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Abstract: Exemplifying the long-pursued thyroid hormones (TH)—cancer association, the TH-lung
cancer association is a compelling, yet elusive, issue. The present narrative review provides back-
ground knowledge on the molecular aspects of TH actions, with focus on the contribution of TH to
hallmarks of cancer. Then, it provides a comprehensive overview of data pertinent to the TH-lung
cancer association garnered over the last three decades and identifies obstacles that need to be over-
come to enable harnessing this association in the clinical setting. TH contribute to all hallmarks of
cancer through integration of diverse actions, currently classified according to molecular background.
Despite the increasingly recognized implication of TH in lung cancer, three pending queries need
to be resolved to empower a tailored approach: (1) How to stratify patients with TH-sensitive lung
tumors? (2) How is determined whether TH promote or inhibit lung cancer progression? (3) How to
mimic the antitumor and/or abrogate the tumor-promoting TH actions in lung cancer? To address
these queries, research should prioritize the elucidation of the crosstalk between TH signaling and
oncogenic signaling implicated in lung cancer initiation and progression, and the development of
efficient, safe, and feasible strategies leveraging this crosstalk in therapeutics.

Keywords: genomic actions; integrin av33; lung cancer; nongenomic actions; non-small cell lung
cancer; non-thyroidal illness syndrome; tetrac; thyroid hormones; thyroid hormone receptors

1. Introduction

With a long history originating with the medical writings of eminent philosophers-
physicians of the antiquity, such as Galen (130-200 AD) and Pliny the Elder (23/24-79 AD),
the thyroid gland and its products—the thyroid hormones (TH)—still fascinate researchers [1].
TH, especially the main active iodothyronines 3,3',5,5'-tetraiodo-L-thyronine (T4) and
3,53 -triiodo-1-thyronine (T3), are indispensable for life through controlling evolutionary
conserved pathways. The biological significance of TH is highlighted by identification of
precursors of T4 and T3 in a variety of invertebrate species, even in marine algae, despite
absence of thyroid tissue [2].

The actions of TH—conventionally classified as genomic and nongenomic—coordinate
to integrate several physiological and pathological processes [3]. The physiological pro-
cesses include fetal and postnatal development, cellular differentiation, oxygen consump-
tion, heat production, free radical formation, and metabolic homeostasis [2]. Among the
pathological processes, the neoplastic ones prevail [4].

Originally conceived in 1896 by Beatson, the TH-cancer association remained underex-
plored for years. The interest for the TH-cancer association was rekindled with the cloning
of cDNAs encoding the nuclear TH receptors (TRs) in 1986 [5], which heralded a new realm
of investigation. In 1993, the case report of spontaneous remission of metastatic NSCLC
following recovery from myxedema coma by Hercbergs and Leith [6] paved the way for
the increasing recognition of the implication of TH in a wide array of malignancies beyond
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the lung, including breast, prostate, ovary, adrenocortical, thyroid, colon, hepatocellular,
and pancreatic cancer and melanoma, glioma, glioblastoma, multiple myeloma, lymphoma,
sarcoma, and leukemia [4,7,8].

Although the TH-lung cancer association laid the groundwork for pursuing the thyroid
gland as intrinsic modifier of cancer [6], it remains elusive, yet important.

Considering the enormous global burden of lung cancer and the challenging man-
agement thereof, it would be of interest to clarify the potential exploration of the TH-lung
cancer association in the clinical setting.

With 2,206,771 estimated new cases (11.4% of total cases) and 1,796,144 estimated
deaths (18.0% of total cases), worldwide in 2020, lung cancer ranks as the second most
common cancer and the leading cause of cancer death [9]. Lung cancer patients’ five-year
survival rates depend on disease stage at the time of diagnosis, varying from 59.8% for
local disease to 32.9% for regional disease, and down to 6.3% for distant disseminated
disease [10]. Three histological types of lung cancer have been recognized: (i) non-small cell
lung cancer (NSCLC) (80-85%) with 3 subtypes, adenocarcinoma, squamous cell carcinoma,
and large cell carcinoma; (ii) small cell lung cancer (SCLC) (15%); (iii) other tumors (e.g.,
lung carcinoid tumors, lymphomas, sarcomas) [11]. Approximately one third of NSCLC
patients are diagnosed with potentially curable early-stage disease [12].

The treatment of lung cancer is based on three pillars: surgical resection, systemic
therapy, and radiation therapy. The optimal decision-making is tailored based on disease
stage according to the American Joint Committee on Cancer (AJCC) TNM staging system
integrated with patient-related and tumor-related characteristics [13-21].

Currently, the treatment of lung cancer has been revolutionized by major advances
in large-scale molecular profiling of lung tumors unveiling an increasing list of oncogenic
drivers exploited as therapeutic targets (e.g., epidermal growth factor receptor [EGFR],
vraf murine sarcoma viral oncogene homolog BE [BRAF], rearrangements in anaplastic
lymphoma kinase [ALK], proto-oncogene tyrosine-protein kinase ROS1, and neurotrophic
receptor tyrosine kinase [NTRK]). A targetable genomic hallmark is identified in up to 69%
of patients with advanced NSCLC. Additionally, the regulatory approval of monoclonal
antibodies (mAbs) blocking the immune checkpoints, namely, the programmed cell death 1
(PD-1)/PD-1 ligand 1 (PD-L1) pathway and the cytotoxic T-lymphocyte-associated antigen
4 (CTLA-4), known as immune checkpoint inhibitors (ICPi), has altered the survival rates
of lung cancer [13,20]. However, the personalization of lung cancer therapeutics remains
“a moving target” due to resistance of cancer cells to innovative therapies [21].

The emerging paradigm shift in cancer treatment from targeting single molecular
defects to targeting complex molecular interactions [16], leveraging the proteomic landscape
of tumors [22], rationalizes capitalizing on the interrelationship of TH signaling with pivotal
molecular pathways implicated in lung cancer. Deciphering the TH-lung cancer association
is anticipated to refine the management of lung cancer.

The present review suggests three pending queries as the core of a comprehensive
overview of the TH-lung cancer association: (1) How to stratify patients with TH-sensitive
lung tumors who may benefit from interventions in TH status? (2) How to determine
whether TH promote or inhibit lung cancer progression? (3) How to leverage the antitumor
effects of TH and/or abrogate the tumor-promoting effects of TH in the clinical setting?
These queries set the framework for the present review. The answer to the first two
questions entails background knowledge about the synthesis, metabolism, and transport of
TH addressed in Section 2. Additionally, it should be sought in the molecular background
of the crosstalk between TH signaling and oncogenic signaling in general—addressed
in Sections 3 and 4—and in lung cancer—addressed in Section 5.1—with the hope of
identifying and validating predictive biomarkers and risk factors as discussed in Section 7.
The answer to the third question should be sought in the understanding of the clinical
aspects of the TH-lung cancer association—addressed in Sections 5.2 and 6—and the
potential development of efficient, safe, and feasible strategies lever-aging this crosstalk in
therapeutics—addressed in Section 7.
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2. Synthesis, Metabolism, and Transport of TH

T4 is the prevailing iodothyronine and the only one derived exclusively from secretion
from thyroid gland. Thyroid gland produces and releases also T3, but almost 80% of
circulating T3 arises from the removal of a single 5 iodine atom from T4 (outer ring or 5’
monodeiodination) in tissues outside thyroid gland [2,23].

The biosynthesis of TH is a multistep process requiring: (i) active iodine trans-
port via sodium/iodide symporters (NIS) into follicular thyrocytes, (ii) iodide oxidation,
(iii) covalent linkage of iodine to tyrosine residues of thyroglobulin to produce first MIT
and then DIT, (iv) coupling of two molecules of DIT to form T4, and (v) coupling of one
molecule of MIT with one molecule of DIT to form T3. The iodination of thyroglobulin and
the coupling of iodotyrosyl residues in Tg are catalyzed by thyroid peroxidase (TPO) [2,24].

Three deiodinase (DIO) enzymes (DIO1, DIO2, DIO3) with differing tissue localization,
substrate specificity, and physiologic and physiopathologic regulation are credited with
maintenance of TH homeostasis, as depicted in Table 1 [2,24].

Table 1. The main properties of distinct deiodinases.

Property

DIO1

DIO2

DIO3

Reaction catalyzed

Deiodination of both
outer and inner rings
of iodothyronines

Deiodination of the
outer, phenolic ring

Deiodination of the
inner tyrosine ring

Localization Plasma membrane End(.)plasmlc Plasma membrane
reticulum
Thyroid gland, brain,
Tissue distribution Th}'er.1d glan.d, liver, pituitary skeletal Bra.m, pancreas, fetal
pituitary, kidney muscle, brown tissues, placenta

adipose tissue

. > Transformation
>  Transformation

of T4to T3 (K >  Transformation
of T4to T3 in the range of of T3 to T2
Action (Km in tfhe 1-4 nm) >  Transformation
range o >  Transformation of T4 to rT3
1-0 pm) of rT3 to T2
> Transformation of rT3 to T2
Substrates @ rT3 > T4 >T3 T4 > rT3 T3 >T4
Hypothyroidism 1 T +
Hyperthyroidism T 1 T

Symbols: |, decreased, 1, increased; * descending order of affinity. Abbreviations: DIO, deiodinase; DIO1,
DIO type 1; DIO2, DIO type 2; DIO3, DIO type 3; Kin, Michaelis-Menten constant, T2, 3,5-diiodothyronine;
T3, 3,5,3'-triiodo-1-thyronine; T4, 3,3’ 5,5'-tetraiodo-L-thyronine; rT3, 3,3’ ,5'-triio-dothyronine or reverse T3.

Currently, this historical landscape is being enriched with several derivative metabo-
lites of T4 and T3, generated through different classes of enzymes, beyond DIO, namely
amine transferases, amine oxidases, decarboxylase, and sulfotransferases. Such metabolites
are designated as novel TH and include the 3,3’,5'-triiodothyronine or reverse T3 (rT3), the
3,5-diiodothyronine (T2), the thyronamines (e.g., the 3-iodothyronamine [TLAM] and the
non-iodinated thyronamines [TOAM]), the thyroacetic acids (e.g., the 3,5,3',5'-thyroacetic
acid [TA4], the 3,5,3'-thyroacetic acid [TA3], and the 3-thyroacetic acid [TA1]) [25]. Similari-
ties and differences between TH and their metabolites have been increasingly identified [26].
Once considered inactive, the TH derivatives are nowadays acknowledged as biological
active compounds with potential clinical applications [27-32].

In the blood, T4 and T3 are almost entirely bound to plasma proteins, i.e., thyroid-
binding globulin (TBG), transthyretin (TTR), and albumin. Only the unbound (free [f])
forms of TH are available to tissues. Once released by thyroid gland, TH entry into cells
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either by diffusion or by specific carrier mechanisms mediated by membrane transporter
proteins, such as monocarboxylate transporter (MCT) 8, MCT 10, organic anion transporter
protein-1cl (OATP1c1), and nonspecific L-type amino acid transporters 1 and 2 (LATI,
LAT?2). The expression profile of TH transporters is tissue-specific [33,34].

Historically, the hypothalamic-pituitary-thyroid (HPT) axis has been considered as
the tuner of the circulating levels of TH through negative feedback mechanisms. Briefly,
hypothalamus secretes thyroid releasing hormone (TRH), which stimulates pituitary to
secrete thyroid stimulating hormone (TSH), which, in turn, stimulates TH synthesis and
secretion from thyroid. TH, especially T3, inhibit TRH and TSH secretion [2]. However, very
recently, the HPT axis has been suggested as a dynamic system with plasticity, allowing
adaptation to demanding situations through regulating “life-history trade-offs between
reproduction, growth, immunity and basal metabolic rate” in the setting of an evolutionary
ecology framework [35].

3. Molecular Aspects of the Actions of TH

The actions of TH are an integration of conventionally considered genomic (classical)
and nongenomic (nonclassical) actions. The conventionally considered genomic actions
of TH are exerted through direct regulation of transcription, mediated by nuclear TRs.
Given that the genomic actions require synthesis of RNA and proteins, a time lag between
effect and result is justified. More than 40 years ago, innovative studies revealed rapid
nonclassical actions of TH implicated in calcium efflux [36,37], glucose uptake [38], actin
polymerization [39], and mitochondrial function [40]. Such actions were initially considered
transcription-independent, and thus, they were nominated as nongenomic.

Currently, major advances in our understanding of TH actions [2] indicate the need for
revolutionizing the relevant nomenclature. Indeed, many of the conventionally considered
nongenomic effects can eventually affect transcription and may even be mediated by TRs
located at the plasma membrane or in the cytoplasm, as well as by alternatively spliced
TRs isoforms [32]. Additionally, the direct action of T3 on mitochondrial function cannot
be considered nongenomic because it affects the genome of mitochondria. Finally, the
tenet that a rapid TH action cannot implicate genomic signaling is incorrect because rapid
post-translational changes, such as the phosphorylation of TRs, can rapidly regulate gene
expression mediated by chromatin-bound TRs. In that respect, a novel classification of TH
effects in four types, based on involved molecular pathways, has been proposed [41].

Type 1 comprises the TRs-dependent TH actions, induced by recruitment of TRs to
chromatin [5,41]. TRs are members of the nuclear receptors’ superfamily, which consists
of ligand-activated transcription factors that control development, differentiation, and
metabolism in a tissue-specific and cell-specific manner [42]. Two distinct genes—the cellu-
lar c-erbA « and c-erbA 3 genes on human chromosomes 17 and 3, respectively—encode
two distinct types of TRs (TRalpha [TR«] and TRbeta [TRf3], respectively). Alternative
splicing generates various TRs isoforms with similarities and differences. The T3-binding
TR« isoforms are the TR«1, the three TRB (1, 2, and 33), as well as the truncated TRA«1,
TRAx2, and TRAP3 [43]. The tissue distribution of TRs isoforms varies considerably: TRa
isoforms prevail in heart, brain, and bone, while TR isoforms prevail in liver, kidneys,
pituitary gland, and brain.

TRs interact with thyroid response element(s) (TRE(s)), which are specific DNA se-
quences in the regulatory regions of the TH target genes, formed by two half-sites, each
including at least the AGGTCA hexamer consensus motif, separated on average by four
nucleotides. Although TRs can bind to chromatin as monomers or homodimers, they often
bind to TREs as heterodimers with the retinoic acid X receptor (RXR). Distinct species (TR,
TR/TR, and RXR/TR) show preference for different TREs.

Unliganded TRs bind to TREs and form co-repressor complexes including the nu-
clear corepressor (NCoR), the silencing mediator for RXR and TR (SMRT), and certain
histone deacetylases (HDAC). The latter are also associated with methyl-CpG-binding
proteins, thereby contributing to methylation-dependent gene silencing. Binding of TH
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to TRs leads to alteration of the conformation of TRs, resulting in dissociation of core-
pressors (NCoR or SMRT), recruitment of transcriptional coactivators, and induction of
target gene transcription. Especially, the TH-bound TRs form co-activator complexes
that include the nuclear coactivator 1 (NCoA-1), the transcriptional intermediary factor
2 (TIF2/GRIP-1/NCoA-2), the cAMP-response element binding protein (CREB)-binding
protein (CBP), also known as p300, the p300/CBP-associated factor (p/CAF), the vitamin
D receptor-interacting protein/TR-associated protein (DRIP/TRAP), and the mediator
complex subunit 21 (MED/21, also known as Srb7). Rarely, the TH-bound TRs can repress
transcription through unknown mechanisms, likely due to inhibition of other transcrip-
tional factors. Several studies showed that the T3-TRs-TREs signaling can also affect the
expression of miRNAs [44].

A critical step for the regulation of TRs action is their trafficking between nucleus and
cytoplasm. Interaction of the nuclear transport proteins importin 7, importin 31, and the
adapter importin o1 with the nuclear localization motifs (NLS1 and NLS2) of the receptor is
responsible for the nuclear entry of TRx1. TR31, which lacks NLS-2 and is located initially
in the cytoplasm, is translocated to nucleus by the importin «1/1 heterodimer [45].

Type 2 comprises the TRs-dependent actions of TH mediated by indirect binding
of TH-bound TRs to DNA. Experiments based on chromatin immunoprecipitation and
sequencing (ChIP-Seq) demonstrated that TRs can interact with chromatin indirectly by
tethering to other chromatin proteins. Although there is a paucity of relevant biochemical
evidence, examples of type 2 TH actions, especially of T3, are the modulation of the activator
protein (AP) 1 (AP1) (jun/fos) and the inhibition of expression of genes encoding the 3
subunit of TSH (TSHf) [46-49] and the DIO2 [50] in the pituitary.

Type 3 comprises the TH actions that are independent of direct or indirect binding to
DNA. Such actions are mediated through interaction of cytoplasmic TRs with kinases nor-
mally cited at the plasma membrane, resulting in activation of signaling pathways, such as
the phosphatidylinositol 3-kinase (PI3K) pathway, which in turn activates the mammalian
target of rapamycin (mTOR), promoting transcription. At the plasma membrane, T3 inter-
acts with the truncated TR« isoforms p30 TRx1—a transcriptionally incompetent protein
translated from an internal AUG codon of the TRa1 messenger RNA [3]—to stimulate the
binding of PI3K to p85«, resulting in inactivation of transcription of down-stream genes.
On the other hand, the T3-liganded TR«1 activates a series of signal trans-duction proteins
(e.g., type II cGMP-dependent protein kinase [PKGII] and extracellular signal-regulated
kinase [ERK]) and the endothelial nitric oxide synthase (NOS) [8]. In the cytoplasm, T3
interacts with TRB31 to activate rapidly the PI3K pathway and the down-stream transcrip-
tion of target genes, including hypoxia inducible factor-1a (HIF-1cx), glucose transporter 1
(GLUT1), platelet-type phosphofructokinase (PFKP) and monocarboxylate transporter 4
(MCT 4) [8].

Type 4 comprises the nuclear TRs-independent TH actions. A typical example of this
type is the binding of T4 and T3 to the membrane TR at integrin av[33, as described for the
first time in 2004 by Davis et al. [51,52].

Integrin av33 is a heterodimeric plasma membrane protein credited with cell-cell
and cell-extracellular matrix (ECM) protein interactions, which contains an Arg-Gly-Asp
(RGD) recognition specific binding site for ECM proteins, such as osteopontin, fibronectin
and vitronectin. The downstream signaling is mediated through various kinases and is
implicated in cytoskeletal organization [53,54], cell motility [55-59], endocytosis [56], and
gene transcription [57-59].

Integrin ov33 is amply expressed in cancer cells and in rapidly dividing endothelial
cells. Beyond interacting with ECM proteins, integrin v 33 contains specific receptors for
TH [52,60], dihydrotestosterone, and resveratrol [61]. The signal transduction down-stream
of the binding of TH to the TR near the RGD site of integrin ocv33 regulates the division of
cancer and endothelial cells and determines the fate of cancer cells [62].

Integrin av 33 contains two TH binding sites, S1 and S2, which activate different down-
stream pathways. S1 binds T3 and activates the PI3K/Akt/protein kinase B (PKB) pathway
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via Src kinase activation. Downstream consequences are the shuttling of cytoplasmic TR«
to the nucleus and the increase of expression of target genes, such as HIF-1«. S2 binds T4
and, with lower affinity, T3 and activates PI3K/Akt and mitogen-activated protein kinase
(MAPK)/ERK1/2 pathways via phospholipase C (PLC) and protein kinase Cox (PKC«) [8].
At physiological concentrations, T4 is the principal ligand of 52 [63].

Downstream of the binding of T3 or T4 to S2 at integrin acv33, the MAPK/ERK1/2 and
PI3K/ Akt signaling cascades are activated to induce: (i) upregulation of genes expressing
several proteins, such as proliferating cell nuclear antigen (PCNA), HIF-1«, p21, activinf3C,
thrombomodulin, sineoculis homeobox homolog 1 (SIX1), RAS Guanyl Releasing Protein 3
(Rasgrp3), N-myc downstream-regulated gene 2 (Ndrg2), lipocalin 2, B-lymphoma Moloney
murine leukemia virus insertion region-1 (BM1) [8], tryptophan biosynthesis protein (TRP1),
ERM, Signal transducer and activator of transcription 1(STAT1) and p35 [63]; (ii) activation
of mesenchymal-epithelial transition (MET)/focal adhesion kinase (FAK) and nuclear
factor-xB (NF-«B) signaling cascades [8]; (iii) downregulation of cyclin-dependent kinase 2
(CDK2), cyclin E, follistatin, and phosphorylation of retinoblastoma (Rb) protein. Overall,
tumor-promoting signals are transduced [8]. Additionally, TH-activated MAPK induces the
sodium proton exchanger (Na+/H+) [8] and increases the activity of the sodium pump (Na,
K-ATPase) [62]. Moreover, T4-activated ERK 1/2 modulates intracellular protein trafficking
of estrogen receptor alpha (ERo) and TRB1 from the cytoplasm to nucleus [8].

The integrin avp3-mediated TH actions that are relevant to cancer biology can be
regulated by the 3,3/ 5,5 -tetraiodothyroacetic acid—a deaminated form of T4 known as
tetrac—and its nanoparticulate analog—known as nano-diamino-tetrac (NDAT) or tetrac-
NP [62-71]. Tetrac is a monocarboxylic acid carrying four iodo substituents at positions 3,
3’,5 and 5. Tetrac binds to nuclear TRs with low affinity, thereby acting as a low-grade
thyromimetic in the nucleus. However, tetrac blocks the TH signaling initiated at integrin
av33, acting as antagonist of TH actions at this cite [66]. Additionally, tetrac and NDAT act
atintegrin acv33 to mediate trafficking of proteins from cytoplasm to nucleus, nucleoprotein
phosphorylation, and generation of nuclear coactivator complexes pertinent to genomic
actions of T3 [66].

Type 4 includes also the TH actions on polymerization of actin and the action of T3
as allosteric regulator of Crym (or p-crystallin), which is a NADP-regulated, T3-binding,
cytoplasmic protein acting as ketamine reductase [72]. Actually, TH show weak binding
affinity for several cytoplasmic proteins, but whether these proteins serve for transport and
storage or initiate signaling events is unknown [42]. Figure 1 depicts the main signaling
cascades implicated in the four types of TH actions.
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NUCLEUS

Figure 1. The main signaling cascades implicated in the four types of TH actions. A. Type 1 comprises
the nuclear TRs-dependent TH actions, induced by recruitment of TRs to TREs. Binding of T3 (repre-
sented by the brown triangle) to TRs results in dissociation of CoR from the TR/RXR hetero-dimers
and recruitment of CoA, inducing target gene transcription. B. Type 2 comprises the TRs-dependent
actions of TH exerted through tethering to other chromatin proteins binding of T3-bound TRs to
DNA. C. Type 3 TH actions comprises the nuclear TRs-independent TH actions exerted through
direct or indirect binding to DNA. Especially, interaction of T3 with cytoplasmic TRs or with the
truncated TR« isoforms p30 TR«1 at the plasma membrane stimulates signaling transduction that
results in promotion of transcription; D. Type 4 comprises various nuclear TRs-independent TH
actions as follows. D1. Binding of T3 to integrin «v 3 activates the Src/PI3K/Akt pathway, leading
to the shuttling of cytoplasmic TR« to the nucleus, promoting transcription. D2. Binding of T4 (repre-
sented by the green rhombus) and of T3 to integrin ocv33 activates PI3K/ Akt and MAPK)/ERK1/2
pathways via PLCP and KC«. Activated MAPK induces the sodium proton ex-changer (Na*/H"),
increases activity of the sodium pump (Na, K-ATPase), and modulates intracellular protein trafficking
of proteins, such as ERx and TRB1, from the cytoplasm to nucleus, promoting the transcription.
Activated PI3K transduces also signaling that promotes transcription. D3. Type 4 includes also
the TH actions on polymerization of actin. D4. Type 4 includes the action of T3 as regulator of
Crym. Abbreviations: A, sodium pump Na, K-ATPase; Akt/protein kinase B (PKB); AP, actin
polymerization; CoA, coactivators; CoR, corepressors E, sodium proton exchanger (Na*/H*); ERK,
extracellular signal-regulated kinase; P, proteins; PI3K, PKC, protein kinase Co;; PLC, phospholipase
C; PKGI], type II cGMP-dependent protein kinase; MAPK, mitogen-activated protein kinase; mTOR,
mammalian target of rapamycin; NOS nitric oxide synthase; NP, nucleoproteins; RXR, retinoic acid X
receptor; TR, thyroid hormone receptor; TRx1, TRalpha isoform 1; TR31, TRbeta isoform 1; TREs,
thyroid response elements.
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4. The Contribution of TH to the “Hallmarks of Cancer”

The versatile role of TH in cancer is a complicated issue beyond the scope of the pre-
sent review. Herein, we recapitulate the most representative data indicating the contribution
of TH to the unique properties of cancer cells designated as “hallmarks of cancer” [73].
These “hallmarks of cancer” are signals of sustained proliferation, resistance to growth
suppressors, evasion of programmed cell death, replicative immortality, sustained angio-
genesis, promotion of invasion and metastasis, reprogramming of energy metabolism, and
evasion from immune surveillance. Two enabling features have been suggested, namely,
the genomic instability in cancer cells and the inflammatory state of premalignant and ma-
lignant lesions. In most cases, TH foster the acquisition of “hall-marks of cancer”. However,
inhibitory effects of TH on these processes have also been described [74,75].

The pro-proliferative effect of TH on cancer cells is exerted through either the TR« or
the integrin ocv33. Critical signaling pathways that are regulated positively (PI3K/Akt,
endoglin, sonic hedgehog [SHH], RAS-ERK, miR-21), negatively (ubiquitin-like with PHD
and ring finger domains 1 [UHRF1]), or either positively or negatively (Wnt/b-catenin)
by TH coordinate to modulate the expression of downstream targets implicated in cancer
cell proliferation, such as E2F Transcription Factor 1 (E2F1), p21, c-myc, mTOR, and c-fos.
Additionally, the pro-proliferative signaling that is initiated by the binding of TH to integrin
ocv33 can crosstalk with the pro-proliferative ERa signaling.

The pro-angiogenic effect of TH is exerted through the binding of Ty to integrin ocv(33,
which activates the MAPK and PI3K/ Akt pathways, resulting in modulation of expression
of downstream targets, such as fibroblast growth factor 2 (FGF-2), vascular endothelial
growth factor (VEGF), transforming growth factor alpha (TGFa), angiopoietin 2 (AGP-2),
and hypoxia inducible factor 1 (HIF-1a).

The anti-apoptotic effect of TH on cancer cells is exerted mainly by physiological levels
of T4 via signaling pathways, implicating the modulation of downstream targets, which
in turn constitute critical components of the extrinsic and intrinsic pathways of apoptosis.
Such downstream targets include: BcL-2 Associated X (BAX), BcLx-s, caspases, Rb, X-linked
inhibitor of apoptosis (XIAP), cfos, cjun, p53, and p21.

Downstream targets of the T3-integrin ovv33-MAPK pathway, such as matrix metal-
loproteinases (MMPs), thrombospondin 1 (TSP-1), and spondin-2, are known to enhance
cancer cell migration. Interestingly, the role of T3 in invasion and metastasis can be dual,
either promoting or inhibitory, as indicated by the paradigm of HCC. Treatment of HCC
cells with T3 has been shown to enhance cancer cell migration and invasion by fostering
overexpression of brain-specific serine protease 4 protein levels, which was associated
with ERK1/2-C/EBPB-VEGEF cascade activation [76]. Ts-induced reduction of expres-
sion of miR-17 and miR-130b [77,78], and overexpression of miR-21 [79] can foster the
migration of cancer cells in HCC. However, T3 treatment has been shown to stimulate
the overexpression of spondin-2, thereby abrogating the invasion and migration of cancer
cells [80]. Additionally, T3 treatment can upregulate the expression of dickkopf Wnt (a
fusion of the words wingless and integrated or int-1) signaling pathway inhibitor 4 (DKK4)
protein, an antagonist of Wnt, in HepG2 TR-expressing cells [81], suggesting that the
T3-TR-DKK4-Wnt/ 3-catenin cascade can inhibit metastasis [82].

Similarly, the effect of TH on the reprogramming of the metabolism of cancer cells is
dual, either promoting or inhibitory. T3 can modulate the bioenergetics of cancer cells by
increasing the mitochondrial metabolism and by regulating one of the isoforms of pyruvate
kinase that is essential for the Warburg effect [73]. For instance, long-term treatment of
MDAZ231 breast cancer cells with T3 has been shown to upregulate the glycolytic enzyme
M2 isoform of the pyruvate kinase (PKM2), which promotes both the Warburg phenotype
of cancer cells and the PGC-1x-mediated mitochondrial biogenesis [83]. On the other hand,
T3 has been shown in animal models to exert an inhibitory effect on HCC progression by
reverting the metabolic profile of HCC cells to that of a normal hepatocyte. Indeed, T3
can favor a switch from glycolysis to oxidative-dependent metabolism via TR-induced
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activation of KLF9—a transcription factor implicated also in cellular growth, development,
differentiation, and inflammation [84].

Preliminary data, mainly nonclinical, indicate TH as critical determinants of immune
response through activation of complex signaling pathways, affecting various immune
cells [44]. Improved understanding of the immunobiology of dendritic cells (DCs)—the
main antigen presenting cells—points to a pivotal role of TH in T cell responses. T3 is the
main thyroid hormone that affects DCs, entering DCs more effectively than T4 through
MCT10 and LAT2. Inside DCs, T4 is converted to T3 through DIO2, while T3 is inac-
tivated to T2 through DIO3. T3 signaling in DCs is initiated at the cytoplasmic TR31,
which is upregulated by NF-«B and activates the cytoplasmic Akt. In mice, in vitro and
in vivo data show that T3 favors the phenotypic maturation of DCs through upregulating
molecules of the major histocompatibility complex class II (MHCII), thereby promoting a
pro-inflammatory cytokine phenotype, characterized by increased production of IL-12, IL-6,
IL-23, IL-1p3, and TGFB1. Additionally, T3 can stimulate immune responses implicating
Th1 cells, Th17 cells, IL-17-producing y8 T cells, and cytotoxic T cells. T3-conditioned DCs
also increase CCRY7 expression, facilitating their migration to lymph nodes, where they
exert their antigen-presenting role [23].

Intriguingly, TH have a dual impact—both promoting and inhibitory—on the immuno-
logical responses. In mice, TH have been designated as “immune-endocrine checkpoints”,
which act in a dual manner. On the one hand, T3 can induce downregulation of T regulatory
(Treg) cells, expression of PD ligand 1 (PD-L1) on DCs, and expression of programmed cell
death protein 1 (PD-1) on T cells. On the other hand, a physiological concentration of Ty
(10-7M total; 10-10M free hormone) has been shown to increase PD ligand 1 (PD-L1) gene
expression and PD-L1 protein levels in human breast cancer MDA-MB-231 cells and colon
carcinoma HCT116 cells. In colon carcinoma HT-29 cells, T4 has been shown to increase the
PD-L1 mRNA by 62% and the PD-L1 protein by 27%. The T4-induced PD-L1 accumulation
was shown to implicate ERK1/2 activation [85].

Likewise, TH have a dual impact—both promoting and inhibitory—on the inflamma-
tory responses. In mice, T3 has been shown to exert an anti-inflammatory effect mediated
through TRB1, attributed to (i) inhibition of differentiation of monocytes into macro-
phages (in vitro), (ii) slight increase in peritoneal macrophage phagocytosis (in vivo), and
(iii) switch of the phenotype of macrophages from M2 to M1 (in vitro) [86]. In humans,
proinflammatory activities, such as the respiratory burst activity of polymorphonuclear
leukocytes (PMNLs), can be induced by increased T3 levels [87].

Interestingly, a net effect of TH on immunological and inflammatory responses has
been described, depending on concentration and availability of circulating and intracellular
TH. A core component of this net effect is the metabolic status that modulates the activation
and stability of NLR Family Pyrin Domain Containing 3 (NLRP3) inflammasome—an
intracellular complex that regulates the innate immune activity through modulation of pro-
duction of pro-inflammatory cytokines [44]. Elevated levels of T4 through the T4-integrin
ocv33-PI3K-Akt signaling cascade induce a robust production of Reactive Oxygen Species
(ROS), which trigger NLRP3 inflammasome. Additionally, the T4-integrin av33-MAPKs
cascade stimulates the expression of hypoxia inducible factor 1 (HIF-1) and cyclooxy-
genase 2 (COX-2) to foster NLRP3 inflammasome assembly and stability. Physiological
levels of T3 favor anti-inflammatory responses, bactericidal activity, and phagocytosis.
T3 decreases ROS levels through the T3-TRs-TREs complex-induced downregulation of
Toll Like Receptor 4 (TLR4), NF-«B, NLRP3, pro-IL-1f3, and pro-IL-18 and several miRNAs,
such as miR-31, miR-155, and miR-222. Moreover, the T3-TRs-TREs complex inhibits the
assembly of NLRP3 inflammasome through upregulation of miR-30, miR-133, and miR-144,
which target Fasl, Ik, Serpinel, hepatocyte growth factor (HGF), Beta secretase 1 (Bace 1),
and C-X-C motif chemokine receptor 4 (CXCR4) [44]. TH have been shown to increase the
sensitivity of natural killer cells (NK) to IFN-y in murine cells [88], while having a dual
impact—either promoting or inhibitory—on NK activity in humans, depending on TH
concentration [23,89]. Overall, the net effect of TH on immunological and inflammatory



Int. ]. Mol. Sci. 2022, 23, 436

10 of 31

TLR4
-

N

,
TNLRP3 Metastasis
HIF-1a \

responses depends on the concentration and the availability of circulating and intracellular
TH and on the metabolic status that modulates the NLRP3 inflammasome activation and
stability [44]. Figure 2 illustrates the contribution of TH to cancer hallmarks and the major
involved signaling pathways.
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Figure 2. The contribution of TH to cancer hallmarks and the major involved signaling pathways.
TH contributes to all the properties of cancer cells known as hallmarks of cancer, namely, to (i)
proliferation, predominantly through SHH, UHRF1, mTOR, Ras, and E2F1; (ii) invasion/metastasis,
predominantly through TSP-1, TSP-2, MMPs, miRNA, ERK1/2, and Wnt/ 3 catenin; (iii) angiogenesis,
predominantly through AGP-2 FGF VEGF, HIF-1«, and FGF; (iv) immune response, predominantly
through PD-1 and PD-L1; (v) evasion of apoptosis, predominantly through BAX, p53, p21, cfos/cjun,
XIAP, and BcLx-s; (vi) reprogramming of metabolism of cancer cells, predominantly through PKM2,
KLF; and (vii) inflammation, predominantly through CXCR4, NF-«B, NLRP3, ROS, TLR4, HIF-1«,
COX-2, MAPK, and PI3K. Abbreviations: AGP-2, angiopoietin 2, BAX, BcL-2 Associated X; COX-2,
and cyclooxygenase 2; CXCR4, C-X-C motif chemokine receptor 4; E2F1, E2F Transcription Factor 1;
ERK1/2, extracellular signal-regulated kinase 1/2; FGF, fibroblast growth factor 2; HIF-1«, hypoxia
inducible factor 1, MAPK, mitogen-activated protein kinase; miRNA, microRNA; MMPs, matrix
metalloproteinases; mTOR, mammalian tar-get of rapamycin; NF-«B, nuclear factor-«B; NLRP3, NLR
Family Pyrin Domain Containing 3; TLR4, Toll Like Receptor 4; PD-1, programmed cell death protein
1; PD-L1, PD ligand 1; PI3K, phosphatidylinositol 3-kinase; PKM2, M2 isoform of the pyruvate
kinase; ROS, reactive oxygen species; SHH, sonic hedgehog; TGFa, transforming growth factor alpha;
TSP, Thrombospondin; UHRF1, ubiquitin-like with PHD and ring finger domains 1; VEGEF, vascular
endothelial growth factor; XIAP, X-linked inhibitor of apoptosis Wnt, a fusion of the words wingless
and integrated or int-1.
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An integrin av33-mediated TH action in tumor stroma formation—a core component
of tumor microenvironment—has been reported in a subcutaneous HCC xenograft model.
T3 or T4 increased the recruitment and the invasion of mesenchymal stem cells (MSCs)
into tumors of hyperthyroid mice compared to tumors of euthyroid and hypothyroid
mice and stimulated the expression of genes related to cancer-associated fibroblast-like
differentiation. In primary human bone marrow-derived MSCs, treatment with T3 or T4 in
the presence of HCC-conditioned medium stimulated the expression of genes related to
cancer-associated fibroblast-like differentiation. Treatment with tetrac eliminated MSCs
recruitment almost completely [90].

Importantly, a key determinant of the dual role of TH in cancer is the T3-induced pre-
mature senescence. In mouse embryonic fibroblasts (MEFs), T3 has been shown to rapidly
activate the ataxia telangiectasia mutated (ATM)/adenosine monophosphate-activated
protein kinase (PRKAA) signal transduction, leading to recruitment of NRF1 (nuclear
respiratory factor 1) and of TR} to promoters of key genes of mitochondrial respiration.
The resultant oxidative stress can induce double-strand break, eliciting a persistent DNA
damage response, which in turn stimulates senescence [91]. The latter is a complex, dy-
namic, and interactive status of stable proliferative arrest triggered by various stimuli,
such as oncogenic cellular stress, resulting in tumor suppressive or pro-oncogenic effects
on adjacent cancer cells and other components of tumor microenvironment (e.g., stroma,
vasculature, and immune system). In fact, senescence has been designated as “the true
power behind the throne”, fostering several “hallmarks of cancer” [92].

5. Insights into the TH-Lung Cancer Association Gained over the Last Three Decades
5.1. Insights from Nonclinical Data

Over the last three decades, an increasing amount of nonclinical data have indicated
the divergent effects of TH in lung cancer.

In 1991, Kinoshita et al., working on a murine model of lung cancer, demonstrated that
a hyperthyroid status characterized by elevated T3 and reduced T4 levels, induced by sub-
cutaneous injections of T3, significantly inhibited the spontaneous pulmonary metastases
of Lewis lung carcinoma (3LL), prolonging the survival of mice. On the contrary, treatment
with T4 induced a hyperthyroid status with elevated T3 and T4 levels, which enhanced
primary tumor growth and development of pulmonary metastases of 3LL. Consistent with
this finding, methimazole-induced hypothyroidism characterized by reduced T3 and T4
levels was shown to suppress primary and metastatic tumor growth, resulting in prolonga-
tion of survival. Additionally, distinct interventions in the TH status were shown to have a
differential impact on the host immune surveillance. Injections of T3 and T4 for 4 weeks
reinforced the cytotoxicity of alveolar macrophages against 3LL tumor cells. Treatment
with T4 or methimazole attenuated the NK activities of spleen cells compared to control
mice, but T3 had no impact on NK activities [93].

TH, especially T4, were shown to favor tumor growth in a mouse model of lung
adenocarcinoma by Theodossiou et al. The authors intervened in the TH status of athymic
nude mice through either administration of oral propylthiouracil (PTU) or combination of
PTU and thyroxine. Subsequently, the animals were inoculated with lung adenocarcinoma
cells. Tumor growth was attenuated in mice with PTU-induced hypothyroidism compared
to tumor growth in mice with hyperthyroid T4 levels induced by combination of PTU
and thyroxine, the latter being similar to the tumor growth in control euthyroid animals.
In hypothyroid mice, restoration of euthyroidism after withdrawal of oral PTU allowed
tumor growth. Furthermore, in vitro and in vivo data excluded a direct inhibitory effect of
PTU on tumor growth; thus, the hypothyroid status per se was credited with attenuation
of tumor growth [94].

The report of the implication of decreased TR3 expression via hypermethylation of
the promoter of the corresponding gene in human breast cancer provided the rationale for
the hypothesis that the role of TH in lung cancer is mediated by aberrant TR function [95].
To evaluate this hypothesis, Iwasaki et al. explored the expression, mutation, and promoter
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methylation of TRB1 in 18 small cell lung cancer (SCLC) and 29 non-small cell lung cancer
(NSCLC) cell lines by reverse-transcription polymerase chain reaction (RT-PCR), direct
sequencing, or methylation-specific PCR, using four non-tumor human bronchial epithelial
cells as normal controls. This study demonstrated: (i) absence of TRB1 ex-pression in 61%
of SCLCs and 48% of NSCLCs, (ii) TR31 promoter methylation in 67% of SCLCs and 45%
of NSCLCs, and (iii) no TR31 somatic mutation. TR31 methylation status was significantly
correlated with loss of TRB1 expression. Treatment with 5-aza-2-deoxy-cyti-dine and/or
trichostatin-A in four cell lines resulted in restoration of TR31 expression [95]. Taken
together, these findings indicated TRP1 as a tumor suppressor likely implicated in lung
carcinogenesis [95].

Meng et al. demonstrated that interaction of TH with integrin ocv33 can induce prolifer-
ation of human NCI-H522 NSCLC cells and NCI-H510A SCLC cells through a crosstalk be-
tween integrin av33-mediated and ERa-mediated signaling in a concentration-de-pendent
manner. T4 at a physiologic concentration (10—7 M) and T3 at a supraphysiologic concen-
tration significantly increased proliferating cell nuclear antigen (PCNA) abundance in both
NCI-H522 cells and NCI-H510A cells. Anti-integrin ocv33 antibodies, but not anti-integrin
av5 antibodies, were demonstrated to abrogate the T4-induced PCNA accumulation
in both NCI-H522 cells and NCI-H510A cells, indicating integrin av[33 as mediator of
T4-induced PCNA accumulation in lung cancer cells. Similarly, tetrac was shown to abro-
gate the TH-induced PCNA accumulation and the ERK1/2 activation in NCI-H522 and
NCI-H510A cells by inhibiting the interaction of TH with integrin av(33. Additionally, Ty
was demonstrated to cause nuclear accumulation of phosphorylated ERx in NCI-H522
cells, an action inhibited by co-incubation of cells with T4 and tetrac. ICI 182,780 (ICI), an
ER antagonist, inhibited ERo phosphorylation, ERK1/2 activation, and NCI-H522 cells
proliferation, while the impact of ICI on the action of T3 was minimal. Taken together,
T4-induced lung cancer cell proliferation initiated at integrin «v33 was shown to be me-
diated by activated ERx, whereas T3-induced cell proliferation was independent of ER«x
phosphorylation [96].

Mousa et al. demonstrated the proliferative effect of TH and the anti-proliferative
and anti-angiogenic action of tetrac-NP in three models of NSCLC: (a) cultured human
NSCLC H1299 cells in vitro, (b) tumor cell implants in the CAM model, and (c) xenografts
in the nude mouse. In vitro, TH-induced cell proliferation was inhibited by an antibody
blocking integrin «vf33, by unmodified tetrac and by tetrac-NP. Additionally, the TH-
induced proliferation of NSCLC cells was inhibited by pharmacologic blockade of the
MAPK pathway. In H1299 cells grown in the CAM model, tetrac and tetrac-NP attenuated
tumor growth and tumor-related angiogenesis; additionally, both agents precluded chick
embryo mortality. Tetrac or tetrac-NP administered intraperitoneally every 2 days in
xenograft tumor models established by subcutaneous inoculation of H1299 cells in nude
mice significantly suppressed tumor growth and angiogenesis [97].

An interesting mechanism through which TH modulate gene expression in human
NSCLC cells implicates the integrin occv monomer, as indicated by the study of Lin et al. [98].
Albeit conventionally considered a cell surface protein, the integrin «v monomer can be
internalized and translocated in the nuclear of human NSCLC cells through T4-medi-ated
mechanisms. In TH-treated lung cancer cells, the interaction of integrin «v monomer with
two activators of transcription (p300 and phosphorylated [p] STAT1) was shown to be
involved in the genomic actions of TH. Especially, the nuclear p300 complex that includes
pERK1/2 and integrin av monomer was shown to regulate TH target genes critical for
tumor cell biology, such as COX-2, hypoxia inducible factor 1 alpha (HIF-1¢), and ER«.
The integrin av monomer formed also complexes with NCoR and SMRT to modify the
transcriptional activity of several members of the nuclear superfamily of hormone receptors,
including TR. The interaction of integrin «v monomer with pERK1/2 and with nuclear
coactivators and corepressors was prevented by integrin (33 siRNA, but not by scRNA,
indicating the necessity of the existence of intact heterodimer at the point of internalization
of the integrin. The role of integrin «v monomer in the nucleus was at-tributed to conserved
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sequence(s) in ocv monomer that recognize specific domains of p300 related to transcription,
facilitating the trafficking of T4-activated ERK1/2 into nucleus and its interaction with the
p300 complex [98].

Carmona-Cortés et al. evaluated the effects of the interaction of TH with nitric oxide
(NO) on tumor development and angiogenesis in a murine model of implanted Lewis’s
carcinoma. T4 was shown to induce parallel increases in tumor weight (TW) and angio-
genesis. The NO inhibitor L-NAME reduced TW and angiogenesis in control, hyperthyroid,
and hypothyroid mice, whereas no variable was influenced by inducible form of NOS
(iNOS) inhibitor aminoguanidine (AG). Tetrac attenuated TW in normal and T4-treated
mice, whereas it did not inhibit angiogenesis in T4-treated mice. TW was negatively
correlated with AP activity in tumors from control hyperthyroid and hypothyroid groups,
and an inverse relationship was observed between TW and AP activities in tetrac-treated
mice. T4 reinforced TW and NO-mediated angiogenesis, but T4-induced carcinogenesis
required activation of integrin ovs3. NO blockade decreased TW, irrespectively of the
thyroid status. Taken together, this study demonstrated that TH increased TW via, at
least partially, negatively modulating the AP activity in the tumor, and that inhibition
of the membrane TR at «v{33 integrin decreases TW via, at least partially, enhanced AP
activity [99].

Recently, the effect of T4 on lung cancer growth was studied in an orthotopic mouse
model by Latteyer et al. In this study, murine Lewis lung carcinoma (3LL) cells, stably
transfected with luciferase, were injected into mouse lungs. Tumor growth in untreated
mice was compared to that in hypothyroid mice, and hypothyroid mice treated with T3 or
T4 with or without tetrac. This study demonstrated that tumor growth was reduced in hy-
pothyroidism and was increased by T treatment. Intriguingly, only T4 treatment pro-moted
tumor growth, an effect that was inhibited by tetrac. Tumor weight and neoangiogenesis
were also significantly increased only in T4-treated mice, but T4 did not influence ocv33
expression. A direct effect of T4 on proliferation of 3LL cells was excluded in vitro [100].
Taken together, in this study, the tumor-promoting effect of T4 was mediated by integrin
avp3 and was attributed to increased neoangiogenesis rather than direct stimulation of
3LL cells.

Overall, according to nonclinical data, TH signaling is implicated in lung cancer
progression, but its effect can be either promoting or inhibitory depending, at least partially,
on TH type (T3 or T4), TR type and isoform, TH concentration, and activated molecular
pathways. However, it is acknowledged that most nonclinical data are derived from ani-
mal models, and thus, more human nonclinical data are needed. Table 2 summarizes the
nonclinical studies addressing the TH-lung cancer association.
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Table 2. Nonclinical studies addressing the TH-lung cancer association.

Ref. Materials

Interventions/
Methods

Results

[93] Murine 3LL tumor model.

SC injections (3 times/week) of T3
to induce hyperthyroid status with
1TT3 and | T4 levels.

Significant inhibition of spontaneous
pulmonary metastases of 3LL carcinoma
and prolongation of survival of mice
induced by hyperthyroid status with 113
and | T4 levels.

Treatment with T4 to induce
hyperthyroid status with 1T3 and
1T4 levels.

Increased primary tumor growth and
development of pulmonary metastases of
3LL by 1T3 and 1T4 levels.

MMI-induced hypothyroidism ({ T3
and |T4 levels).

Suppressed primary and metastatic tumor
growth, prolongation of survival by
MMlI-induced hypothyroidism.

Effect of T4, but not of T3, on immune cells.

Athymic nude mouse

PTU-induced hypothyroidism or

PTU-induced hypothyroidism led to tumor
growth attenuation, compared to

[94] model of lung PTU plus LT4-induced .
adenocarcinoma. hyperthyroid T4 levels. hyperth.yrmd. T4 levels and control
euthyroid animals.
e  Inoculation of mice with lung Tumor growth proceeded after
adenocarcinoma cells. euthyroidism restoration.
¢ Restoratlor'l of e'uth){romhsm mn No direct inhibitory effect of PTU on
hypothyroid mice via tumor erowth
PTU withdrawal. & ’
No TRB1 expression in 61% of SCLCs and
48% of NSCLCs.
e  RT-PCR, direct sequencing, or TRp1 promotfir methylation in 67% of
methylation-specific PCR for TR31 SCLCs and 45% of NSCLCs.
95 18 SCLC and 29 NSCLC . ’ No somatic TR 1 mutation in NSCLC
[95] : . Treatment with .
cell lines. cell lines.

5-aza-2-deoxy-cytidine and/or
trichostatin-A in four cell lines.

Significant correlation of TRB31 methylation
status with loss of TR 1 expression.
Inhibition of DNA methylation resulted in
restoration of TRB1 expression.

Human NCI-H522 NSCLC
[96] cells and NCI-H510A

Administration of Tetrac and ICI
182,780 (ICI), an ER antagonist

Significant increase of PCNA abundance in
both NCI-H522 cells and NCI-H510A cells
by T4 at physiologic concentration

(10-7 M) and T3 at supraphysiologic
concentration.

SCLC cells. _

(0.05-5 nM). Activated ERx mediated the T4-induced,
but not the T3-induced, cell proliferation
initiated at integrin av33.

Cultured human NSCLC ~ ® Inhibition of TH-integrin av33
(971 H1299 cells in vitro. interaction by unmodified tetrac, Tetrac and tetrac-NP attenuated tumor

and by tetrac-NP.

Tumor cell implants in the
fertilized CAM system.

Pharmacologic inhibition of
MAPK pathway.

Xenografts of H1299 cells
in nude mouse.

growth and tumor-related angiogenesis.
Blockade of MAPK pathway inhibited
TH-induced NSCLC cells proliferation.
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Table 2. Cont.

. Interventions/
Ref. Materials Methods Results
98] NSCLC (H522) cells. o Cell fraction.ation and separation of TH induced:
nucleoproteins.
internalization and nuclear translocation of
integrin v monomer in human cancer
e  Immunoblotting and cells
imnTur'loprecipitaFion. phosphorylation of nuclear integrin av
d Radioligand binding assay. and formation of complexes with
e Invitro phosphorylation. nucleoproteins.
o  Chromatin immunoprecipitation. e Nuclear inteerin av acts as
. Quantitative real-time PCR. coactivator tg promote gene
expression in cancer cells.
* g%r?;lﬁfgg 11‘0]?_ I%fATl\i,Em;’;himazole, T4 induced parallel increases in TW and
. ’ NO-mediated angiogenesis.
[99]  Murine 3LL tumor model. Ei i‘h%]i’ﬁit?;?iﬁzlszlgAME’ Tetrac attenuated TW in normal and
L . T T4-treated mice, but not angiogenesis in
inhibitor aminoguanidine (AG), and .
T4-treated mice.
T4 + AG.
e Untreated mice used as controls. NO blockade decreased TW, irrespectively
of TH.
e Duration of all treatments: 6 weeks Inh1b1.t1on of TR at ocyﬁ?a integrin decreased
TW via, at least partially, enhanced
except for tetrac (the last 11 days). AP activi
activity.
. Evaluation of TW, Hb content, an
index of tumor vascularization,
VEGF, and AP activity 9 d after SC
inoculation of mice with 3LL cells.
. . T4, but not T3, stimulated lung cancer
[100] Murine 3LL tumor model. ®  Treatment with T or Ty with or growth via integrin ovB3-mediated

without tetrac.

increase of neoangiogenesis.

. Serial in vivo imaging of
bioluminescence to evaluate
tumor progression.

No direct effect of T4 or T3 on 3LL
cells proliferation.

° TW record at the end of the

experiment.

o Neoangiogenesis assessment by

IHC for CD31.

Symbols: 1, increased; |decreased. Abbreviations: AP, activator protein; CAM, chick chorioallantoic membrane;
d, days; ERe, estrogen receptor «; Hb, hemoglobin; IHC, immunohistochemistry; 3LL, Lewis lung carcinoma;
LT4, levothyroxine; MAPK, mitogen-activated protein kinase; MMI, methimazole; NSCLC, non-small-cell lung
cancer; PCNA, proliferating cell nuclear antigen; PCR, polymerase chain reaction; PTU, Propylthiouracil; RT-PCR,
reverse transcription PCR; SC, sub-cutaneous; SCLC, small-cell lung cancer; TH, thyroid hormones; TW, tumor
weight; TR, thyroid receptor; VEGEF, vascular endothelial growth factor.

5.2. Insights from Clinical Data

The hallmark case report of Hercbergs and Leith in 1993, pointing to the anticancer po-
tential of hypothyroidism in lung cancer in the clinical setting [6], launched an evolving field
of research. In this case report, the authors described the remission of metastatic NSCLC,
previously treated with chemotherapy and radiotherapy, after recovery of myxedema
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coma induced by amiodarone in a 69-year-old male patient [6]. The myxedema coma was
injtially treated with high doses of levothyroxine (LT4). Subsequently, the patient received
daily LT4 at maintenance doses, as well as digoxin and diuretics for cardiac disease, and
preferred cessation of chemotherapy. Surprisingly, no recurrence or progression of NSCLC
was documented during a 4-year follow-up after myxedema coma. The patient died of
myocardial infarction. Given that the clinical remission of NSCLC was co-incident with the
recovery of myxedema coma, the authors hypothesized that it was precipitated by severe
T3 deficiency and suggested the inhibition of the proapoptotic role of T3 as underlying
mechanism [6].

A retrospective case control study assessing the occurrence of primary hypothyroid-
ism among 1979 patients with NSCLC and SCLC (stages I-1V) revealed 85 cases of hy-
pothyroidism (4.2%). The female to male ratio for hypothyroidism was 3.35:1. The number
of patients with hypothyroidism differed among distinct disease stages, with 86 patients,
46 patients, 19 patients, and 19 patients in stages III, IV, I, and II, respectively. Improved
median survival for disease stages I-IV was observed in the hypothyroid group compared
to the euthyroid group (14.5 months versus 11.1 months, respectively; p = 0.014). Especially,
for stage IV, median survival was 11 months in the hypothyroid group versus 5 months in
the euthyroid group (p = 0.0018). Taken together, primary hypothyroidism was suggested
as significant prognostic factor for a favorable clinical outcome of lung cancer [101].

Assessment of the pattern of HPT axis function in the setting of a 24 h sleep-wake
schedule in 11 healthy participants (age of 35-53 years-old) and 9 patients with NSCLC
(age of 43-63 years-old) by Mazzoccoli et al. demonstrated that, compared to healthy
participants, NSCLC patients had lower 24 h means TSH levels, but higher 24 h means TRH
and fT4 levels. Nevertheless, both groups of patients experienced similar synchronization
of the main body clock to the 24 h environmental light-dark cycle, resulting in a prominent
circadian rhythm of TSH with peaks near midnight [102].

A prospective study assessing the risk of cancer, including lung cancer, in 29,691 individuals
revealed development of cancer in 2511 individuals during a median follow-up of 9 years.
TSH levels below the lower reference range (<0.50 mU/L), suggestive of hyperthyroidism,
were correlated with higher risk for any cancer type compared to any other TSH levels in-
cluding the highest TSH levels suggestive of hypothyroidism. Individuals with TSH levels
<0.50 mU/L had a 34% higher cancer risk compared to individuals with TSH within the
reference group (0.50-1.4 mU/L) (adjusted hazard ratio [HR], 1.34; 95% confidence interval
[CI], 1.06-1.69). Compared to the reference group, the adjusted HR particularly for lung
cancer was 2.34 (95% CI, 1.24-4.40). Adjustment for smoking only moderately attenuated
this association [HR, 2.60 (unadjusted) versus 2.34 (adjusted)]. A separate analysis exclud-
ing the first 2 years of follow-up to eliminate a potential bias of impact of preclinical cancer
on TSH levels revealed even stronger association of hyperthyroidism with lung cancer (HR,
2.91, 95% CI, 1.49-5.70). Individuals with subclinical hyperthyroidism were at higher risk
for lung cancer compared to the euthyroid reference group (TSH, 0.50-1.4 mU/L) with a
HR of 2.55 (95% CI, 1.22-5.35). Overt hyperthyroidism showed stronger association with
lung cancer risk compared to subclinical hyperthyroidism, but a precise estimation was not
feasible due to small number of patients [103].

A prospective population-based cohort study of 10,318 participants with available
baseline evaluation of fT4 and/or TSH levels demonstrated a significant association be-
tween higher T, levels and higher risk of lung cancer (HR, 2.33; 95% CI, 1.39-3.92), which
maintained its significance after excluding administration of thyroid-altering medication.
Compared to fT4 levels of the lowest tertile (0.12-1.14 ng/dL), fT4 levels of the highest
tertile (1.29-4.73 ng/dL) were correlated with a 1.79-fold increased risk of lung cancer
(p for trend <0.05). No association between TSH levels and cancer risk was observed.
The association between thyroid function and cancer risk did not differ according to sex or
age [104].

Overall, preliminary clinical data indicate an anticancer potential of hypothyroidism
in lung cancer as opposed to the tumor-promoting potential of hyperthyroidism.
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On the other hand, in a prospective cohort study of a community-dwelling population
of 3649 persons in Western Australia, 600 individuals were diagnosed with non-skin cancer
during a 20-year follow-up. Forty-one patients had lung cancer, but no association of TSH,
T4, or anti-TPO antibodies (anti-TPOAbs) with lung cancer was observed [105].

Iwasaki et al. investigated the correlation between epigenetic inactivation of TR31
through aberrant methylation and clinicopathological parameters or mutations of KRAS
and EGFR in 116 NSCLC surgical specimens. TRB1 methylation was detected in 47% of
NSCLC surgical specimens, while methylation demonstrated no significant association
with any clinicopathological parameters or mutations of KRAS and EGFR [95].

Little is known about the correlation of administration of LT4, which is the mainstay
treatment of hypothyroidism, with risk of lung cancer. A study investigating the correlation
of sales of LT, in 2009 with the prevalence of several cancer types including lung cancer
in women of 30-84 years-old in 18 Italian regions during 2010 demonstrated a significant
correlation between LT4 administration and lung cancer (p < 0.05) corrected for smoking and
age. None of the other cancer types studied (breast, colorectal, and gastric cancers) showed
significant correlation with LT4 sales. The authors postulated that LT4 may contribute
to lung carcinogenesis via triggering oxidative stress. However, it was hypothesized
that the hypothyroidism for which LT4 was administered could be implicated in lung
carcinogenesis [106,107]. Table 3 depicts some representative studies addressing the TH-
lung cancer association.

Table 3. Clinical studies addressing the thyroid hormones-lung cancer association.

Ref. Type and Aim of Study Results

Case report of a 69-years-old male patient with
metastatic NSCLC treated with radiation and >  Spontaneous remission of NSCLC after myxedema coma

(6]

chemotherapy with amiodarone-induced during a 4-year FU.
myxedema coma.

> Incidence of hypothyroidism: 4.2%.
> Female to male: 3.35:1.
Retrospective case control study of 1979 > Median survival in hypothyroid group vs. euthyroid group:
[101] patients with NSCLC and SCLC (stages I-1V) e 145movs. 11.1 mo; p = 0.014 (stages I-V)
tq assess the incidfence and the prognpstic e 11 movs. 5mo;p = 0.0018 (stage IV)
significance of primary hypothyroidism. > Primary hypothyroidism was significant prognostic factor for
favorable clinical outcome of NSCLC and SCLC.
> Circadian rhythm synchronized to the 24 h environmental
A research study of 9 NSCLC patients and hght'-('iark cycle similar between NSCLC patients and healthy
11 healthy individuals to assess the pattern of participants.
[102] y P > NSCLC patients vs. healthy participants:

HPT axis functionina24 h
sleep-wake schedule. ° lower 24 h means of TSH levels

° higher 24 h means of TRH, fT4, and IL-2 levels
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Table 3. Cont.

Ref. Type and Aim of Study Results
Correlation of TSH <0.50 mU/L with higher risk for any cancer
type compared to any other TSH levels.
TSH <0.50 mU/L compared to TSH 0.50-1.4 mU/L:
. Trisk for any cancer (adjusted HR, 1.34)
e  frisk for lung cancer:
Prospective study of 29,691 individuals e  HR adjusted for smoking: 2.34
[103] without previously known thyroid disease to e  unadjusted HR: 2.60
i assess the association of thyroid function with e  HR excluding the first 2 years of FU: 2.91
cancer risk. Subclinical hyperthyroidism compared to euthyroidism (TSH:
0.50-1.4 mU/L):
° Trisk for lung cancer: HR, 2.55; 95% CI, 1.22-5.35.
Stronger association of overt hyperthyroidism compared to
subclinical hyperthyroidism with lung cancer risk.
Compared to fT4 of the lowest tertile (0.12-1.14 ng/dL),
significant association of fT4 of the highest tertile (1.29-4.73
Prospective, population-based, cohort study of ng/dL) with: )
[104] 10,318 individuals to assess the association of e 179-fold T r}sk of lung cancer
thyroid function with cancer risk. e  113-fold T risk of any solid cancer
e  1.14-fold 7 risk of breast cancer
No association between TSH levels and lung cancer risk.
Prospective cohort study of a
community-dwelling population of 3649
[105] participants aged 25-84 years in Western No association of TSH, fT4 or anti-TPOAbs with lung cancer.
Australia to assess the association of thyroid
function with cancer risk.
Research study of correlation of sales of LT, in
2009 with the prevalence of lung cancer (as Significant correlation of LT4 administration with development
[106]  well as breast, colorectal, gastric and cancer) in of lung cancer corrected for smoking and age, but not with any
women of 30-84 years-old in 18 Italian regions other cancer types.
treated with LT4 during 2010.
TRPB1 methylation detected in 47% of NSCLC surgical
Research study of analysis of TR[31 Specimens. L . )
[95] No significant association of methylation with any

methylation in 116 NSCLC surgical specimens.

clinico-pathological parameters or mutations of KRAS and
EGEFR.

Symbols: 1, increased. Abbreviations: CI, confidence interval; EGFR, epidermal growth factor receptor; fT4,
free thyroxine; FU; follow-up; h, hours; HR, hazard ratio; LTy, levothyroxine; mo; months; NSCLC, non-small
cell lung cancer; Ref., reference; SCLC, small cell lung cancer; anti-TPOAbs, anti-thyroid peroxidase antibodies;
TRpB1, thyroid hormone receptor beta 1; TRH, thyrotropin-releasing hormone; TSH, thyroid-stimulating hormone;

VS, Versus.

In the era of precision oncology, a novel aspect of the TH-lung cancer association
is the thyroid impairment related to immune checkpoint inhibitors (ICPi) and tyrosine
kinase inhibitors (TKI), which have revolutionized the landscape of NSCLC therapeu-
tics [12,107-112]. Detailed discussion of this issue is beyond the scope of the present review.
Briefly, thyroid disorders related to ICPi and TKI are a common adverse event, potentially
related with favorable prognosis. Table 4 depicts some representative studies concerning
the impact of ICPi [113-116] and TKI [117-122] on thyroid function to highlight the need
for thyroid function monitoring in patients receiving these agents.
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Table 4. Representative studies addressing the thyroid disorders related to ICPi and TKI in lung
cancer patients.

Ref Patients/Methods Results

Incidence of thyroid disorders: 21%.

Strong association of thyroid disorders with anti-thyroid

antibodies.

Median onset time of hypothyroidism: 98 d (20-231 d).

Prospective study of 51 patients with advanced Hypothyroidism was preceded by transient hyperthyroidism

NSCLC treated with pembrolizumab in the in 6 of 10 patients.

setting of KEYNOTE-001 (Clinical Trial Registry >  Patients without thyroid disorders vs. patients with thyroid

ID: NCT01295827). disorders:

. median OS: 40 mo vs. 14 mo; HR, 0.29; 95% CI, 0.09-0.94;
p =0.029)

° median PFS: 8 mo vs. 2 mo; HR, 0.58; 95% CI 0.27-1.21;
p=0.14

vV

v v

[113]

Incidence of ir thyroid disorders: 29.9%.

Patients with thyroid disorders vs. no ir thyroid disorders:
Prospective study of 134 patients with e longer OS (29.8 mo vs. 8.1 mo; (p < 0.001)

[114] histologically confirmed stage I1IB/IV NSCLC ° longer PFS (8.7 months vs. 1.7 months; p < 0.001)

trea?ed with nivolumab due to disease > Ir thyroid disorders: independent predictive factor of OS
progression after one or two lines of treatment. and PFS

vy

> Ir thyroid disorders: independent predictive factor of
survival, irrespectively of their severity and subtype.

> Significant association of low fT4 levels compared to no low
T4 levels with:
° longer PFS (not reached versus 67 days; HR, 0.297;
Retrospective analysis of 111 NSCLC patients p =0.010)
treated with nivolumab. e  longer median OS (not reached versus 556 days, HR,
0.139; p = 0.020)

> Significant association of low fT4 levels with the T allele of rs
1411262 (p = 0.0073) and the A allele of rs 822,339 (p = 0.0204).

[115]

> Incidence of ir thyroid dysfunction: 23%
e  Hypothyroidism: 15.1% (subclinical: 11.9%, overt: 3.2%)
Retrospective analysis of 126 patients with e  Hyperthyroidism: 8.0% (subclinical: 4.8%, overt: 3.2%)
advanced solid tumors (NSCLC, renal cell >  Median onset time: 8.7 + 6.8 weeks (10.4 + 7.6 weeks for
carcinoma, metastatic melanoma) treated with hypothyroidism, 5.4 + 3.0 weeks for hyperthyroidism). 63.2%

PD-1 inhibitors (nivolumab, pembrolizumab). of hypothyroid patients had previously been treated with
TKIL

> Pretreatment with TKI: major predisposing factor for ir
hypothyroidism (OR 9.2, 95% CI: 1.4-59.9, p = 0.020).

[116]

> Incidence of all-and high-grade of sunitinib-related
hypothyroidism: 9.8% (95% CI 7.3-12.4%) and 0.4% (95% CI
0.3-0.5%), respectively.

> RR of hypothyroidism: 13.95 (95% CI, 6.91-28.15; p < 0.00001,
for all grade hypothyroidism), and 4.78 (95% CI, 1.09-20.84; p
= 0.04, for high-grade hypothyroidism).

> Significantly higher incidence of all-grade hypothyroidism (p
= 0.02) related to duration of treatment with sunitinib longer
than mean treatment duration of all trials (3.5 months).

Systematic review of 24 eligible trials enrolling
6,678 patients treated with sunitinib.
A meta-analysis of seven randomized trials
enrolling 2,787 subjects.

[118]
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Table 4. Cont.

Ref

Patients/Methods Results

Prospective observational study of 50 NSCLC
[120] patients treated with EGFR and ALK inhibitors
over a period of 15 mo.

> Prevalence of thyroid dysfunction: 8%

) subclinical: 4%
. overt thyroid dysfunction: 4%

> Two EGFR inhibitors (erlotinib, gefitinib) and two ALK
inhibitors (ceritinib, crizotinib) were related to thyroid
dysfunction, with onset time of 1 month after TKI initiation.
All patients were asymptomatic.

Overt thyroid dysfunction:

vy

e  hypothyroidism (all cases)
> Subclinical thyroid dysfunction:

e  hypothyroidism (half of cases)
e  hyperthyroidism (the other half of cases)
> Treatment with TKI yielded clinical benefit for all patients

with thyroid dysfunction.
> No case of TKI interruption or withdrawal.

> Incidence of TKI-induced hypothyroidism: 26%.
Retrospective review of 197 patients with various >  Higher clinical benefit rates in patients with new-onset
[121] cancer types including NSCLC from 4 clinical hypothyroidism (50%) compared to patients without
trials that included therapy with at least one hypothyroid-ism (34%).
TKI agent. > In the univariate model, OR for new-onset hypothyroidism:

1.9 [95% CI, 1.0, 3.6; p = 0.05].

[122]

> Incidence of hypothyroidism related to TKI targeting VEGFR,

Phase Il ALTER-0303 trial (Clinical Trial FGFR, PDGEF-R, and c-Kit in anlotinib group vs. placebo
Registry ID: NCT 02388919). group:

> 46.6% (all grades), 0.3 (grade 3—4) vs. 8.4% (all grades), 0%
(grade 3—4).

Abbreviations: ALK, anaplastic lymphoma kinase; CI, confidence interval; c-Kit, and stem cell factor receptor,
d, days; EGFR, epidermal growth factor receptor; FGFR, fibroblast growth factor receptor, HR, hazard ratio;
mo, months; ICPi, immune checkpoint inhibitors; NSCLC, non-small cell lung cancer; OR, odds ratio; OS,
overall survival; PD-1; programmed cell death protein 1; PDGF-R, platelet-derived growth factor receptor; PFS,
progression free survival; Ref, reference; RR, relative risk; TKI, tyrosine kinase inhibitors, VEGFR, vascular
endothelial growth factor receptor.

6. Association of Non-Thyroidal Illness Syndrome (NTIS) with Lung Cancer

The non-thyroidal illness syndrome (NITS) is strongly associated with lung cancer.
NTIS, also known as sick euthyroid syndrome, is a status of altered TH encountered in
seriously ill or starving patients, characterized by low fT3, usually elevated rT3, normal or
low TSH levels and, in case of prolonged duration and increasing severity of the illness,
decreased T3 and Ty levels. fT4 levels can be low, normal, or elevated, depending on
the timing of the measurement and the assay. TSH can be reduced, but not less than
0.05 pU/mL. In any case, TSH is inappropriately low for the serum T, and T3 levels.
During recovery, TSH transiently increases above normal.

Although the pathophysiology of NTIS remains elusive, it may implicate suppres-
sion of TRH release, reduced turnover of T3 and T4, reduced generation of T3 in liver,
increased formation of rT3, and tissue-specific down-regulation of DIO, transporters, and
TRs. Additionally, cytokines are considered key determinants of NTIS, inhibiting all steps
of synthesis and secretion of TH, as well as suppressing TSH. Tissue TH levels are reduced,
resulting in tissue hypothyroidism, which is not clinically evident because of short dura-
tion. The interpretation of the syndrome is debated. Certain researchers consider NTIS as
adaptive mechanism of HPT axis in response to acute or chronic illness, which should not
be treated. Others juxtapose that TH replacement is appropriate, not disadvantageous, and
occasionally advantageous [123,124].
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The first clinical evidence of NTIS in lung cancer patients was reported as early as
in 1978 by Ratcliff et al. The authors assessed the thyroid function at the time of initial
diagnosis of lung cancer in 204 lung cancer patients compared to that of age and sex-
matched patients with non-malignant lung disease. Thyroid disorders were observed in
67 patients (33%) and manifested principally as low T3 levels with no clinical or biochemical
evidence of hypothyroidism. Other thyroid disorders were primary hypothyroidism, low
T4 levels and free thyroxine index (FTI: product of the measured Ty level and the tri-
iodothyronine uptake) with normal TSH levels, moderately increased TSH with normal
TSH levels, and increased FTI with or without increased T4 levels. Taken together, TH
metabolism in lung cancer tended towards reduced T3 levels with significantly increased
T4/T3 ratios and modestly increased rT3 levels, pointing to decreased 5'-mono-deiodination
of T4. Six-month mortality was higher in lung cancer patients with low T3 levels compared
to matched lung cancer patients with normal T3 levels (49% versus 27%, respectively).
No significant difference in TH or TSH levels between patients with apparently localized
disease (n = 103) and patients with extrathoracic metastases (1 = 101) was observed. Patients
with lung cancer of any histological type had higher T4 /T3 ratio than controls, but the
difference was proved statistically significant only for the small-cell anaplastic group [125].

NTIS was suggested as predictor of unfavorable prognosis in NSCLC patients in a
prospective study enrolling 80 patients with newly diagnosed NSCLC. In this study, the
incidence of NTIS was 35%, with NTIS being more frequent in stage III (26%) and stage IV
(62%) disease. NTIS was correlated positively with disease stage and weight loss. Mean
follow-up time was 13.3 & 7 months. Mean survival time was 9.2 and 15.2 months for
patients with and without NTIS, respectively. This difference in survival was significant in
both univariate analysis (p = 0.0002) and multivariate analysis adjusted for histological type
and stage of tumor, body mass index (BMI), and ratio of weight loss (p = 0.04). No difference
in general survival rate (p = 0.8) was observed between cases with NTIS type 1 (only fT3
decreased) and NTIS type 2 (fT3 and fT4 decreased) [126].

Another prospective study enrolling 120 patients (71 with NSCLC and 49 with SCLC)
demonstrated that NTIS—identified in 42% of NSCLC patients and 44% of SCLC patients—
is correlated with aggressive cancer behavior and decreased survival in both NSCLC and
SCLC, compared to no NTIS [127]. NTIS incidence was significantly higher in stage IV (54%)
compared to stage II (38%) NSCLC (p = 0.032) and in extensive disease (59%) compared to
limited disease (0%) of SCLC (p = 0.0002). NTIS type 1 showed similar frequency among
NSCLC and SCLC patients, and the same was observed for type 2 NITS. According to a
Cox proportional hazard model adjusting for factors significant in the univariate analysis,
NTIS remained an independent risk factor for mortality in all cancer patients (HR, 4; 95%
CI2.3-6.9; p = 0.000). Collectively, NTIS was suggested as independent prognostic factor
for lung cancer, but this result needs to be confirmed in future studies with greater sample
sizes [127].

7. Current Challenges and Future Perspectives

Given the complexity of the TH-lung cancer association, the prioritization of rele-
vant research requests is daunting, yet critical. The overarching aim is to accomplish a
molecularly-based tailored approach to TH-lung cancer association. To this end, it is essen-
tial to overcome current challenges arising from the three queries that set the framework of
the present review, as suggested in the introduction of the present review.

The challenges arising from the first two queries (How to stratify patients with TH-
sensitive lung tumors who may benefit from interventions in TH status? How is deter-
mined whether TH promote or inhibit lung cancer progression?) may be overcome with
advances in the understanding of the molecular background of the contribution of TH
to the hallmarks of cancer, taking into consideration the heterogeneity of lung cancer in
terms of histology, molecular background, and biological behavior [128]. Delving into the
biology of lung tumors, of TH signaling, and of the interrelationship thereof could lead to
identification and validation of tumor-specific and patient-specific biomarkers of sensitivity
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of lung tumors to TH to enable stratification of patients who are expected to benefit
from anticancer interventions in TH status. It could also lead to identification of patient-
specific and/or cancer-specific factors that determine the effect of TH on cancer outcome.
The transcriptional profiling—a promising tool to stratify cancer patients and guide anti-
cancer treatment—may facilitate the comprehensive characterization of the expression level
of the TH-related pathways and genes involved in lung cancer progression [129].

Further research is needed to counteract current obstacles to validation of biomarkers
of the TH-lung cancer association. First, harmonization and standardization of key plat-
forms could resolve challenging issues, such as assay variability, different platforms, and
lack of reference standards [130]. Second, due to inherent difficulties in tumor sampling,
the investigation of molecular biomarkers in peripheral blood is a more tangible perspec-
tive. Third, innovative technologies, including multicolor flow and mass cytometry, whole
transcriptome sequencing, epigenetic analysis, and multianalyte serum immuno-assays
are expected to reveal “signatures” of the TH-lung cancer association to be evaluated both
retrospectively and prospectively.

A hindrance to evaluation of the effect of TH on cancer outcome is that the circulating
TH levels may not reflect the intratissue and intracellular TH levels. The latter are influ-
enced by several factors, such as (i) the TH blood transporters and membrane carriers,
(ii) the interaction of extracellular TH with membrane receptors, (iii) the tissue-specific and
cell type-specific expression of distinct DIO, (iv) the tissue-specific and cell type-specific
expression and/or activity of distinct TRs isoforms, and (v) the clinical relevance of the
derivative metabolites of TH [131]. Accurate assessment of intratissue and intracellular TH
status can be achieved via exploration of the metabolome signature of TH status [132,133].

Future clinical studies assessing the contribution of TH to lung cancer outcome should
address current methodological pitfalls, such as (i) evaluation of fT4 levels only in case of
TSH values suggestive of hypothyroidism or hyperthyroidism, (ii) absence of adjustment
of risk estimates for potential confounders, and (iii) paucity of information regarding the
use of thyroid medication.

The road to answering the third question suggested in the introduction of the present
review (How to leverage the antitumor effects of TH and/or abrogate the tumor-promoting
effects of TH in the clinical setting?) is long and winding. An interesting perspective
is to further explore two interventions in TH status with presumed anticancer potential:
(i) the induction of euthyroid hypothyroxinemia via antithyroid drugs and concomitant
administration of LT3 [63,134] and (ii) the administration of LT3 instead of LT4 as TH
replacement treatment [63]. The rationale behind these interventions is the knowledge that
the tumor-promoting effects of TH are exerted principally through the T4-integrin av33
interaction as opposed to the pro-metabolic effects of Liothyronine (LT3).

In the same context, LT3 is of great interest for four additional reasons. First, very
recently, Zhou et al. suggested that LT3 could be repositioned for cancer immunother-
apy based on its ability to block the T Cell Immunoreceptor with Ig and ITIM domains
(TIGIT)/poliovirus receptor (PVR) interaction—an emerging immune checkpoint sys-
tem [135]. Second, the ability of LT3 to induce phenotypic and functional activation of DCs [23]
could potentiate the promising dendritic cell-based immunotherapy in lung cancer [136]. Third,
preliminary in vitro data have suggested that pretreatment with LT3 or administration of
LT3 during chemotherapy could reinforce the efficacy of chemotherapy—a promising strat-
egy known as “choriocarcinoma-mimic chemotherapy”, or “neo-endocrinochemotherapy”.
This strategy capitalizes on the knowledge that certain choriocarcinoma and testicular
tumors can be cured by chemotherapy alone thanks to elevated levels of human chorionic
gonadotropin (hCG) with a TSH-like effect, leading to hyperthyroid status, which in turn
potentiates the efficacy of chemotherapy [137]. However, a limitation to the use of LT3 is
its short half-life and the risk of complications affecting mainly the cardiovascular system
and the mineral metabolism in case of iatrogenic hyperthyroid-ism due to LT3 overdosing.
To this end, the characterization of the LT3 pharmacokinetics is an essential step to design
appropriate schemes of LT3 dosage [138].
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Although the pharmaceutical industry has conducted several efforts to develop ef-
fective thyromimetics and /or TH antagonists, this enterprise remains a critical challenge.
The identification of TH derivatives that could uncouple the therapeutic actions of TH from
deleterious effects of a thyrotoxic state (e.g., tachycardia, arrhythmia, muscle catabolism,
reduced bone mineralization, mood disorder) has been long pursued. The varying tissue
distribution of specific TRs isoforms has inspired the development of TR selective thy-
romimetics, but their clinical application is hampered by side effects. The Sobetirome (GC-1)
and, subsequently, the Eprotirome (KB2115) were the first TR selective thyromimetics
with multiple therapeutic applications, including an anticancer potential, to enter clinical
trials; however, Phase 1 and Phase 2-3 clinical trials, respectively, were terminated early
due to toxicity [139]. Currently, the interest for this area has been rekindled by the design
of “tissue-selective prodrugs” capable of providing the active compound at the site of
action [25].

Although the 3,5-T2 was initially conceived as thyromimetic agent [29-32], it was
proved an ambiguous, Janus-faced TH metabolite with beneficial and adverse bio-logical
effects. More translational research is needed to allow the development of 3,5-T2-related
agents [140].

As regards the development of antagonists of TH, further clinical studies are needed to
explore the in vitro and in vivo anticancer actions of tetrac and NDAT. Such actions include
(i) inhibition of proliferation, angiogenesis, and metastasis of cancer cells; (ii) pro-motion of
apoptosis of cancer cells; (iii) enhancement of immune surveillance; (iv) repair of double-
strand DNA breaks; (v) chemosensitization; and (vi) radiosensitization [62,67-71,141].
Especially in lung cancer, attenuation of the T4-integrin ocv33-PI3K/ Akt signaling cascade
could abrogate cancer progression through downregulation of NLRP3 gene expression,
considering that NLRP3 inflammasomes in lung cancer have been demonstrated to promote
tumor growth, proliferation, invasion, and metastasis [142]. Compared to unmodified tetrac,
NDAT is a more potent TH antagonist at «v[33 and regulates a broader range of cancer-
related genes [66]. Additionally, the ability of NDAT to attenuate the oncogenic signaling
driven by Ras mutations in human breast cancer cells [143] and the T4-induced expression
of PDL-1 in human breast cancer and colon cancer cells [85] should be investigated in the
setting of lung cancer.

Resveratrol—a natural polyphenolic stilbene isolated from various plants, foods, and
beverages credited with anticancer properties—has been shown to mimic tetrac, com-
peting with TR at integrin ocv33 [5]. It would be of interest to investigate whether this
action contributes to the promising anticancer properties of resveratrol and, especially, of
the most potent and privileged resveratrol-based compounds that have been developed
recently [144].

In the era of precision medicine, the path forward for the exploitation of the TH-lung
cancer association is to integrate an anticancer intervention in TH status (if exists) with
targeted therapies and immunotherapy. In this context, more research should address
the interactions of TH signaling with targetable tumor-promoting signaling pathways,
such as the PI3K/Akt, the PD-1/PD-L1, the TIGIT/PVR, and the Ras mutations-driven
cascades [145-147]. Figure 3 illustrates the pending queries and the main corresponding
research priorities relevant to a tailored approach to the TH-lung cancer association
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Figure 3. The pending queries and the main corresponding research priorities relevant to a tai-
lored approach to the TH-lung cancer association. The tertiles of the pie depict the three pending
queries, and the corresponding rectangles depict the corresponding research priorities. To stratify
patients with TH-sensitive lung tumors and to clarify the dual role of TH in lung cancer, the research
priorities are similar and include identification of patient-/cancer-specific biomarkers/risk factors,
transcriptional profiling of TH signaling cross-talking with oncogenic signaling, exploration of the
metabolome signature of TH status to assess precisely the intracellular and intratissue TH status,
and well-designed clinical studies. To leverage the TH-lung cancer association in the clinical setting,
the research priorities include exploration of interventions in TH as anticancer strategies, such as
euthyroid hypothyroxinemia or administration of LT3 instead of LT4 to treat hypothyroidism; de-
velopment of thyromimetics and TH antagonists; exploration of the anticancer potential of tetrac,
NDAT, and resveratrol; and establishment of combinations of interventions in TH with targeted
therapies. Abbreviations: LT3, liothyronine; LT4, levothyroxine; NDAT, nano-diamino-tetrac; TH,
thyroid hormones.

Last, but not least, the TH-lung cancer association in the context of the ongoing
corona-virus disease 2019 (COVID-19) pandemic constitutes a research priority for many
reasons. First, the thyroid gland is well implicated in the COVID-19 disease [124,148,149].
Second, low {T3 levels—often encountered in lung cancer patients with NTIS—have been
indicated as independent predictor of the severity of COVID-19 disease [124,150]. Third,
cancer [151-155], including lung cancer [153-155], has been recognized as risk factor for
increased severity of COVID-19. Fourth, more research and long-term epidemiological
surveillance are essential to answer whether the interplay between TH and COVID-19 can
contribute to lung carcinogenesis or aggravate a preexisting lung malignancy [156,157].
In fact, there is ample epidemiological evidence concerning the COVID-19-thyroid associa-
tion and the COVID-19—cancer association, while the relevant molecular mechanisms are
currently under research. The authors of the present review have extensively discussed
these topics elsewhere [158]. Briefly, the molecular background of the COVID-19-thyroid
association includes a direct injury of the thyroid gland through inflammatory and im-
munological reactions and/or damage of the HPT axis either directly or indirectly. The
currently available data concerning the molecular link between COVID-19 and cancer
point to the assumption that cancer and COVID-19 meet at the crossroad of “inflammag-
ing”, a state of aberrant systemic inflammation due to cytokine dysregulation ascribed
to remodeling of immune system, and “immunosenescence”, a state of compromised im-
mune system function. Both states are promoted by comorbidities/risk factors common
between cancer and COVID-19, namely, aging, obesity, oxidative stress, and metabolic
syndrome [159]. With 7964 publications regarding the thyroid disorders-COVID-19 as-
sociation and 7355 publications regarding the COVID-19-lung cancer association in the
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Lit COVID, as of 21 December 2021 [160], the presumed interplay between COVID-19 and
thyroid and lung cancer is not negligible. More translational research is needed to unravel
the molecular background of this interplay.

8. Conclusions

Exemplifying the long-pursued TH—cancer association, TH signaling is interrelated
with lung cancer in a dual manner, either promoting or inhibitory. Deciphering the crosstalk
between TH signaling and oncogenic signaling in lung cancer may enable the integration
of interventions in TH status with anticancer potential into oncologists’ armamentarium.
However, several pending issues need to be resolved to recommend a tailored intervention
in the status of TH as a strategy to battle lung cancer consistent with the principle “first, do
no harm”.
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