed that the increase of phospho-FAKTyr397 and phospho-paxillinTyr118 was impaired by PP2 and FAKi, suggesting that T3 induces paxillin phosphorylation via Src and FAK (Figures 3C,D).


[image: image]

FIGURE 3. T3 promotes FAK and paxillin phosphorylation through integrin αvβ3. (A) T-47D cells were treated with T3 (10 nM) for 20 min in the presence or absence of Tetrac. Total cell amount of wild-type FAK and paxillin, or phospho-FAK and p-paxillin, are shown with Western blot. (B) Phospho-FAK and phospho-paxillin densitometry values were adjusted to FAK and paxillin intensity, respectively, then normalized to the control sample. Results are expressed as the mean ± S.D. *P < 0.05 vs. control. #P < 0.05 vs. control. (C) Cells were exposed to T3 (10 nM) for 20 min in the presence or absence of PP2 (10 μM) and FAK (1 μM), and FAK and paxillin phosphorylation were analyzed through Western blot assay. (D) Phospho-FAK and p-paxillin densitometry values were adjusted to FAK and paxillin and/or actin intensity and normalized to the control. Results are expressed as the mean ± S.D. *P < 0.05 vs. control. #P < 0.05 vs. control. (E) BC cells were stained with anti-phospho-paxillinTyr118 linked to FITC, filamentous actin was stained with phalloidin linked to Texas Red and nuclei were counterstained with DAPI. CON, Control. Yellow arrows indicate membrane-localized paxillinTyr118-. (F) Quantification of the membrane-localized p-paxillin in the different conditions. Results are expressed as Dots/cells (mean ± SD). *P < 0.05 vs. control. Membrane-localized p-paxillin was counted in 40 different cells. The experiments were repeated three times with consistent results. (G) Cells were treated with T3 (10 nM) for 48 h in the presence or absence of PP2, FAKi and siRNA paxillin. Representative images are shown. Migration assay was monitored at 48 h by taking photographs. DAPI was used to stain nucleus and Gap closure was quantified with the use of NIH image J software. *P < 0.05 vs. control. (H) Cell migration distances were measured; values are presented as % of control. *P < 0.05 vs. control. The experiments were performed in triplicate with consistent results; representative images are shown.



To determine the role of paxillin in the formation of focal adhesion complex, we next examined its subcellular localization in the presence of T3 by means of immunofluorescence. Breast cancer cells treated with T3 triggered a significant increase of phospho-paxillinTyr118 at the cell membrane periphery where cortical actin complexes were formed, and this was impaired by the blockade of Src (PP2), FAK (FAKi), and paxillin (siRNAs) (Figures 3E,F).

Finally, we evaluated BC cell migration through a wound-healing assay during exposure to T3 during 48 h. We observed that T3 significantly enhanced BC cell migration; this effect was prevented by the use of PP2, FAKi and the silencing of paxillin with specific siRNAs (Figures 3G,H). Altogether, these results suggest that T3 signals to paxillin through a Src/FAK cascade. When paxillin is phosphorylated, it consequently translocates to the cell periphery, promoting BC cell migration.



Intracellular Events Linking Activation of Paxillin to Cortactin, N-WASP and Arp2/3 Complex

In order to continue elucidating the signaling by which T3 enhances BC cell movement, we evaluated the role of paxillin toward three fundamental components of actin nucleation: cortactin, N-WASP and Arp2/3 complex. We observed that the rapid treatment with 10 nM of T3 (20 min) significantly increased the phosphorylation levels of paxillin, cortactin, N-WASP and the subunit Arp2 (Arp2/3 complex) (Figures 4A,B). Paxillin phosphorylation was only prevented by the use of the specific siRNA vs. paxillin, whereas phospho-cortactin was inhibited by the siRNA vs. paxillin and its dominant-negative cortactin3YF construct (cortactin3YF), but not with the specific inhibitor of N-WASP, Wiskostatin. Finally, N-WASP and Arp2 phosphorylation were markedly reduced by the silencing of paxillin, blockade of cortactin3YF and the inhibition of N-WASP (Figures 4A,B), suggesting that integrin αvβ3 signals to Arp2/3 complex via FAK, paxillin, cortactin, and N-WASP.
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FIGURE 4. T3 signals to paxillin, cortactin, N-WASP and Arp2/3 complex. (A,B) T-47D cells were incubated in the presence of 10 nM T3 for 20 min with or without silencing of paxillin with specific siRNAs and/or inhibition of cortactin and N-WASP. Actin, phospho-paxillinY118, p-cortactinY466, p-N-WASPS484/485 and p-Arp2Y237 were assayed in cell extracts. The densitometry values were adjusted to actin intensity, then normalized to the control sample. (C–F) T-47D cells were transfected, with paxillin-targeted siRNAs or the dominant negative constructs of cortactin (cortactin3YF) and incubated with T3 (10 nM) for 20 min. Paxillin protein expression was detected by Western blot, and actin intensity was used as loading control. Paxillin and cortactin densitometry values were adjusted to actin intensity, then normalized to the control sample. *P < 0.05 vs. corresponding control. (G) Cells were stained with anti-phospho-N-WASPS484/485 linked to FITC (green) and (H) phospho-Arp2T237/8 linked to FITC (green), filamentous actin was stained with phalloidin linked to Texas Red and nuclei were counterstained with DAPI. CON, Control. Yellow arrows indicate membrane-localized p-N-WASPS484/485 and p-Arp2T237/8. All experiments were performed in triplicate with consistent results; representative images are shown.



The efficacy of transfections was assayed by Western blot. The siRNA of paxillin significantly reduced its expression (Figures 4C,D), whereas the expression of cortactin3YF construct significantly increased the amount of cortactin present in these BC cells (Figures 4E,F).

We next evaluated the subcellular localization of phosphorylated N-WASPS484/485 and Arp2T237/238. In control cells, phospho-N-WASP and phospho-Arp2 were weakly distributed throughout the cytoplasm (Figures 4G,H). T3 exposure for 20 min increased N-WASPS484/485 and Arp2T237/238 phosphorylation and translocation to the plasmatic membrane (Figures 4G,H). This relocalization was prevented by the use of cortactin3YF (Figure 4G) and Wiskostatin (Figure 4H).



T3 Enhances Cell Adhesion and Invasion via Paxillin/Cortactin/N-WASP/Arp2/3 Complex

We performed an adhesion and three-dimensional invasion assay using Matrigel to determine the ability of cancer cells to adhere and invade the surrounding environment. Treatment with T3 (10 nM) enhanced the capacity of BC cells to adhere (Figures 5A,B, yellow arrows) and invade ECM (Figures 5C,D, yellow arrows). This ability was drastically diminished in treatments where specific inhibitors were used, such as siRNA paxillin, cortactin3YF, Wiskostatin and the specific inhibitor of the Arp2/3 complex (CK-666) (Figures 5A,D). These results support the concept that paxillin, cortactin, N-WASP and Arp2/3 Complex are involved in adhesion and cellular invasion processes triggered by T3.
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FIGURE 5. BC cell adhesion and invasion is triggered by T3 via paxillin/cortactin-N-WASP/ Arp 2/3 Complex pathway. T-47D cells were treated with T3 (10 nM) for 2 h (A) and 48 h (C) in the presence or absence of Wiskostatin or CK-666, and transfected with siRNAs vs. paxillin or mutant constructs for cortactin (cortactin3YF). (A) After the treatment, cells were placed on coverslips previously covered with gelatin and a cell adhesion assay was performed. Representative images of adhered cells are shown. (B) Percentage of attached cells vs. CON, Control cells. Experiments were performed in triplicate; *P < 0.05 vs. CON. (C) Breast cancer cell invasion through matrigel was assayed with invasion chambers. Representative images in chambers with matrigel are shown. (D) Invading cells were counted in the central field of triplicate membranes. *P < 0.05 vs. CON.






DISCUSSION

In the last years, several studies have evidenced a link between thyroid hormones (TH) and cancer development (21). Because TH regulate growth, differentiation, development and metabolism, altered levels of these hormones could play a significant role in the development and progression of diverse types of cancer, including breast cancer (BC). Published works about the relationship between hyper- and hypothyroidism and the incidence of BC are controversial. Some authors consider hypothyroidism an important enhancer factor in invasion and metastasis (22), other studies suggest that hypothyroidism does not affect, or, rather, reduces the risk of developing the disease (23), whereas other not found association between hypothyroidism or hyperthyroidism and BC (24). In addition, an important association between hyperthyroidism and the risk of developing BC has been established (25, 26). Søgaard et al. (27) described an increased risk of BC in women with hyperthyroidism and a slightly reduced risk in women with hypothyroidism, suggesting that a correlation exists between TH levels and BC risk.

Furthermore, a significant positive associations between higher prediagnostic T3 levels, larger tumors and occurrence of lymph node metastases have been demonstrated, suggesting that this association, can be related to both a higher incidence and more aggressive forms of BC, increasing BC mortality (28).

For this reason, in this work we evaluated the effect of T3 in a supraphysiological concentration (10 nM) taking into account that altered levels of this hormone could be related with BC.

We have previously shown that reducing T3 levels downregulates the expression of key cell motility regulators, such as Src, FAK, and PI3K kinase, in T-47D BC cells (11). In the present work we observed that treatment with T3 (10 nM) results in a maximal phosphorylation of cortactin and N-WASP (Figures 2B,C), which suggests that altered levels of T3 affect BC cells' ability to induce the adhesion, migration and invasion processes.

As a first approach, we studied the involvement of T3 in the epithelial-mesenchymal transition (EMT), a key step for the early development of metastasis. We observed a progressive reduction of E-cadherin expression and an increase in vimentin expression in a time-dependent manner, being maximal at 1 h and returning to basal levels at 12 and 24 h. We also showed, by means of immunofluorescence experiments, that these changes were accompanied by a reduction of E-cadherin at the plasma membrane and an increase in the intensity of vimentin filaments in the cytoplasm. Lamouille et al. (5) have described that during the EMT initiation, E-cadherin expression is reduced because it is cleaved at the plasma membrane and degraded in the cytoplasm. This could explain the protein level reduction observed in this work. Furthermore, an increased expression of intermediate filaments, such as vimentin, is necessary to determine the beginning of the transition (29), by promoting the directional cell migration by regulating microtubule polarity and focal adhesion dynamics (30). Previous works have also reported this altered expression of E-cadherin/vimentin in response to TH. Weingarten et al. (6) have determined that 1-4 h of T3 and T4 treatment drastically increases the expression of vimentin and reduces E-cadherin mRNA level to half of its basal level in OVCAR-3 and SKOV-3 ovarian cancer cell lines. They demonstrated that the modifications in EMT proteins were mediated by integrin αvβ3 membrane receptor, which is consistent with our results (6). The EMT is an orchestrated sequential steps process in which cell-cell and cell-extracellular matrix (ECM) interactions are modified to release epithelial cells from the surrounding tissue, along with actin cytoskeleton rearrangements to confer cells the ability to migrate through a three-dimensional ECM. In fact, TH are capable of modify the expression of several and crucial components of ECM. In mouse mammary epithelial cells, T3 increases the expression of the proteases stromelysin 1 and 2 and stimulates their activity leading to a gelatinolytic activity of type IV collagenase (31). In human hepatoma cells and fibroblast, T3 induces fibronectin expression by activating hypoxia-inducible factor-1 (HIF-1) (32). Furthermore, in astrocytes TH regulates integrin interactions with ECM proteins like laminin, being essential for their migration during brain development (33, 34). These studies indicate that TH may exert an integrated regulation of tumor progression by modifying the ECM, the EMT and the signaling pathways implicated in cell migration and invasion. Our study, specifically reveals that T3 enhance the EMT and this leads to an important cell cytoskeleton reorganization, increasing cellular motility and enabling cells to develop an invasive phenotype driven by T3.

Another finding of this work is that T3 stimulates morphological changes that depend on the generation of dynamic structural modifications of the actin cytoskeleton reorganization, via actin polymerization/depolymerization, in association with specialized membrane structures, such as lamellipodia, filopodia and membrane ruffles. These structures are fundamental to promote cell adhesion, migration and invasion processes.

Cell adhesion is carried out by different integrins including αvβ3 that recruits Src and FAK kinases, which are critical for the formation of focal adhesion (FAs) complexes (16, 34, 35). Cohen et al. (36) have shown that T3 and T4 regulate adhesion, migration and matrix metalloproteinase activity via integrin αv/β3 in myeloma cells. We have previously reported that T3, via integrin αvβ3, represents the starting platform to activate Src, FAK, and PI3K, which leads to increased BC cell motility (11). We have not evaluated the use of Tetrac to block cell adhesion, migration and invasion, but Weingarten et al. (6) are currently developing a nano-particle antagonist of thyroid-integrin binding that could represent a novel agent that may limit the metastasic potential of cancer cells. For this reason, we continued evaluating the non-genomic effects of T3 on several kinases and scaffold proteins related to cell movement, such as paxillin. Paxillin has many binding partners and acts as a pivot molecule between the formation of focal adhesion complex and the actin nucleation, key steps in the regulation of cell motility (3, 37). Our results show that T3 induces paxillin phosphorylation whereas the specific integrin αvβ3 receptor antagonist Tetrac inhibits this action. Once paxillin is activated by T3, it translocates to sites where FAs are formed. This effect is dependent on integrin αvβ3, Src and FAK proteins. This finding is in agreement with our previous work, in which we have shown that paxillin is recruited to FAs by Src and FAK in response to rapid treatments of BC cells with estradiol (37). Similarly, Deramaudt et al. (38) have shown that a FAK mutant construct deficient in binding paxillin disrupts FA formation and drastically reduces cell adhesion, migration and invasion of mouse fibroblasts. When paxillin is phosphorylated and recruited to FAs, it becomes a docking site for many downstream signaling molecules, among them the actin nucleation regulators cortactin and N-WASP (37, 39).

Actin nucleation is crucial for directional cell motility through the actin polymerization process. The latter involves the generation and turnover of actin filaments, which form subcellular structures (lamellipodia and filopodia) that are key for cell movement. In this context, many signaling pathways drive actin nucleation by regulating actin-binding protein activity. In order to be functional, Arp2/3 complex needs to be activated by proteins called nucleation promoting factors or NPFs. In this work we evaluated the role of T3 on two main NPFs, cortactin and N-WASP. We identified the recruitment of the FAK/paxillin/cortactin by T3, which is a step required for N-WASP and Arp2/3 complex phosphorylation and translocation to the plasma membrane. Blocking this event by using specific inhibitors or mutant constructs drastically affects cell adhesion and invasion, which highlights the importance of actin nucleation proteins in tumor progression. These findings emphasize the relevance of the cortactin/N-WASP/Arp2/3 complex phosphorylation and regulation for cancer metastasis. The discovery that cortactin/N-WASP controls the Arp2/3 complex via thyroid hormones may thus offer novel insights to better understand the action of these hormones on BC metastasis, although there is considerable evidence of the role of TH in enhancing metastasis in several types of cancer (40). The use of specific NPF inhibitors could thus be an attractive alternative to counteract the ability of BC cells to metastasize. Although no drug is available to target cortactin, Dasatinib is currently used to disrupt the Src/cortactin signaling pathway for blocking BC metastasis (41). A recent study demonstrated that using nanobodies to target the VCA domain of N-WASP results in a diminished invasiveness of breast, prostate, and head and neck squamous cancer cells by disrupting N-WASP/Arp2/3 complex interaction (42).

Additionally, we also studied the phosphorylation of Arp2 subunit, which is fundamental to the fully functioning of Arp2/3 complex (43). Our results suggest that paxillin, cortactin, and N-WASP relay signals from integrin αvβ3 to the Arp2/3 complex.

One limitation of this study is the use of only one BC cell line. Also, it would be interesting to validate these findings in other models, mainly in primary cell cultures because integrin αv/β3 is universally expressed in cancer cells.

In conclusion, our findings provide new insights about the non-genomic action of T3 in BC cell progression via integrin αvβ3/FAK/paxillin/cortactin/N-WASP/Arp2/3 complex (Figure 6). We observed how T3 induces rapid alterations in the plasma membrane, leading to a rearrangement of the actin cytoskeleton and consequent formation of structures related with cell motility, increasing cell adhesion, migration, and invasion in T-47D BC cells. These findings could be helpful to develop new drugs that interfere with the ability of breast tumors to diffuse locally or at distant sites in patients with thyroid disorders and breast cancer, counteracting BC cell progression by controlling circulating T3 levels.
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FIGURE 6. Schematic signaling cascade triggered by T3 promoting BC cell migration and invasion. Binding of T3 to the specific membrane integrin αvβ3 receptor induces phosphorylation of the Src/FAK/paxillin/cortactin/N-WASP/Arp2/3 Complex cascade, promoting BC cell motility.
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Colorectal cancer is a serious medical problem in Taiwan. New, effective therapeutic approaches are needed. The selection of promising anticancer drugs and the transition from pre-clinical investigations to clinical trials are often challenging. The deaminated thyroid hormone analog (tetraiodothyroacetic acid, tetrac) and its nanoparticulate analog (NDAT) have been shown to have anti-proliferative activity in vitro and in xenograft model of different neoplasms, including colorectal cancers. However, mechanisms involved in tetrac- and NDAT-induced anti-proliferation in colorectal cancers are incompletely understood. We have investigated possible mechanisms of tetrac and NDAT action in colorectal cancer cells, using a perfusion bellows cell culture system that allows efficient, large-scale screening for mechanisms of drug actions on tumor cells. Although integrin αvβ3 in K-RAS wild type colorectal cancer HT-29 cells was far less than that in K-RAS mutant HCT116 cells, HT-29 was more sensitive to both tetrac and NDAT. Results also indicate that both tetrac and NDAT bind to tumor cell surface integrin αvβ3, and the agents may have different mechanisms of anti-proliferation in colorectal cancer cells. K-RAS status appears to play an important role in drug resistance that may be encountered in treatment with this drug combination.

Keywords: perfusion bellows cell culture system, colorectal cancer cells, anticancer, phosphoERK1/2, NDAT, tetrac, integrin αvβ3


INTRODUCTION

The well-demonstrated receptor of thyroid hormone on the extracellular domain of plasma membrane integrin αvβ3 is mainly expressed on tumor cells and dividing blood vessel cells. Steroid hormones (1–3) and thyroid hormones (L-thyroxine, T4, and 3,5,3′-triiodo-L-thyronine, T3) are able to bind to integrin αvβ3 on cells (4–11). The interaction between thyroid hormone and integrin αvβ3 (11) has been demonstrated to promote cancer cell proliferation in various types of cancer cells, including breast cancer (12, 13), lung cancer (10, 14), glioma cells (15, 16), myeloma cells (17), pancreatic cancer (18), and colorectal cancer cells (6, 7, 13, 19). Crosstalk between epidermal growth factor (EGFR) and the integrin has been reported to be involved in regulation of cancer cell proliferation (7, 13). Signal transduction mechanisms mediate the promotion of cancer cell proliferation by thyroid hormone and such mechanisms can be blocked by tetraiodothyroacetic acid (tetrac) (7, 13), a deaminated analog of thyroid hormone.

Tetrac has been shown to compete with thyroid hormone, e.g., L-thyroxine (T4) for the iodothyronine receptor on integrin αvβ3. Tetrac inhibits binding of thyroid hormones, thus inhibiting the downstream signal transduction pathways of nongenomically initiated effects of thyroid hormone (4, 7, 19–21). Tetrac also has actions at the receptor that are independent of the functions of thyroid hormone, for example, modulation of angiogenesis by multiple mechanisms and regulation of tumor cell metabolism (22). Its interaction with integrin αvβ3 permits tetrac to modify differentially regulated gene expression that is related to cancer cell survival pathways. Tetrac up-regulates expression of pro-apoptotic BcL-x short form (12), anti-angiogenic thrombospondin 1 (THBS1) and other pro-apoptotic genes (4). In addition, tetrac downregulates transcription of several families of anti-apoptotic genes. A nano-formulation of tetrac, nano-diamino-tetrac (NDAT), has been shown to act primarily at the cell surface and does not enter the nucleus when it does enter the cell.

Recently we have studied the anti-proliferative effects of tetrac, NDAT, and their combinations with other anticancer drugs on colorectal cancer cells (4, 7, 13, 19–21). In combination with resveratrol, NDAT downregulated resveratrol-induced ribonucleotide reductase regulatory subunit M2 (RRM2) gene expression in vivo and potentiated the anticancer effect of the stilbene (20). In addition, tetrac enhanced nuclear abundance of chibby family member 1 (CBY1), a nuclear β-catenin antagonist, which is a protein that may compromise nuclear β-catenin-dependent gene expression and proliferation (6). Gefitinib-induced anti-proliferation in gefitinib-resistant colorectal cancer cells is restored by NDAT; the mechanism involves inhibition of beta-galactoside alpha-2, 6-sialyltransferase 1 (ST6Gal1) activity and PI3K activation (7). These observations indicate that added or enhanced effects are obtained with combinations of tetrac or NDAT and other chemotherapeutic agents.

In the current report, we investigated mechanisms by which tetrac- and NDAT induced anti-proliferation in colorectal cancer cells. In addition, we report studies conducted to define the different gene profiles induced by tetrac and NDAT in colorectal cancer cell lines. Finally, using a novel perfusion bellows cell culture system, we have distinguished the mechanisms by which tetrac or NDAT work on human colorectal cancer cells with different K-RAS status.



MATERIALS AND METHODS


Cell Cultures

Human colorectal cancer cell lines HT-29 (ATCC® HTB-38™) and HCT 116 (ATCC® CCL-247™) were obtained from American Type Culture Collection (ATCC) (Manassas, VA, USA). Cells were maintained in RPMI-1640 medium (Life Technologies Corp. Carlsbad, CA, USA) supplemented with 10% FBS and grown under 5% CO2/95% air at 37°C routinely. Prior to treatments, cells were washed with phosphate buffered saline (PBS) and then serum-free medium was added for starvation for 48 h. Then, the serum-free medium was replaced by 5% stripped FBS containing medium at the initiations of studies.



Pharmacodynamics

Anti-proliferative effects of tetrac and NDAT were defined in a well-established perfusion bellows cell culture system (13, 23). At the outset, 5 × 107 cells were seeded in perfusion bellows cell culture system and incubated at 37°C overnight. Then polymer flakes were harvested, trypsinized, and cells were collected and counted. The number of original cells attached to flakes was 0.5 × 107 cells/bottle. Cell cultures were refreshed with 1% stripped FBS-containing medium. Tetrac or NDAT was added in a medium bottle to the final concentrations indicated in the Results section. Specific concentration of tetrac and NDAT were chosen according to the physiological concentration of T4 (10−7 M) as described previously (24–26). The samples of cell-bearing flakes were then treated as indicated, and cells were harvested at timeframe indicated, trypsinized, and collected for counting. The cell cultures were refreshed with 10% hormone-stripped FBS containing medium.



Quantitative Real-Time PCR (QPCR)

Total RNA was extracted and genomic DNA was eliminated with the Illustra RNAspin Mini RNA Isolation Kit (GE Healthcare Life Sciences, Buckinghamshire, UK). One microgram of DNase I-treated total RNA was reverse-transcribed with a RevertAid H Minus First Strand cDNA Synthesis Kit (Life Technologies Corp.) into cDNA and used as the template for real-time PCR reactions and analysis. The real-time PCR reactions were performed using QuantiNovaTM SYBR® Green PCR Kit (QIAGEN, Valencia, CA, USA) on a CFX Connect™ Real-Time PCR Detection System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). This involved an initial denaturation at 95°C for 5 min, followed by 40 cycles of denaturing at 95°C for 5 s and combined annealing/extension at 60°C for 10 s, as described in the manufacturer's instructions. The primer sequences were: Homo sapiens integrin, alpha v (ITG αv), forward 5′-TCCGATTCCAAACTGGGAGC-3′ and reverse 5′-AAGGCCACTGAAGATGGAGC-3′ (Accession No.: NM_002210.4); Homo sapiens integrin, beta 3 (ITG β3), forward 5′-CTGGTGTTTACCACTGATGCCAAG-3′ and reverse 5′-TGTTGAGGCAGGTGGCATTGAAGG-3′ (Accession No.: NM_000212.2); Homo sapiens caspase 2, apoptosis-related cysteine peptidase (CASP2), forward 5′-GCATGTACTCCC ACCGTTGA-3′ and reverse 5′-GACAGGCGGAGCTTCTTGTA-3′ (Accession No.: NM_032982.3); Homo sapiens v-myc avian myelocytomatosis viral oncogene homolog, (c-Myc), forward 5′-TTCGGGTAGTGGAAAACCAG-3′ and reverse 5′-CAGCAGCTCGAATTTCTTCC-3′ (Accession No.: NM_002467); Homo sapiens p53-inducible gene 3 (PIG3) / tumor protein p53 inducible protein 3 (TP53I3), forward 5′-TTGAGGCATCTGGACATGTG-3′ and reverse 5′-GGGTCAATCCCTCTGGGATAG-3′ (Accession No.: NM_004881.4); Homo sapiens tumor protein p53 (p53), forward 5′-AAGTCTAGAGCCACCGTCCA-3′ and reverse 5′-CAGTCTGGCTGCCAATCCA-3′ (Accession No.: NM_000546.5); Homo sapiens cyclin-dependent kinase inhibitor 1A (p21), forward 5′- CTGGGGATGTCCGTCAGAAC-3′ and reverse 5′-CATTAGCGCATCACAGTCGC-3′ (Accession No.: BT006719.1); Homo sapiens BCL2-associated agonist of cell death (BAD), forward 5′- CTTTAAGAAGGGACTTCCTCGCC-3′ and reverse 5′-AAGTTCCGATCCCACCAGGA-3′ (Accession No.: NM_032989.2); Homo sapiens vascular endothelial growth factor A (VEGF-A), forward 5′-TACCTCCACCATGCCAAGTG-3′ and reverse 5′-GATGATTCTGCCCTCCTCCTT-3′ (Accession No.: NM_001204384.1); Homo sapiens programmed death ligand 1 (PD-L1) (CD274), forward 5′-GTTGAAGGACCAGCTCTCCC-3′ and reverse 5′-ACCCCTGCA TCCTGCAATTT-3′ (Accession No. NM_014143.3); Homo sapiens thrombospondin 1, (THBS1), forward 5′-ATCCTGGACTCGCTGTAGGT-3′ and reverse 5′-GTCATCGTCCCTTTCGGTGT-3′ (accession no.: BC136470.1); and Homo sapiens 18S ribosomal RNA (18S), forward 5′-GTAACCCGTTGAACCCCATT-3′ and reverse 5′-CCATCCAATCGGTAGTAGCG-3′ (accession no. NR_003286). The relative gene expression normalized to the internal control 18S rRNA was calculated based on the ΔΔCT method and the fidelity of the PCR reactions was determined with melting temperature analysis.



Western Blotting

Western blotting analyses were conducted followed routine protocol described previously (6, 7, 19–21, 23). Consistent amount of protein samples were resolved on a 10% sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE). A 20 μg quantity of protein was loaded in each well with 5x sample buffer, and the protein samples were resolved with electrophoresis at 100 V for 2 h. The resolved proteins were transferred from the polyacrylamide gel to Millipore Immobilon-PSQ Transfer PVDF membranes (Millipore, Billerica, MA, USA) with the Mini Trans-Blot® Cell (Bio-Rad Laboratories). The membranes were blocked with a solution of 2% FBS in Tris-buffered saline and incubated with primary antibodies to pERK1/2 (GeneTex, Inc., Hsinchu, Taiwan), Cyclin D1 (Santa Cruz Biotechnology, Inc., Dallas, TX, USA), ERK1/2 (Santa Cruz Biotechnology), and α-Tubulin (Novus Biologicals, Littleton, CO, USA) at 4°C overnight and washed; the proteins were detected with HRP-conjugated secondary antibodies and Immobilon™ Western HRP Substrate Luminol Reagent (Millipore). Images of the western blots were visualized and recorded with an Amersham Imager 600 (GE Healthcare, Chicago, IL, USA). The blots were quantified using ImageJ software (National Institutes of Health, Bethesda, MD, USA).



Flow Cytometry Analysis

HCT116 cells and HT-29 cells were harvested from polymer flakes by trypsinization, washed with PBS, and resuspended in 1 mL PBS (1 × 106 − 5 × 106 cells). To quantify the expression of integrin αvβ3 on the cell membrane, cells were fixed with 70% ethanol for 30 min at 4°C. Cells were washed in PBS three times and then resuspended in 100 μL PBS with 1% bovine serum albumin (BSA) at a concentration of 5 × 106 cells per mL. Cells were incubated with mouse monoclonal anti-integrin αvβ3 antibody (1:50; Santa Cruze Biotechnology Inc.) at room temperature for 1 h. Cells were further incubated with an Alexa-647-labeled goat anti-rabbit antibody (1:200, GeneTex International Corporation, Hsinchu City, Taiwan) at room temperature for 30 min in the dark. Flow cytometry was carried out on a FACSCalibur™ (Becton Dickinson) instrument, using CellQuest software to determine the expression of integrin αvβ3. Fluorescence-activated cell sorting (FACS) analysis used integrin αvβ3-Alexa-647. Relative percentages of integrin αvβ3-positive cells were calculated from FL-3 histograms using ModFit LT software.



Data Analysis and Statistics

Data are presented as the mean ± S.E. The data were analyzed using IBM SPSS Statistics software version 19.0 (SPSS, Inc., Chicago, IL, USA). One-way analysis of variance (ANOVA) with Duncan's post-hoc test was used to analyze the differences between experimental groups followed by a paired Student's t-test. Student's t-tests for paired data were also used in some cases as indicated. p < 0.05 was considered statistically significant.




RESULTS


Different Expression Levels of Integrin αvβ3 Are Present on the Cell Surface of Colorectal Cancer Cells

To evaluate the expression of integrin αvβ3 in the colorectal cancer cell lines HCT116 and HT-29, studies of QPCR and flow cytometry analysis of integrin αvβ3 were conducted. The expressions of ITGαV and ITGβ3 in HCT116 cells were significantly higher than that in HT-29 cells (2.7 fold in ITGαV and 9.4 fold in ITGβ3) (Figure 1A, left panel). The expression of integrin αvβ3 on the cell surface of HCT116 cells (35.6%) was also notably greater than that on HT-29 cells (12.6%) (Figure 1A, right panel).
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FIGURE 1. Cell surface integrin αvβ3 is the binding site of tetrac and NDAT in colorectal cancer cells. (A) Eighty-five percent confluent colorectal cancer cells, HT-29 cells, and HCT116 cells, grown in 10-cm Petri dishes were harvested for studies of QPCR and flow cytometry analysis of integrin αvβ3. For studies of ERK1/2 activation, HT-29 cells and HCT116 cells seeded in 10-cm Petri dishes were pretreated with 1 μg/mL of anti-integrin αvβ3 antibody for 30 min and then treated with either 10−7 M tetrac or 10−7 M NDAT for 30 min. Total proteins were extracted, then Western blot analyses were conducted. (B) Activation of ERK1/2 was induced by NDAT but not tetrac in HT-29 cells. (C). Activation of ERK1/2 was inhibited by tetrac and NDAT in HCT116 cells. Pretreatment of anti-integrin αvβ3 antibody reversed their effects. Number of independent experiments. N = 3. (Data are expressed as mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001, compared with untreated control; #p < 0.05, ###p < 0.001, compared with anti-integrin αvβ3 antibody treatment. a-c: the subsets after post hoc analysis after the significant differences were obtained using one-way ANOVA).





Both Tetrac and NDAT Bind to Cell Surface Integrin αvβ3 in Colorectal Cancer Cells

To determine whether the signal transduction pathways activated by tetrac and NDAT are integrin αvβ3-dependent, colorectal cancer K-RAS-mutant HCT116 cells and K-RAS-wild type HT-29 cells were set in 10 mL Petri dishes and starved with serum-free media for 2 days. Prior to starting each experiment, cells were re-fed with fresh medium. Cells were treated with 1 μg/mL anti-integrin αvβ3 30 min before treatment of either 10−7 M tetrac or NDAT for 30 min. Total proteins were extracted and Western blot analyses were conducted for pERK1/2 study. Tetrac inhibited activation of ERK1/2, but NDAT increased activated ERK1/2 in HT-29 cells (Figure 1B). On the other hand, tetrac and NDAT inhibited constitutively activated ERK1/2 in HCT116 cells (Figure 1C). However, this effect was partially removed by anti-integrin αvβ3 antibody pretreatment (Figures 1B,C).

Parallel studies were conducted to define the expression of specific genes controlled by tetrac or NDAT. Colorectal cancer HCT116 cells were set in 6-well trays and starved with serum-free media for 2 days. Prior to starting each experiment, cells were re-fed with fresh medium. Cells were treated with 1 μg/mL anti-integrin αvβ3 for 30 min prior to treatment with 10−7 M tetrac or NDAT for 24 h. Total RNA was extracted and qPCR was conducted for integrin αv (ITG αv), integrin β3 (ITG β3), CASP2, CCND1, c-Myc, and THBS1. Results shown in Figure 2 indicate that both tetrac and NDAT inhibited expression of CCND1 and c-Myc, but promoted expression of CASP2 and THBS1. The effect of NDAT was much greater than that of tetrac. However, pretreatment of cells with anti-integrin αvβ3 blocked the effect of tetrac and NDAT (Figure 2). These results suggest that both tetrac and NDAT bind to integrin αvβ3 to induce downstream signals that play an important role in tetrac/NDAT-dependent cellular activities.
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FIGURE 2. Tetrac and NDAT via cell surface integrin αvβ3 regulate gene expression in colorectal cancer cells. HCT116 cells seeded in 6-well plates were pretreated with 1 μg/mL of anti-integrin αvβ3 antibody for 30 min and then treated with either 10−7 M tetrac or 10−7 M NDAT for 24 h. Total RNA was extracted and QPCR was conducted. N = 3. (Data are expressed as mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001, compared with untreated control; $p < 0.05, $$p < 0.01, compared with tetrac group; #p < 0.05, compared with anti-integrin αvβ3 antibody treatment. a–d: the subsets after post hoc analysis after the significant differences were obtained using one-way ANOVA).





Tetrac and NDAT Induce Anti-proliferation in Colorectal Cancer Cells With Different K-RAS Status

Two colorectal cancer cell lines were seeded in the perfusion bellows cell culture system. Different concentrations of tetrac (10−8, 10−7, and 10−6 M) or NDAT (10−9, 10−8, and 10−7 M) were added to medium bottles. Tetrac of various concentrations (10−8, 10−7, and 10−6 M) significantly reduced cell number of K-RAS-wild type HT-29 cells after 4 days of treatment, as did NDAT (10−8 and 10−7 M). NDAT (10−8 M) reduced 37% of cell number after 4 days of treatment, but tetrac (10−7 M) only reduced 28.4% of cell number compared to untreated control (Figure 3).
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FIGURE 3. Tetrac (A) and NDAT (B) induce anti-proliferation of K-RAS wild-type colorectal cancer HT-29 cells. HT-29 colorectal cancer cells were grown in the perfusion bellows system and treated with tetrac (10−8 to 10−6 M) or NDAT (10−9 to 10−7 M) for 6 days. After incubated in the treatment, cells were isolated and subjected to analysis by cell count, N = 3. Data are expressed as mean ± SD; ***p < 0.001, compared with untreated control. a–c: the subsets after post hoc analysis after the significant differences were obtained using one-way ANOVA.



After 6 days of treatment, tetrac (10−8 and 10−7 M) significantly reduced cell number of K-RAS-mutant HCT116 cells (Figure 4). On the other hand, different concentrations of NDAT (10−9, 10−8, and 10−7 M) inhibited cancer cell proliferation significantly after 2 days of treatment. NDAT (10−9 M) reduced 52.5% of cell number at day 2, but tetrac (10−8 M) reduced 11.5% of cell number at day 5 compared to untreated control (Figure 4).
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FIGURE 4. Tetrac (A) and NDAT (B) induce anti-proliferation of K-RAS-mutant colorectal cancer HCT116 cells. HCT116 colorectal cancer cells were grown in the perfusion bellows system and treated with tetrac (10−8 to 10−6 M) or NDAT (10−9 to 10−7 M) for 6 days. After incubated in the treatment, cells were isolated and subjected to analysis by cell count. N = 3. Data are expressed as mean ± SD; ***p < 0.001, compared with untreated control. a–c: the subsets after post hoc analysis after the significant differences were obtained using one-way ANOVA.



Cells treated with tetrac and NDAT were also prepared for flow cytometry studies. Results shown in Figure 5 indicate that tetrac induced cancer cell arrested in G2/M stage. However, low concentration 10−8 M NDAT induced G2/M arrest and 10−7 M NDAT shut down DNA synthesis.
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FIGURE 5. Tetrac and NDAT suppress expression of proliferative and metastasis-related genes in HT-29 cancer cells. HT-29 cells were seeded in 6-well plates and treated with different concentrations of 10−8 and 10−7 M tetrac or NDAT for 24 h. Cells were harvested and total RNA was extracted. qPCR experiments were conducted to examine expression of anti-proliferative genes (p21, p53, and PIG3), apoptotic genes (BAD and CASP2) and metastasis-related genes (THBS1). N = 6. (Data are expressed as mean. ± SD; *p < 0.05, **p < 0.01, ***p < 0.001, compared with untreated control).





NDAT and Tetrac Modulate Expression of Different Genes in Colorectal Cancer Cells

We observed previously that treatment with tetrac or NDAT results in different gene expression profiles in MDA-MB-231 cells and in medullary thyroid carcinoma cells (24). In order to define the gene transcription profiles induced by tetrac and by NDAT in colorectal cancer cells with different K-RAS status, HT-29 cells and HCT116 cells were treated with 10−8 and 10−7 M tetrac or NDAT, respectively for 24 h. RNA was extracted from the harvested cells at the end of treatment for qPCR studies. Treatment with NDAT (10−8 M) for 24 h increased expression of p53 and p53-responsible genes such as p21, PIG3 (TP53I3), BAD, and CASP2 in HT-29 cells significantly (Figure 5). In addition, NDAT increased expression of THBS1. Protein TSP1 is an endogenous suppressor of angiogenesis and is invariably suppressed in cancer cells. Although tetrac also increased expression of those genes, the effect was 10-fold less (Figure 5). In contrast, tetrac (10−8 and 10−7 M) significantly increased expression of p21, p53, PIG3, BAD, and THBS1 genes in HCT116 cells (Figure 6). However, 10−8 M tetrac did not significantly inhibit expression of VEGF-A, which plays an important role in HCT116 cells metastasis (Figure 6). On the other hand, NDAT also increased expression of the mentioned genes and significantly decreased expression of VEGF at 10−8 M.
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FIGURE 6. Tetrac and NDAT suppress expression of proliferative and metastasis-related genes in HCT116 cancer cells. HCT116 cells were seeded in 6-well plates and treated with different concentrations of 10−8 and 10−7 M tetrac or NDAT for 24 h. Cells were harvested and total RNA was extracted. Studies of qPCR were conducted to examine expression of anti-proliferative genes (p21, p53, and PIG3), apoptotic gene (BAD), and metastasis-related genes (VEGF-A and THBS1). N = 6. (Data are expressed as mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001, compared with untreated control).






DISCUSSION

The perfusion bellows cell culture studies we describe here provide useful pharmacodynamic information of the application of new drugs or combinations of various agents in vitro to human cancer cell lines (13). Pharmacodynamic modeling based on the expected pharmacokinetics of a drug permits—in the perfusion bellows cell culture system– the understanding of dose-response relationship of antineoplastic agents over a very wide range of concentration in vitro and can support translation from in vitro models to animal models and ultimately human clinical trials.

Via binding to the thyroid hormone receptor on plasma membrane integrin αvβ3 (27, 28), NDAT induces signal transduction and biological activities similar to those of unmodified tetrac (Figures 1, 2), but with desirable effects on cell survival pathway genes that differ from the parent thyroid hormone analog (Figures 2, 5, 6) (5, 24). Studies indicated that NDAT but not tetrac activated ERK1/2 in K-RAS-wild type colorectal cancer HT-29 cells (Figure 1A), which confirms previous results that NDAT activates ERK1/2 in HT-29 cells (24). On the other hand, both tetrac and NDAT inhibited ERK1/2 activation in K-RAS-mutant HCT-116 cells (Figure 1B). Interestingly, NDAT is more sensitive to the inhibitory effect of pretreatment of cells with of anti-integrin αvβ3 (Figure 2). Both tetrac and NDAT induced anti-proliferation in colorectal cancer K-RAS-wild type HT-29 cells and in K-RAS-mutant HCT116 cells (Figures 3, 4). The growth-inhibitory effects of tetrac and NDAT on HCT116 colon cancer cell xenografts are evident in 2–4 d after the onset of treatment (6, 7, 20). The anti-proliferative effect of tetrac and NDAT on cancer cells in the perfusion bellows cell culture system was seen at 3 d after the start of treatment (Figures 3, 4). Pharmacodynamics of anti-proliferative activities in vitro of tetrac and NDAT in colorectal cancer cells were compared in the perfusion bellows cell culture system. Results revealed that NDAT had a higher potency than tetrac as an anti-proliferative agent (Figure 3). We have previously shown that the anticancer effects of tetrac and NDAT in colorectal cancer HCT116 cell xenografts are well-established within 3 d after onset of drug administration (6, 7). Although inhibitory effects of tetrac and NDAT in the perfusion bellows cell culture system are limited to suppression of cell proliferation, these results in the perfusion system reproduce findings obtained earlier in the same cells in xenografts. Tetrac-/NDAT-induced anti-tumor effects in xenografts have been shown to involve both primary effects on tumor cell proliferation and anti-angiogenesis effect (6, 7). Results in these sets of studies similarly demonstrate that the anticancer effects of tetrac/NDAT occur first as anticancer cell proliferation.

The inhibition of HT-29 cell growth by NDAT and tetrac was comparable at a higher drug concentration (10−7 M), but there was increased sensitivity to NDAT at a lower drug concentration of the used agents (Figure 3). In addition to the anti-proliferative effects initiated at the cell surface integrin receptor, tetrac may penetrate into cells to exert low-grade thyromimetic (proliferative) effects in the nucleus of treated colorectal cancer cells. Therefore, the net anti-proliferative effect of tetrac decreases. On the other hand, NDAT does not gain access to the cell nucleus and shows a more robust anti-proliferative effect.

In addition to their anti-proliferative effects on cancer cells, tetrac and NDAT have been shown to enhance anti-cancer growth by other anticancer drugs. Cetuximab (Erbitux®) inhibits K-RAS wild-type but not K-RAS mutant colorectal cancer cell growth (19). The combination of tetrac and cetuximab significantly reduced cell proliferation compared to cetuximab alone in K-RAS mutant HCT 116 cells, but not in K-RAS wild type COLO 205 cells (19). NDAT also rescued the anti-proliferative effect of cetuximab in both colorectal cancer cell lines (19). These results suggest that tetrac and NDAT may be used in the clinic in the future to treat K-RAS-mutant colorectal cancer patient. However, present studies indicated that NDAT was much more effective than tetrac (Figures 5, 6). Furthermore, NDAT reversed K-RAS mutant-dependent cetuximab resistance. In addition, xenograft weights in NDAT-treated alone animals are not significantly decreased compared to those in untreated control [result not shown (6, 7)]. Therefore, NDAT alone or combination with low dosage of cetuximab may be a new chemotherapeutic approach in the future.

Studies have shown that tetrac affects only XIAP gene expression (12) in breast cancer cells. On the other hand, NDAT downregulates expression of apoptosis inhibitors XIAP, myeloid cell leukemia sequence 1 (MCL1), and apoptosis-promoting genes such as CASP2 and BCL2L14 (12). Expression of the angiogenesis inhibitor thrombospondin 1 (THBS1) gene is increased by both unmodified tetrac and NDAT, as is the expression of CBY1, a nuclear inhibitor of catenin activity (12). The majority of differentially regulated K-RAS-oncogene family members and the epidermal growth factor receptor gene are downregulated by NDAT, but not by tetrac (12). β-Catenin belongs to a class of catenins that have been shown to play roles in cell-cell adhesion. It also has transcription functions. Various cancers such as those of the colorectum, breast, and ovary have been shown to contain mutant and overexpressed β-catenin genes. CBY1, an inhibitor of nuclear functions of β-catenin, is upregulated by NDAT. Like β-catenins, integrin αvβ3 participates in cellular adhesion complexes. NDAT downregulates expression of the gene for integrin β3 monomer. Since integrin αvβ3 has been shown to involve metastasis and migration, this may be a desirable action of NDAT at αvβ3 in cancer cells.

NDAT also downregulates expression of the genes for α-catenins, CTNNA1 and CTNNA2 (8). Mutation of CTNNA2 is associated with tumor invasiveness and thus inhibition of transcription of the gene is desirable. The nonmutated gene product of CTNNA1 can function as a tumor invasion suppressor, but mutation is associated with gastrointestinal tract and other cancers.

Thyroid hormone induces expression of MMP-2 and MMP-9 in myeloma cells and colorectal cancer cells (7). This action is inhibited by tetrac and NDAT; this implies that αvβ3 can be involved in the contribution of matrix metalloproteinases to cancer-relevant angiogenesis and to tumor invasiveness. Tetrac and NDAT were able to inhibit constitutive expression of VEGF-A (Figure 6). Tetrac and NDAT also increased transcription of thrombospondin 1 (THBS1, TSP1), which suppresses angiogenesis.

In summary, tetrac and NDAT via integrin αvβ3 regulate thyroid hormone-dependence of various independent cancer cell activities. NDAT is much more potent than tetrac and has a broader range of transcriptional actions in cancer cells that may be clinically desirable.
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Hypothyroidism has been reported to improve survival in cancer patients but only recently has the putative mechanism been identified as a receptor for thyroxine and tri-iodothyronine on integrin αvβ3. Recognition of divergence of action of the pro-oncogenic L-thyroxine (T4) from pro-metabolic 3,5,3′-triiodo-L-thyronine (T3) has enabled clinical implementation whereby exogenous T3 may replace exogenous (or endogenous) T4 to maintain clinical euthyroid hypothyroxinemia that results in significantly better survival in advanced cancer patients without the morbidity of clinical hypothyroidism.
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INTRODUCTION

In recent years there have been reports that blood thyroxine depletion in individuals with advanced solid cancers–e.g., glioblastoma, high grade soft tissue sarcoma, was associated with regression of advanced tumors. Exogenous 3,5,3′-triiodo-L-thyronine (L-T3) was used to maintain metabolic euthyroidism (1, 2).

How did this approach come about?

The 1993 report of spontaneous remission (3) and 5-year survival of a patient with metastatic non-small cell lung cancer inspired this novel line of research, which has evolved from early experimental studies to the clinic, wherein proactive medically induced thyroid suppression was investigated in the treatment of failed high grade brain tumors (glioblastoma multiforme) (4). Significant prolongation of life (from 4 to 10 months median survival) was associated with a drop of >40% of circulating free thyroxine (T4) levels. Tumor regression was also observed in patients. There was short survival in all of the 50% of patients who did not experience free thyroxine depletion. The delay in thyroid hormone decrease remained an obstacle in extended implementation of this approach until the discovery by Davis and Mousa et al. of a newly identified cell surface receptor for thyroid hormone (both analogs T4 and T3) on integrin αvβ3 expressed on cancer cell membranes and actively dividing vascular endothelium (5).

This contribution is not intended as a comprehensive review of the literature of thyroid hormones and cancer but is focused on relevance of thyroxine impact on cancer growth and biology, now understood to be mediated through the cell surface integrin αvβ3 receptor.



THYROID HORMONE IN PHYSIOLOGY AND CANCER BIOLOGY


T4 and T3–A Pivotal Difference and Roles

The use of exogenous T3 as a substitute for T4 as thyroid hormone replacement has enabled withdrawal of the potent pro-oncogenic hormone T4 in cancer patients without resulting in clinical hypothyroidism (1).

In the absence of T4, cancer cell mitogenesis and proliferation does not occur. Absence of T3 impacts severely mitogenesis and metabolism. The pivotal role of thyroid hormones thyroxine T4 and T3 in cancer growth and biology and the impact on emerging clinical practice has become understood following identification of integrin αvβ3 and the interaction with and binding differences between T3 and T4 (1). T4 is the principal secretory product of the thyroid gland. It serves as a prohormone for T3 in the latter's intracellular functions (1). The reported literature refers solely to blood thyroid hormone levels individually, e.g., FT4 or FT3 and/or TSH or under the “hypothyroid” label.

T3-directed gene expression in cells requires primary interactions between T3 and its nuclear receptor proteins (TRs) (1, 2). T3 also regulates mitochondrial respiration (3). Because its biological half-life is significantly longer than that of T3 (6), T4 is the most commonly prescribed form of thyroid hormone replacement for clinical hypothyroidism and for suppression of endogenous pituitary thyrotropin (TSH) (1).

It is becoming accepted that cancer depends on both analogs to exist, survive, proliferate, and grow into tumors. Thyroxine is the sole endogenous and pleiotropic pro-oncogenic hormone that abets cancer, acting as a ligand for the membrane expressed receptor on integrin αvβ3 (7).

Thyroid hormone is a pivotal crucial pro-growth pro-oncogenic hormone for most if not all malignant tumors and the crucial interaction of T4 is with the integrin αvβ3. Thyroid hormone drives and is pro-proliferation and pro-angiogenic for cancer (7–9).

It will become evident how this discovery has led to a new and novel paradigm in understanding and management of solid cancers.

Thyroxine is the more potent pro-oncogenic thyroid hormone analog and is the pro-hormone for T3, which is the dominant pro-metabolic thyroid hormone (10, 11). T3 and T4 bind to the plasma membrane protein integrin αvβ3, which mediates the signal across the membrane (5). T4 is active at this receptor (7, 11). In vitro evidence indicates that T3, bound with a lower affinity by αvβ3 (7), is of low activity at physiological levels at the receptor.

Integrin αvβ3 contains two thyroid hormone binding sites, S1 and S2, which activate different downstream pathways (12): S1 binds T3 and activates the PI3K/AKT-pathway whereas S2 binds T4 and, with lower affinity, T3, and activates PI3K/AKT-pathway and MAPK-pathway. At physiological concentrations, T4 (and not T3) is the principal ligand at S2. Thyroid hormone action at αvβ3 is inhibited by the deaminated and decarboxylated T4 derivative tetrac (3,3,5′,5′-tetraiodothyroacetic acid) (5). Blocking the thyroid hormone receptor on the integrin (equivalent to total thyroxine depletion) downregulates multiple pro-oncogenic genes and upregulates pro-apoptotic genes (12). The consequences of tetrac on human xenograft growth and a triple negative breast cancer gene expression are profoundly anti-oncogenic (12, 13).

Thyroid hormone is therefore a high priority molecule promoting interaction with tumor cell membranes and is not tumor specific. The pursuit of strategies to implement “precision” medicine is clearly irrelevant here.



Genomic vs. Non-genomic Actions of Thyroid Hormone

Classical effects of thyroid hormones are initiated when T3 binds to its TRs that interact with specific responding elements (TREs). Thyroid hormones can also elicit their actions by a non-classical mechanism without direct gene transcription regulation by nuclear TRs (Figure 1). These non-genomic actions indirectly modulate gene transcription by activating intracellular pathways and other transcription factors (10, 14). Many of the non-genomic actions are via a receptor expressed on a membrane integrin for thyroxine and T3. The availability of T4 is the crucial step for activation of the integrin and consequent trans-membrane signaling into the cell (Figure 2). Total withdrawal or depletion of T4 will arrest this entire process with consequences for the viability of the tumor and/or vascular cell (11).
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FIGURE 1. (A) Actions of thyroid hormone are genomic or non-genomic in mechanism. (B) Specific non-genomic actions.




[image: image]

FIGURE 2. Non-genomic actions of the hormone that begin at integrin αvβ3 include regulation of intracellular trafficking of specific proteins to the nucleus and serine phosphorylation of some of these proteins in the course of nuclear entry. Directed to the nucleus from the cytoplasm, some of these proteins might be involved in modulation of transcription of specific genes and in cell proliferation. These pathways depend on activation of phospholipase C (PLC), protein kinase C (PKC), mitogen activated protein kinase (MAPK)1, and MAPK2. T4 non-genomically rapidly activates actin polymerization in hypothyroid astocytes and osteoblastic cells (15). Reprinted with permission from Hercbergs et al. (16).






THYROID HORMONE, CANCER, AND THE INTEGRIN αVβ3-EXPRESSED THYROID HORMONE RECEPTOR


T4 as a Hormone

Observations of thyroid hormone's impact on cancer prognosis predate the discovery of the integrin αvβ3 and thyroid hormone receptor on cancer cells and membranes and vascular endothelium. These studies are summarized in Table 1.



Table 1. Cancer outcomes across a spectrum of thyroid functions.
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The discovery of the receptor and activation by thyroxine and significantly less by T3 has led to successful clinical translation and implementation in the treatment of compassionate care cancer patients by simple substitution of exogenous T3 for exogenous L-thyroxine in hypothyroxinemia. Discovery of the thyroid hormone receptor on integrin αvβ3 advances the understanding of the interaction and relationship to cancer with ambient thyroid hormone levels (1).



T4 and Cancer Biology

T4 in physiological free hormone concentrations stimulates proliferation of cancer cells in vitro and in xenografts (13, 39–45). Preclinical studies of tetrac, which blocks thyroid hormone action at integrin αvβ3, have shown arrested tumor growth (7, 11) in a variety of tumor xenografts including xenografts of renal cell carcinoma (13), non-small cell lung carcinoma (46), medullary carcinoma of the thyroid (41), pancreatic carcinoma (43), and multi-drug resistant breast cancer (47).




CLINICAL TRANSLATIONAL STUDY TO INDUCE EUTHYROID HYPOTHYROXINEMIA


Euthyroid Hypothyroxinemia and Divergence of Action Between T4 and T3

This is a eumetabolic state maintained in the total absence of blood thyroxine by providing exogenous T3. The individual can therefore live and perform all normal daily activities and functions as prior to removal of the source of T4 or post total thyroidectomy. Preclinical evidence (12) indicates that T3, bound with a lower affinity by αvβ3 (9), is of low activity at physiological levels at the receptor (5, 39). The clinical ramifications of these effects on cancer cells are supported by the results of induction of the state of euthyroid hypothyroxinemia in patients with advanced cancers and with normal thyroid function (1).

In a compassionate-need study of terminal patients with a variety of incurable solid tumors, extended survival was observed in a majority of patients using exogenous T3 to induce and maintain hypothyroxinemia. T3 administration prevented symptomatic hypothyroidism. Low odds of survival were surmounted in 19 of 23 patients (83%) who exceeded the expected median survival of literature-reported series used as controls (1). An additional approach is to terminate exogenous T4 supplementation to allow the T4 level to decline and supplement with T3 titrated individually to the patient's functional needs. Examples of the outcomes of this strategy on advanced disease (glioblastoma and sarcoma) are shown in Figures 3–5.
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FIGURE 3. MRI of brain of a 42 year old female with recurrent glioblastoma showing significant mass reduction with free thyroxine depletion at 4 months. Left, pre-thyroxine depletion; right, 4 months later. The patient survived for 3 years. Reprinted with permission from Hercbergs et al. (4).
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FIGURE 4. MRI images of a 67 year old female patient who was deteriorating neurologically with hemiplegia unresponsive to high dose dexamethasone. Discontinuation of L-T4 was followed within 1 week by significant clinical improvement and tumor regression. Arrows point to tumor mass, showing reduction in size in all dimensions following cessation of exogenous L-T4.
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FIGURE 5. CT images of esophageal sarcoma metastatic with cardiac infiltration and cardiac failure, right image is on exogenous L-T4, left image is post L-T4 discontinuation and oral cyclophosphamide. Patient improved clinically and was discharged from intensive care.






CLINICAL STUDIES

Clinical studies have shown that survival is significantly prolonged (almost 3-fold) in failed glioblastoma patients treated with propylthiouracil to inhibit thyroxine synthesis.

More information available about T4 action on lung cancer is limited, but euthyroid hypothyroxinemia appears to slow the course of and extend survival of non-small cell, small cell lung, pancreas, mesothelioma, glioblastoma, and soft tissue sarcoma (1, 2).

Going forward it is suggested and clinically pivotal that the term hypothyroxinemia be employed and not the clinically imprecise term hypothyroidism, which is misleading in the emerging era as shown in this paper.



DISCUSSION

The identification of the pro-oncogenic exogenous thyroxine and its replacement by the metabolically dominant T3 has had a significant impact on the palliation and survival of advanced cancer patients, who live longer. This discovery followed identification of the integrin αvβ3 thyroid hormone receptor and lower binding of T3 than T4. There is also divergence of signaling pathways between the pro-metabolic T3 and the pro-oncogenic T4 (8).

Tetrac is a specific molecular blocker of the thyroid hormone receptor on integrin αvβ3 and is anti-oncogenic. The effects of tetrac occlusion of the receptor reveal the pleiotropic pro-oncogenic unopposed T4 effect on mitogenesis, angiogenesis, and apoptosis (48).

Both T3 and T4 ligand have a receptor on the cancer cell plasma membrane and on dividing vascular endothelial cells. This receptor on integrin αvβ3 is activated to transduce mitogenic signaling to the interior of the cell. Similarly, blocking of the receptor with tetrac effectively blocks all (most) T4 and T3 signal transduction as occurs following T4 and T3 depletion. This results in regression of established tumors, inhibits angiogenesis, and potentiates ionizing radiation-induced cell death (2). Separation and divergence of the effects and functions of T4 from T3 on integrin αvβ3-expressed receptors occurs as a result of binding to the receptor. T4 is significantly more potent than T3 (48) on cancer and blood vessel cells, as noted above.

T4 depletion with use of an antithyroid drug such as methimazole eliminates circulating T4 and T3, whether the latter is derived from T4 in the peripheral circulation or directly released by the thyroid gland. This approach has been utilized in cancer patients with considerable efficacy, resulting in significant prolongation of survival and tumor regression in some patients with large tumor masses, e.g., GBM and soft tissue sarcoma (1).

A rare spontaneous regression of metastatic lung cancer has occurred whereby T4 and T3 became depleted to life threatening levels with myxedema coma (3).

It is of note that there is a declining continuum of risk for free thyroxine levels from high supraphysiological (hyperthyroidism) to frank hypothyroxinemia and to blocking of the integrin αvβ3 thyroid hormone receptor, which would equate to a zero ambient free T4.



FUTURE DIRECTIONS

The capacity/ability to impact on cancer progression in the occult or preclinical stage with only a molecular diagnosis and identification by altering endogenous thyroid hormone (thyroxine) levels might become a minimally morbid, but effective, treatment approach to pre-emptively treat solid tumor types prior to their emergence as clinically evident disease.



SUMMARY

Discovery of integrin αvβ3 receptor and binding to the thyroid hormone ligand have led to the strategy of rapid T4 depletion of the pro-oncogenic stimulus of T4 both in the euthyroid and exogenous T4 supplemented individuals. A significantly faster release from T4 driven tumor growth has resulted in rapid tumor regression, with palliation in life threatening situations and better survival. The discovery of tetrac binding to the receptor promises even greater therapeutic gains. The wide range of tumor types responding to T4 depletion suggests there is potential for globally impacting on cancer from the very early to late stages. It is rational to consider application of this approach to much earlier states of cancer and thereby prolong survival significantly.



CONCLUSION

Identification of the integrin αvβ3 receptor pathway promises a paradigm changing approach to manage and treat cancer more effectively than currently available modalities.
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Thyroid hormones T3 and T4 (thyroxine) control a wide variety of effects related to development, differentiation, growth and metabolism, through their interaction with nuclear receptors. But thyroid hormones also produce non-genomic effects that typically start at the plasma membrane and are mediated mainly by integrin αvβ3, although other receptors such as TRα and TRβ are also able to elicit non-genomic responses. In the liver, the effects of thyroid hormones appear to be particularly important. The liver is able to regenerate, but it is subject to pathologies that may lead to cancer, such as fibrosis, cirrhosis, and non-alcoholic fatty liver disease. In addition, cancer cells undergo a reprogramming of their metabolism, resulting in drastic changes such as aerobic glycolysis instead of oxidative phosphorylation. As a consequence, the pyruvate kinase isoform M2, the rate-limiting enzyme of glycolysis, is dysregulated, and this is considered an important factor in tumorigenesis. Redox equilibrium is also important, in fact cancer cells give rise to the production of more reactive oxygen species (ROS) than normal cells. This increase may favor the survival and propagation of cancer cells. We evaluate the possible mechanisms involving the plasma membrane receptor integrin αvβ3 that may lead to cancer progression. Studying diseases that affect the liver and their experimental models may help to unravel the cellular pathways mediated by integrin αvβ3 that can lead to liver cancer. Inhibitors of integrin αvβ3 might represent a future therapeutic tool against liver cancer. We also include information on the possible role of exosomes in liver cancer, as well as on recent strategies such as organoids and spheroids, which may provide a new tool for research, drug discovery, and personalized medicine.

Keywords: integrin αvβ3, deiodinase, hypothyroidism, tetrac, celiac disease, exosomes, organoids, spheroids


INTRODUCTION

Thyroid hormones 3,5,3′-triiodothyronine (T3) and 3,5,3′,5′-tetraiodothyronine (T4) play an essential role in the regulation of cell function during growth, development and metabolism, through two different mechanisms: genomic and non-genomic. The genomic action takes place through the classical nuclear receptors TRα and TRβ, together with modulatory factors such as coactivators and corepressors to regulate gene expression and protein synthesis (1). TRα can stimulate both proliferation and differentiation through β-catenin, while TRβ shows antiproliferative effects in cancer cells and is a differentiation factor. Loss of TRβ is followed by oncogenic transformation. Thyroid hormone receptors and estrogen receptors can cross-talk to modulate physio-pathological responses (2, 3). But thyroid hormones may also give rise to non-genomic effects mediated by integrin αvβ3. These non-genomic effects mainly occur at the plasma membrane level and involve membrane transport systems such as the transporters for glucose and amino acids, the Na+/H+ exchanger, Na+/K+-ATPase activity, and kinase activities such as Mitogen-Activated Protein Kinase (MAPK) and Phosphatidyl Inositol 3-Kinase (PI3-K) (4–6), thus increasing angiogenesis and tumor cells proliferation. Integrins are plasma membrane integral proteins that bind extracellular matrix (ECM) proteins such as vitronectin, fibronectin and osteopontin, and regulate cell-cell adhesion (7). Both hormones bind to integrin αvβ3, but T3 binds to the S1 receptor site, activating PI3-K through src, whereas both T3 and T4 bind to a second site S2, leading to the activation of the MAPK pathway and cell proliferation (8). Integrin αvβ3 can also bind other small molecules, such as resveratrol and the steroid hormones (estrogens and androgens) and cancer growth may be modulated by this type of interaction [(9); Figure 1].
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FIGURE 1. Scheme of non-genomic and genomic actions of thyroid hormones. Non-genomic actions start at the integrin αvβ3, through MAPK/ERK1/2 they may go to the cytoplasm and nucleus to modulate gene expression. The shuttling of the αv monomer to the nucleus is not shown for the sake of simplicity. The cross-talk of thyroid hormones with growth factors is indicated by the double arrow and can be modulated by ERK1/2 activation. The modulation of the membrane Na/K-ATPase pump, either in activation or inhibition depending on the cell type and context, and activation of the Na/H exchanger is also indicated. In the nucleus, interaction of T3 gives rise to the shedding of the corepressor and the interaction with coactivators. Downstream of the activation of TRβ1, Erα, STATS there is the activation of tumor cell proliferation, angiogenesis, and growth factors (GF), but also cytokines through JAK1/2.





THE LIVER

The liver can be considered privileged from an immunological point of view because it receives 75% of its blood from the portal vein coming from splanchnic districts and about 25% from hepatic artery blood. The major fraction from the portal vein is blood coming from the intestine, stomach, spleen, pancreas, and other organs. Therefore, the portal blood contains components from intestinal uptake of nutrients without the lipid components that go to the lymphatic vessels (10). This special feature of the liver cells makes human hepatocellular carcinoma (HCC) the second leading cause of death in the world.

The liver is composed mainly of hepatocytes, but there is also a small fraction of cells that are important both in physiology and pathology, such as Kupffer cells of the immune system with phagocyte activity, endothelial cells, and Hepatic Stellate Cells. The liver, unlike other tissues in the body, is capable of renewing itself in a very efficient way, and many papers have been published on liver regeneration after partial hepatectomy. The pathways followed in the regenerative process have turned out to be interesting because it is possible in this way to obtain knowledge on cell proliferation, differentiation and tumor growth (11). The first phase of regeneration, called the “priming phase,” prepares the cells to respond to growth factors. The second phase is initiated by the activation of growth factor receptors, and among these the most important appears to be the Epidermal Growth Factor Receptor (EGFR) and c-MET or Hepatocyte Growth Factor Receptor (11). They act in concert until the end of the regenerative process, and then proliferation stops. Important inhibitors of liver regeneration are transforming growth factor-β (TGF-β) and the integrins, which allow the communication between ECM proteins and the cells. Thus, thyroid hormones are important modulators of the regeneration process, because they are able to cross-talk with growth factors such as EGF, TGF-β, and IGF-1 as well as with the integrins, essential players in the mechanism of thyroid hormones (12).

The aim of the present paper is an evaluation of our current knowledge of thyroid hormones in the liver and of the mechanisms related to cell growth and metabolism that may lead to liver cancer. We consider some particular features of liver cells, such as regeneration and the capability to give rise to several metabolic pathologies (fibrosis, cirrhosis, non-alcoholic fatty liver disease). We also consider the possibility that exosomes might modulate thyroid hormone responses in the context of liver cancer, and we provide some information on the frontiers of biotechnology concerning organoids and spheroids.



THYROID HORMONES AND LIVER DISEASE

The liver represents a major target for thyroid hormones, which are involved in the regulation of body weight, lipogenesis, lipid metabolism, and insulin resistance. Therefore, they may have a key role in the pathogenesis of several diseases that affect the liver, such as Alcoholic Liver Disease and non-alcoholic steatohepatitis (NASH), which may evolve into cirrhosis and HCC. Among the thyroid hormone receptors, TRβ is the one mainly expressed in the liver, while TRα is more common in the cardiovascular system and in bone (13). The role of TRβ in mice was demonstrated by the group of Cheng, studying a dominant negative mutation in TRβ (ThrβPV/PV). These mice develop hepatic steatosis within a few months and have significantly larger livers (14). The mutated mice show increased activation of Peroxisome Proliferator–Activated Receptor-γ signaling and decreased fatty acid β-oxidation, leading to lipid accumulation and increased hepatic triglyceride content (14). At variance with this, mice with a mutation in TRα (ThrαPV/PV) showed decreased weight and less hepatic lipid accumulation and also decreased lipogenesis.

Thyroid hormones increase the levels of free fatty acids by stimulating lipolysis from dietary fats, although they also stimulate the uptake of free fatty acids by the fatty acid binding protein and fatty acid translocase. The conversion of glucose to fatty acids and de novo lipogenesis is stimulated by other hormones and by the diet. Thyroid hormones also regulate the expression and activities of many transcription factors involved in lipogenesis, such as the Sterol Regulatory Element-Binding Protein (SREBP)-1C, liver X receptors and Carbohydrate-Responsive Element-Binding Protein (15). Despite the role of thyroid hormones in de novo lipogenesis, they do not increase triglyceride levels but reduce the apolipoprotein B100 and also Very Low-Density Lipoproteins (VLDL) and Low-Density Lipoproteins (LDL) (16). Thyroid hormones also maintain constant sterol levels by modulating all possible pathways of synthesis, export, import, and the conversion to bile acids. In particular, thyroid hormones induce the expression of the limiting enzyme of the cholesterol synthesis, HMG-CoA reductase (17).

Liver fibrosis and cirrhosis are characterized by chronic damage to liver tissue, leading to chronic inflammation, and to altered matrix tissue generation and vascularization. Therefore, the liver progressively looses its functions and this may give rise to the development of cancer. An important role in liver tissue regulation and dysregulation is provided by the ECM proteins that convey information from cell to cell and also from the extracellular to the intracellular compartments. These proteins, which include integrins and collagen, may be important for tissue remodeling and also in the progression of fibrosis, cirrhosis, and cancer (18, 19).

Alcoholic fatty liver disease and non-alcoholic fatty liver disease (NAFLD) represent a major public problem all over the world. Alcohol abuse is the primary cause of several diseases such as fatty liver, alcoholic hepatitis, and cirrhosis (20, 21). Alcohol is metabolized by the liver, which is the primary site of damage. Alcoholic steatohepatitis follows Alcoholic Liver Disease and is characterized by hepatic fat accumulation, infiltration of inflammatory cells, and injury to liver tissue. The process of infiltration by macrophages and neutrophils is mediated by osteopontin produced by the liver. The effects of this protein can be mediated by integrins (22), and osteopontin also appears to be involved in NAFLD/NASH diseases. This cytokine is increased in model systems of these pathologies. Compared to wild type animals, osteopontin-knock-out mice showed decreased liver injury and fibrosis (22). Osteopontin levels are instead increased in some models of liver injury, such as treatment with CCl4, although the mechanisms are not clear at present (23).

Epidemiological and clinical reports show an association between NAFLD/NASH and thyroid dysfunction in the form of established or subclinical hypothyroidism. The percentage of hypothyroidism was 15–36% among patients with NAFLD/NASH (20). It has been suggested that NAFLD/NASH are hepatic markers of insulin resistance and metabolic syndrome (24, 25), and insulin resistance can in part be prevented by treating hypothyroidism (20). Among the possible mechanisms proposed is a role of adipocytokines in NAFLD in the presence of hypothyroidism (26). An increased level of leptin has also been reported for hypothyroid patients; this may be responsible for the development of NAFLD/NASH. Leptin is an adipocytokine; it is increased in obesity and may give rise to insulin resistance (27). NAFLD patients show abnormal lipid profiles, with high levels of cholesterol, LDL, and triglycerides. Thyroid hormones acting through the β receptor may cause a reduction of body weight and fat and a decrease in cholesterol and triglyceride levels in hepatocytes (28, 29).

In the context of liver cancer and liver pathologies, the possible effects of oxidative stress, mitochondrial dysfunction, and reactive oxygen species (ROS) production should also be mentioned. Oxidative stress alters the activity of deiodinases, as discussed in the paragraphs that follow, and thyroid hormones can modulate cell function through oxidative stress (30, 31). The role of ROS in thyroid hormone signaling is well-known from the cross-talk between thyroid hormones and the immune system (32, 33).

Liver fibrosis begins with some damage to liver cells that can be of different nature: physical injury, infection by virus or bacteria (lipopolysaccharides), alcohol, etc. This gives rise to mitochondrial dysfunction and an increase in free fatty acids and ROS, leading to lipid peroxidation, activation of Kupffer cells and Hepatic Stellate Cells. In the case of hepatic injury, expression of the nuclear thyroid hormone receptor in Hepatic Stellate Cells is inhibited, and the dominant hormone receptor becomes TRα, which participates in the fibrogenic response, producing a stronger wound-healing response and higher contractility (34). The levels of inflammatory cytokines increase, causing a further increase in ROS formation, impairment of deiodinase activity, an increase in cell proliferation, and ultimately fibrosis leading to cancer, as will be described in the following sections [(20, 35); Figure 2].
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FIGURE 2. Scheme showing the possible pathways from hepatic damage to fibrosis leading to cancer. The oxidative stress and ROS production follow mitochondrial dysfunction and hepatic damage. The direct consequences are impairment of deiodinase activity leading to decreased T3 production, on the other hand deiodinase 3 is imbalanced with increased activity and increased rT3, which stimulates the proliferation of tumor cells. The ROS produced give rise to inflammatory cytokines that increase the ROS and activate Hepatic Stellate Cells (HSC), leading to fibrosis and eventually cancer. The inhibition by tetrac of the fibrogenic process is only suggested as shown by the question mark, with integrin αvβ3 being among the ECM components involved in the “activation” of the Hepatic Stellate Cells.



Oxidative markers and inflammation actually appear very early in younger populations as well. A recent paper showed that Ox-LDL and the serum level of Triggering Receptor Expressed on Myeloid cells-1 are associated with cardiovascular risk and other health risks (36). In humans the association of oxidative and inflammatory markers with cholesterol levels, reported for a young healthy population, indicates that it could be very important to start early with an evaluation of these markers, in order to prevent future cardiac pathologies (36). The paper cited does not deal with liver diseases, but it draws attention to the condition of a young human population and their lifestyle. Prevention of some diseases such as liver diseases should start as soon as possible.

In line with the previous topic, we want to recall another pathology affecting more and more children and adolescents: Celiac disease. This is an inflammatory disease of the gut that may develop when persons are exposed to a gluten-containing diet. The intestine as well as the liver are the organs mainly involved, particularly in the young population affected by NAFLD, the most common liver disease in school-age individuals. Very often the diagnosis of Celiac disease precedes that of liver disease (37). Celiac disease is often present in hypothyroid patients, who are more prone to develop cancer and in particular liver cancer (38, 39). Therefore, the development of liver disease and hypothyroidism is becoming more complicated for younger generations.



THYROID HORMONE PATHWAYS LEADING TO PHYSIO-PATHOLOGICAL RESPONSES IN LIVER DISEASES UP TO CANCER

Normal hepatocytes replicate by entering the cell cycle, and in the presence of an injury the process is the same, but it may become dysregulated following conspicuous tissue damage with associated oxidative stress. In any case a regenerative response takes place. In the period of injury-activated regeneration, genes that normally are quiescent become activated through a processes recalling fetal development. Among these processes is the activation of deiodinases, seleno-dependent enzymes that are able to both activate and inactivate thyroid hormone formation in the peripheral tissues (40–42). In particular the levels of deiodinase 3, which hydrolyzes and inactivates both T3 and T4, become upregulated following liver damage and oxidative stress, and the result is a decrease in active T3 levels and increased formation of reverse T3 (rT3) and increased cell proliferation (43–47). Elevated levels of deiodinase 3, mediated by HIF-1, are also reported in both fetal and cancer development (48–50). In liver injury, hepatocytes show a decreased expression of deiodinase 1 and increased levels of deiodinase 3; these variations are regulated by Hedgehog ligands (51). Deiodinase 3 is also more expressed in non-differentiated tissues, such as the developing embryo and cancer (45, 51). Tumor growth or HCC give similar responses to development and injury, and hypothyroidism is associated with a 2- to 3-fold increased risk of cancer development in women. A similar association has not been reported for men (52–54).

Deiodinase 2 is not highly expressed in the liver tissue of an adult, although it is briefly expressed in mouse hepatocytes around birth. This brief appearance seems to be important for the future sensitivity to diet-induced lipid asset for the posttranslational modifications involving DNA methylation and leading to hepatic steatosis, hyperlipidemia and obesity (55). This has been demonstrated by the development of D2-KO mice (ALB-D2KO) with a selective inactivation of deiodinase 2, the resulting phenotype shows resistance to steatosis, hyperlipidemia and obesity. The same researchers also studied the molecular mechanisms involved in this mouse phenotype; the results show that this decreased vulnerability to liver steatosis and diet-induced obesity in the ALB-D2KO mice is due to a reduction in the hepatocyte expression of liver zinc-finger protein-125 (zfp125), a FoxO1-inducible transcriptional repressor responsible for lipid accumulation through a reduced secretion of VLDL. The situation is complicated from both metabolic and hormonal points of view because Forkhead box O1 (FoxO1) is known to be inhibited by insulin, which normally decreases the lipidemia (56).

T3 acts as a mitogen via Protein Kinase A (PKA)/β-catenin activation, leading to activation of cyclin D1 in normal hepatocytes (50). Thyroid hormones have a very complex interaction with their receptors and deiodinases. T3/TR interaction leads to inhibition of the Wnt/β-catenin pathway via Dickkopf Wnt signaling inhibitor 4 (DKK4), resulting in the inhibition of hepatoma cell proliferation (43, 57–59). Hypothyroidism is also associated with human cancer, although contradictory results have been reported relating cancer progression and thyroid hormones (60, 61). For example, primary hypothyroidism has been associated with a decreased risk of breast cancer (61). This effect may depend on non-genomic actions of thyroid hormones because mutant TRs inhibit transactivation activity in glioma and breast cancer (62). In fact, hypothyroidism is involved in different metabolic pathologies, such as obesity, type 2 diabetes, insulin resistance and cancer (60). The impairment of thyroid hormone homeostasis is not considered sufficient for HCC development, but other liver pathologies must be present in order to impair this equilibrium and eventually start a pro-carcinogenic process, such as inflammation, fibrosis or cirrhosis (3, 63, 64).

The downregulation of nuclear thyroid hormone receptors may act as a signal for tumorigenesis, supporting the concept that thyroid hormone receptors inhibit tumorigenesis (3). In fact, a switch from hypo- to hyper-thyroid conditions can be antitumorigenic (60). This clearly indicates that thyroid hormone signaling and thyroid hormone receptors are important for HCC progression (40). In particular T3 seems to have oncosuppressor properties, although it stimulates proliferation in hepatocytes and other cell types, but at the same time it inhibits the growth of hepatoma cells by increasing the time of the G1 phase of the cell cycle. This is related to a decreased expression of the cell cycle mediator cyclin-dependent kinase 2 and cyclin E, and increased gene expression of transforming growth factor TGF-β (65). Other studies confirm these effects of TH receptor β, although contradictory results have also been reported for a human hepatoma cell line (66).

The liver is a major target for thyroid hormones, and in fact, a higher number of mutations of the thyroid hormone receptors α and β have been found in the liver, also in association with the development of liver cancer. However, so far no clear indication has been found, as the situation of the signaling of the thyroid hormone receptor appears to be quite complicated, not only because of the two different typologies of signaling, non-genomic and genomic, but also because non-genomic and genomic effects of thyroid hormones can cross-talk. In addition, TR-α knockout mice are protected from diet-induced hepatic steatosis and hepatic insulin resistance (67). The TRα mutants in HCC act as dominant negative inhibitors in spite of the concentration of T3, impairing gene transcription (3, 68, 69). At variance with these results, the TRβ mutants play a dominant negative effect only at low-intermediate concentrations. In conclusion, TR mutants may have different effects and roles in the development of cancer (60).

TRβ1 can inhibit the nuclear signaling pathways in HCC and breast cancer cells (70). In agreement with these data, a new role for TRβ1 as an anti-metastatic factor has been shown because it inhibits activation of both ERK and PI3K pathways (3, 69, 71). Mutants of TRα1 and TRβ1 from HCC show many alterations from the WT receptors, which indicate that these mutants may act as repressors or activators of specific genes. A similar situation has also recently been shown in the development of renal clear cell carcinoma, and this causes resistance to thyroid hormones (72). In any case, hypothyroidism is associated with the development of cancer in human beings, probably by decreasing apoptosis, while v-ErbA transgenic mice develop liver cancer because v-ErbA may be a dominant-negative receptor (73). As mentioned above, hypothyroidism is also a risk factor for other pathologies, such as NASH (74), and also for viral hepatitis and alcoholic liver disease (52).

The demonstration that v-ErbA can give rise to tumor formation first came from Barlow et al. (73) who created a transgenic mouse with an ectopic expression of v-ErbA. These animals are affected by hypothyroidism, reduced fertility, decreased body weight and abnormal behavior. The male mice also developed hepatocellular carcinoma. v-ErbA has oncogenic potential through its ability to increase the transformation capability of other oncogenes. Parallel studies have also shown that v-ErbA promotes tumorigenesis by interfering with the AP-1 pathway because v-ErbA prevents the inhibition of the AP-1 pathway through thyroid hormone receptors. Estrogens may block the v-ErbA effect and this could explain the protective effects of estrogens toward neoplastic transformation in females. At variance with this, androgens would be permissive toward oncogenic transformation due to v-ErbA (73). Typically, glucocorticoids inhibit the activation of AP-1 and in this way they become potent anti-inflammatory agents (75).

As to the link between viral hepatitis and hypothyroidism, it was found that in patients with chronic hepatitis there was an emergency response shown by the increased levels of thyroperoxidase antibodies (AbTPO), and the subjects positive for AbTPO had a higher risk of hypothyroidism. In cells in culture, HCV infection had a role in thyroid autoimmunity, suggesting an interaction between HCV and the thyroid. At variance with this, patients with chronic hepatitis B virus infection were less prone to autoimmune thyroid disease (76, 77).

Several studies have suggested that thyroid hormones stimulate tumor growth because they stimulate cell proliferation in several types of cancer cells. Thyroid status also affects tumor progression and metastasis both in animals and human beings (60).

Hercbergs et al. showed that hypothyroxinemia can be a compassionate strategy to prolong the life expectancy of terminal tumor patients (78). This is based on a methimazole therapy, to keep low Thyroxine, free T4 and TSH levels, and at the same time to have a normal euthyroid condition through the administration of T3. T3 inhibits tumor cell growth, but an impairment of TH homeostasis alone is not enough to decrease HCC development and invasion. In the liver in particular, HCC develops after a slow progression from liver fibrosis, chronic liver injury and cirrhosis, up to the pre-cancerous alterations with the pre-symptomatic feature being the downregulation of nuclear receptors, TRα and TRβ (3). Therefore, there is no contradiction between the data reported by Hercbergs et al. and the finding of an association between hypothyroidism and liver pathologies such as cancer (3, 78). Actually, among the patients participating in the study of Hercbergs et al. only one was affected by a liver tumor, and not all tissues behave in a similar way. The compassionate therapy reported by Hercbergs et al. that can be induced by either thyroidectomy or pharmacologically (by PTU or methimazole, perhaps also TR-KO) is in agreement with the association between thyroid hormone levels and liver cancer. In fact, hypothyroidism leads to a delay in hepatic regeneration as reported before (79, 80). It is difficult to summarize all the contributions dealing with thyroid hormones and liver cancer development. We refer the reader to an excellent review on the epidemiology of liver cancer (81), and another very good recent review where both in vitro studies as well as preclinical and clinical studies report on thyroid hormones and cancer (82).

The factors possibly leading to HCC are reported in Figure 3. As to possible genetic markers, microRNA and their dysregulation are genetic factors strongly associated to the pathogenesis of tumor growth and HCC. Exosomes with high levels of miRNA exit the cell and contribute to the spread and invasion of the tumor through activation of the Phosphatase and tensin homolog/3-Phosphoinositide-dependent protein kinase 1/Akt signaling pathway, better known as PTEN/PDK1/Akt (83).
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FIGURE 3. Scheme showing diseases and factors leading to the pathogenesis of Human Hepatocellular Carcinoma starting from Hepatic Stellate Cells damage. Kupffer cells contribute to repair, but may also impair the damage as well as hepatocytes. CHB, Chronic Hepatitis B; HCV, Hepatitis C Virus.





METABOLISM OF CANCER CELLS AND THYROID HORMONES: PKM2

The progression of cancer also depends on metabolism. In particular, tumor cells have an increased aerobic glycolysis and lactic acid production; for cancer cells this process is called the Warburg effect (84). It was later found that there is a connection between mitochondria and thyroid hormones in the modulation of this process (85, 86). Suhane and Ramanujan evaluated different metabolic parameters and activities in breast cancer cells, such as lactate generation, oxygen consumption, mitochondrial viability by the MTT assay, and hexokinase activity as the first step of glycolysis. They found that T3 directly increases the metabolism of mitochondria in breast cancer cells and also the expression of one of the isoforms of pyruvate kinase that is responsible for the Warburg effect (85).

Pyruvate kinase catalyzes the last step of glycolysis that converts the phosphoenolpyruvate to pyruvate through the transfer of one phosphate group to ADP (86, 87). Mammals have four isoforms encoded by two genes: PKL is found in liver and other tissues; PKM is present in two isoforms, PKM1 and PKM2, that show the same catalytic activity. PKM2 is more active in regenerating tissue, embryogenesis and cancer, but is also present in non-proliferating and differentiated tissues (88, 89). Therefore, active PKM2 is important for cancer cell metabolism and survival. Cells transformed to express PKM1 instead of PKM2 switched from aerobic glycolysis to mitochondrial respiration and were unable to give rise to tumor formation (90).

Recently Zhao et al. used a xenograft in a murine model to show that PKM2 is able to activate the nuclear transcription factor SREBP-1a, leading to cell proliferation and increased tumor progression. The interaction appears to be highly specific for this type of SREBP-1a (91, 92). This is an important result as it confirms the role of lipid accumulation in cancer progression. Gnoni et al. showed that in HepG2 cells, T3 activates SREBP and the effect is inhibited by tetrac (93).

Hedgehogs (Hh) are a morphogen family that represents an evolutionary highly conserved pathway, from Drosophila to human beings. These proteins are able to move from the cell membrane to the nucleus; they have an essential role in embryonic development, and dysregulation of Hh may lead to tumor development (94). The cAMP/PKA pathway is an important negative modulator of the Hh pathway. PKA is important for Sonic Hedgehog (Shh), the main Hh paralog, in fact it phosphorylates Gli (glioma-associated oncogenes) transcription factors repressing gene transcription (95).

Thyroid hormones are tumor suppressors and inhibitors of Shh signaling in Basal Cell Carcinoma. This inhibition may be mediated by deiodinase cross-talk, in particular an increase in deiodinase 3 via Shh/Gli2 leading to a decrease in T3 and increase of rT3, as reported above. Hedgehog-depleted mice show elevated thyroid hormone levels because thyroid hormones are tumor suppressors and inhibitors of Shh signaling in Basal Cell Carcinoma (96). The cAMP/PKA pathway has the opposite effects on Shh signaling. The same Hedgehog pathway is activated in many other pathologies affecting the human liver, including NAFLD and liver fibrosis (51, 97). The increase in deiodinase 3 leads to decreased T3 levels available to modulate gene expression, including the conversion of PKM2 from tetramer conformation to the dimer/monomer conformation that slows cancer progression (88). cAMP (or forskolin) has the opposite effects, activating D2 and therefore the production of T3 from T4 (49, 88). In conclusion, hypothyroidism is a condition that may lead to cancer progression due to rT3 stimulation of cell proliferation, but also because the decrease in T3 leads to an increased activity of the glycolytic pathway typical for cancer cells (88).



MOLECULAR MECHANISMS MODULATED BY THYROID HORMONES, THROUGH INTEGRIN αVβ3 INVOLVED IN LIVER CANCER

The family of metalloproteinases consists of more than 20 structurally related, zinc-dependent endopeptidases, that are able to degrade (but also activate) different components of the ECM, such as growth factors, cytokines, and chemokines that reside in the ECM, nowadays considered an important player in cancer progression (98). Through their proteolytic activity they play a role in cancer metastasis and invasion by regulating the signaling pathways involved in cell growth, survival, metastasis and invasion, but also angiogenesis and inflammation (99). Therefore, Matrix Metalloproteinases (MMPs), in particular MMP-2 and MMP-9, are involved in cancer metastasis, and inhibitors of MMP are studied as possible antitumor tools. One of the possible effects is the lysis of the ECM components. Thyroid hormones increase the expression of these MMPs, and a nano-formulation of tetraiodothyroacetic acid, Nano-diamino-tetrac, is able to downregulate the expression of MMP-2 and MMP-9 (100, 101).

The growth of normal tissues, as well as the growth of tumors, depend on the local formation of vasculature, and research on cancer treatment has focused on vascular targets and related growth factors, such as VEGF and basic fibroblasts growth factors (bFGF). Both T3 and T4 are pro-angiogenic as shown when using the chick-egg chorioallantoic membrane model (102). MMP, VEGF, and other angiogenic growth factors acting via miR-126 may be important therapeutic targets in liver cancer (103). In the context of growth factors and cross-talk with thyroid hormones, EGF should also be mentioned because liver cells express high levels of the receptor for this growth factor, which is associated with drug resistance and the angiogenic processes.

Many papers have shown the role of microRNA in cancer progression. MiR-21 and miR-15A play a role in metastasis, but their expression is also modulated by thyroid hormones (101, 104–107) and these effects on cancer progression start at the integrin αvβ3. Tetrac also seems to act effectively on the miRNAs (101); more information on this topic can be found in a very recent review on miRNA in HCC (108).

Thyroid hormones can interact with and modulate the action of growth factors and this may also be related to cancer metastasis. Among growth factors, TGF-β seems to be involved in liver fibrosis and cancer development. TGF-β is a pro-fibrogenic cytokine upregulated in liver disease (109) and apparently there is a direct relationship between thyroid hormones and TGF-β in fibrosis (110). The role of TGF-β in oncogenic transformation has been widely revised and appears to be mediated by the activation of MAPKs and interaction with several types of integrins such as integrin αvβ3 (111). The possible therapeutic approach has also recently been evaluated (112).

Experiments carried out on a pituitary cell line, GH4C1, showed the opposite effect of T3 on the SMAD binding element (SBE) with respect to TGF-β in promoting transcriptional activation of SBE. A more recent paper shows that HEP-G2 treatment with Hexachlorobenzene (HCB), a hormone interferent that gives rise to hypothyroidism, may be reverted by statins through TGF-β, and it is also able to inhibit deiodinase 1, which is highly expressed in the liver, thus decreasing the production of T3 from T4. This could be responsible for the inhibitory effect on tumor promotion caused by statins (and T3 also) (113).

T4 promotes Epithelial Mesenchymal Transition (EMT) through integrin αvβ3, and induction of β-catenin and nanotetrac inhibits this pathway (114). Wnt/β-catenin is a pathway involved in fibrosis and hepatic tumor, as reported above. Wnt signaling inhibits glycogen synthase kinase (GSK-3β), which prevents β-catenin phosphorylation, leading to cytoplasmic accumulation of non-phosphorylated β-catenin that can enter the nucleus to regulate gene expression (114, 115). We have recently shown that tetrac and Nanotetrac downregulate β-catenin and High Mobility Group A2 in colon cancer and the immune checkpoint PD/PD-L1 (106, 116–119). It has been reported by Alvarado et al. (120) that T3, and the agonist GC-1, stimulate cell proliferation in normal hepatocytes, and the effect is dependent on β-catenin activation, Wnt signaling and PKA activation. At the same time, pre-treatment with either T3 or GC-1 after partial hepatectomy leads to a higher increase in cell proliferation with respect to non-treated cells (120). Wnt signaling is also involved in liver fibrogenesis, a recognized risk factor for liver cancer (3, 121). In this case stroma (Hepatic Stellate Cells, macrophages, endothelial cells) activation arising from inflammation due to liver damage in turn leads to increased proliferation and contractility, altered secretion and activity of ECM, leading to a microenvironment that may favor the development of cancer cells (19, 35).

Chemosensitization of cancer cells by tetrac, particularly those resistant to other cancer therapeutic treatments, has been reported. P-glycoprotein (P-gp, MDR1, ABCB1) is a plasma membrane pump that gives rise to the efflux of cancer therapeutic agents. This pump is mainly responsible for the cell chemoresistance in HCC (122, 123). Thyroid hormones are important modulators of this pump by increasing the transcription of MDR1, thus increasing the activity of the pump. The mechanism of this stimulation is not yet known in detail, but it is known that thyroid hormones support chemoresistance. Tetrac, instead, increases the retention time of doxorubicin. Thyroid hormones stimulate the Na/H exchanger, the integral plasma membrane protein that exchanges sodium and protons according to the concentration gradient, thus increasing intracellular pH, and tetrac inhibits it, giving rise to cell acidification and inhibition of MDR function and expression (124). Several other factors inhibit the activity of the P-glycoprotein, increasing the retention time of chemotherapeutic agents (i.e., doxorubicin) besides tetrac, osteopontin, VEGF, and calcium channels blockers (124). Most of these effects of thyroid hormones in cancer are blocked by integrin αvβ3 inhibitors (Table 1).



Table 1. Mechanisms of reported and possible chemotherapeutic actions of tetrac/Nanotetrac/Nano-diamino-tetrac.
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DO EXOSOMES HAVE SOMETHING TO DO WITH THYROID HORMONE'S ACTIONS IN LIVER CANCER?

Exosomes are vesicles, structures derived from cells that are able to modulate intercellular communication. They may contain a wide variety of molecules: cytokines, growth factors and nucleic acids. Exosomes are pivotal elements that make communication between cells easier through “cargos” whose content may change during diseases, particularly cancer, and this can be important to understand the response to disease. The exosomes impact the recipient cell by either epigenetic or translational and transcriptional changes (130). They modulate tumor cell function through apoptosis, differentiation, angiogenesis, or metastasis. The exchange of small molecules such as miRNA is a main object of study, in fact these miRNAs can be biomarkers with a wide range of applications in the management of pathologies such as cancer (131, 132). Modulation of exosomal miRNA represents a target of the personalized medicine intensely pursued nowadays. In Hepatic Stellate Cells treated with exosomes derived from HCC, it was found that the exosomes were able to convert Hepatic Stellate Cells to Cancer Associated Fibroblasts (CAF). Exosomes from HCC, through miRNA-21, were able to activate Hepatic Stellate Cells through the PTEN/PDK1/Akt pathway, thus promoting cancer progression through the secretion of cytokines that stimulated angiogenesis, such as VEGF, MMP-2, and MMP-9 (83).

To our knowledge, modulation of thyroid hormones' effect through exosomes has not been reported on to date. However, elements of the signaling of thyroid hormones, such as the integrin αvβ3 and the already mentioned PKM2 are known. PKM2, as reported above, is important for tumor cell metabolism, helping the switch from oxidative phosphorylation to the glycolytic pathway, typical of tumor cells. The thyroid hormone is an inhibitor of PKM2 that catalyzes the last step of glycolysis producing pyruvate and ATP (88). PKM2 is a tetramer able to activate STAT3 by phosphorylation, and also SNAP-23, important for the secretion of exosomes (133).

Other pathways involving integrin αvβ3 can be modulated by the exosomes, in connection with the delivery of a cargo of Oviductosome (OVS) to modulate sperm capacitation and fertility (134, 135). Integrin αvβ3 and heparan sulfate–proteoglycan in Hepatic Stellate Cells represent new receptors for the exosomes of these cells (134). In prostate cancer the integrin αvβ3 has been proposed as an easy marker of this type of tumor (136).

Embryonic endothelial progenitor cells are able to produce exosomes through stimulation of folliculogenesis in thyroid cells due to the expression of laminin −1α (137). It has been proposed that extracellular vesicles combined with iPSCs (EV-iPSCs) may represent an easy method to slow down or inhibit liver fibrosis. As reported before, there are many mechanisms involved in Hepatic Stellate Cells activation such as cell injury, altered ECM components, immune defense, metabolic dysregulation, infection, and membrane signaling pathways such as kinases and integrin αvβ3. Therefore, possible inhibitors of integrin αvβ3 such as tetrac or Nanotetrac could prevent or inhibit the fibrogenic process (138, 139).



THE FUTURE OF PHYSIOLOGY OR THE PHYSIOLOGY OF THE FUTURE?

Monolayer cell cultures have long been used to study the physiological and pathological mechanisms of cells and tissues or organs and have also shown their limitations in not being fully comparable to whole tissues, making them a limited model. That is why, over the years, many different strategies have been developed to cultivate cells that more closely resemble the tissue or organ. The technology of 3D cultures has therefore improved, with the idea of being more similar to the structure and physiology of a tissue that is either healthy or cancerous. These models are supposed to overcome the limitation of monolayer cell cultures. Under defined culture conditions, cells may self-assemble into 3D structures called spheroids. But they may also reproduce the embryonic development and give rise to 3D cultures called organoids. Both spheroids and organoids reproduce the morphology and physio-pathological properties of normal and tumor cells, providing new tools for research, drug discovery, and precision medicine. Among the different strategies we mention the one developed and reported by Takebe et al. (140) starting from human induced pluripotent stem cells (iPSCs). For an extensive review on models for development and diseases with organoids see (141). The liver is an extensively studied tissue in the research of biomaterials (141), in particular for the cytotoxicity of drugs and possible drugs (142). The organoids first became popular in the 70s up to the 90s and were first used to study Developmental Biology. Recently, there has been a revival of organoids as 3D structures derived from stem cells made from various organs—a specific cell type and self-organizing in a specific structure (141).

At present the reports showing effects of thyroid hormones on organoids or spheroids are quite limited. An earlier paper on Endocrinology shows the modulation by T3 of the mRNA of 5′-deiodinase reported either in primary hepatocytes or on positively charged dishes for spheroid cultures. The activation by T3 of mRNA D1 was higher in the spheroid structures than in primary hepatocytes and was unaffected by the inhibitor of protein synthesis cycloheximide (143). A few years later the same group showed an increase of responsiveness to T3 in a spheroid culture with respect to isolated hepatocytes, while the different response may involve the Thyroid hormone response element (TRE) complex (144). Another paper in the same years shows that in a 3D collagen gel-culture, thyroid cells easily give rise to folliculogenesis with the proper orientation and polarization, whereas in the usual monolayer that is not possible (145). A paper on recent advances in 3D cell cultures assessing liver physiology and pathology was reported by Calitz et al. (146). For very recent reviews on 2D, 3D, organoids and spheroids see (147, 148) as well as an extensive Chapter on liver culture models by LeCluyse et al. (149). A very interesting work on the construct of hepatocyte aggregation on chitin-based substrates made of butterfly wings opens a new area of study with biomaterials (150).

The effects of thyroid hormones and tetrac mediated by integrin αvβ3 on spheroids made of HuH7 cells integrin αvβ3-negative HCC, compared to mesenchymal stem cells (MSCs) invasion, migration and differentiation has been reported by Schmohl et al. (151) also suggesting a possible therapeutic approach based on tetrac.



CONCLUSIONS

Let us summarize the main information available on the role of thyroid hormones in hepatocyte growth and liver cancer, one of the world's more common fatal diseases, and the research that focuses on therapeutic tools in order to minimize this burden.

A role of thyroid hormones in the pathogenesis of liver cancer has been studied for many years and can be due to thyroid hormones' status, dysregulation of deiodinases, THR mutations or integrin αvβ3 dysregulation.

Tetrac and its derivatives, counteracting many actions of integrin αvβ3, inhibit and prevent many of the weak points of cell metabolism and functions typical of tumor cells, leading to the inhibition of tumor cell growth. This could represent a feasible therapeutic approach for liver cancer as well.

The new strategies of biotechnological research represented by 2D and 3D culture systems, organoids, spheroids and biomaterials, studying the mechanisms relating to thyroid hormones and liver cancer, may represent new frontiers of models in Physiology and Physio-pathology research.
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Spontaneous Prospective 29,601 Several malignancies Significantly higher hazard ratios for lung (n
hyperthyroid population study and prostate cancer vs. significantly lower
for HT
Case-control 532 Pancreas Increased risk with prior hypothyroidism (18)
Case-control 26,22 matched Breast Subclinical hyperthyroidism associated (19)
controls with more frequent cancers
Spontaneous Case report 1 NSCLC, metastatic *Spontaneous’ CR following myxedema (0)
hypothyroid coma
Series 28 Various solid tumors 100% response (CR and PR) rate to @1)
radiation therapy in chemically HT pts
Primary Population-based 1,136, 1,083 controls  Breast, primary Less aggressive disease in HT group, @2
hypothyroidism-Thyroid fewer metastases, 7 years older age at
hormone onset, smaller tumors
supplemented
Comparative study 280 Breast, all stages 5 years older for HT ©3)
Comparative study 68, 91 matched Breast, all stages 6 years older, smaller tumors, lower stage, @4
controls lower S phase for HT
Comparative study 85, 85 matched Lung, all stages 4.3 years older, longer survival for HT ©5)
controls
Comparative study 247, 234 matched RCC, all stages Greater use of TH in RCC pts (6)
controls
Case report 1 Breast Apparent tumor stimulation with TH ©n
Case report/review 1 NSCLC Apparent tumor stimulation with TH (0)
Case report 1 Anaplastic thyroid Apparent tumor stimulation with TH, CR ©8)
while clinically HT, 10-year survival
Series 5 Pancreas, CRC Long-term sunvival while on lower dose; ©9)
TH/TH discontinued
Series 176 Breast Pts taking TH before diagnosis had greater (30)
relapse rate, larger tumors
Hypothyroid Retrospective 54 RCC treated with sunitinib Pt becoming HT with sunitinib and @1
atrogenic] 2° to treated with TH seemed to have worse
RT/CHEMORX/ outcome
[SURG/Biologics
Retrospective 156, with 59 HNSCC Pts developing HT seemed to have better [€2)
developing HT survival
Population-based 5,916 (age >65) HN (excluding thyroid, Longer survival in those developing HT ©@3)
larynx, prior HT)
Phasel, subset 34 RCC, melanoma treated Higher responses with development of HT [0}
analysis with IL-2/LAK cells
Phase ll subset 16 RCC, metastatic, treated  Development of HT correlated with better @5)
analysis with IL-2/LAK cells response rate
interventional Phase I 36 Recurrent, high-grade Early-onset HT associated with improved (,36)
hypothyroxinemia gliomas made HT with PTU  survival
Phase I 20 Recurrent, high-grade HT associated with improved survival @7
gliomas made HT with PTU
[Recurrent disease Case reports 4 Breast 7/9 women given TH after mastectomy @0)
ollowing [re-] initiation developed recurrence, 4 of which were
of L-thyroxine in HT pts late
Case report 1 Breast Rapid progression, death after re-starting @n

TH, 8+ years after being in CR

CR, complete response; CRC, colorectal cancer; HN, head and neck; HNSCC, head and neck squamous cell carcinoma; HT, hypothyroidism; IL-2, interieukin 2; LAK, lymphokine-
activated kiler; NSCLC, non-small celllung cancer; PR, partial response; pts, patients; PTU, propylthiouracil; RCC, renal cell carcinoma; TH, thyroid hormone; XRT, raiation therapy/
|Reprinted with permission from Hercbergs et al. (38).
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