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This review discusses articles published in 2020 that presented noteworthy achievements in translational and basic thyroidology. 
Previously unresolved questions about thyroid hormone receptor actions and signaling mechanisms were answered using various 
novel in vitro and in vivo models. Using high resolution cryo-electron microscopy, the fine functional structure of thyroglobulin was 
demonstrated, and new insights into the pathogenesis of thyroid disease were achieved, with a focus on research into thyroid-disrupt-
ing chemicals and the gut microbiome. Novel therapeutic approaches were tried in the field of advanced thyroid cancer treatments.
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INTRODUCTION

In 2020, some noteworthy advances were made in the field of 
basic and translational thyroidology. This review summarizes 
the most important research published in 2020. Peer-reviewed 
original research and review articles published between January 
2020 and December 2020 were searched through an indepen-
dent literature review. A brief summary of these articles is pre-
sented. 

NEW UNDERSTANDINGS OF THYROID 
HORMONE ACTIONS AND SIGNALING 
MECHANISMS

Thyroid hormone receptor alpha mutations 
Two intriguing studies using novel models of thyroid hormone 
receptor alpha (THRA) mutations, which cause thyroid hormone 

resistance syndrome (RTH), were published in 2020. Krieger et 
al. [1] demonstrated the essential actions of thyroid hormone re-
ceptor alpha (TRα) on the normal development of the human 
cerebral cortex. The authors previously reported that adult pa-
tients with RTH had intellectual impairments, especially affect-
ing nonverbal IQ and delayed sensorimotor processing [2]. In-
deed, these findings were consistent with those of a mouse 
model with a mutant variant of TRα1, which showed a range of 
central nervous system abnormalities [3], but the cellular mech-
anisms of the impacts of THRA (the gene encoding TRα) on 
neural development remained unclear. Krieger et al. [1], using 
THRA mutant patient-derived induced pluripotent stem cell 
(iPS) models in combination with a quantitative lineage analy-
sis, gene expression analysis, and novel assays of neuro-epithe-
lium formation, showed that THRA regulates the balance be-
tween progenitor self-renewal and neurogenesis, thereby affect-
ing the overall brain mass and especially the cortex. A structural 
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modeling study of the ligand-binding domain of TRα1 demon-
strated that the THRA mutation facilitates corepressor binding. 
Finally, a magnetic resonance imaging study of four patients 
harboring THRA mutations showed microcephaly with reduced 
cerebellar size and white matter density of the whole brain. Ad-
ditionally, the authors suggested that their experimental method 
using patient-derived iPS is a good example of quantitative re-
search in neurodevelopmental disorders. 

Another study was published using a novel zebrafish model 
of RTH [4], which was generated by introducing dominant-neg-
ative germline mutations in both THRA alleles by the Clustered 
Regularly Interspaced Short Palindromic Repeats (CRISPR)/
Cas9 targeting system. Abnormalities in the heart system were 
observed at 35 days post-fertilization, in the juvenile period. 
Both anatomical abnormalities, including atrial dilatation and 
abnormal ventricular structures, and functional deficits such as 
reduced blood flow and reduced strength of contractions were 
observed. The key finding of this study was that the THRA mu-
tation disrupted sarcomere organization, which gives cardiac 
muscles their striated appearance and critically affects heart 
function. The expression of genes associated with sarcomere as-
sembly was suppressed, and structural abnormalities of sarco-
mere organization were found via transmission electron micros-
copy in the hearts of the mutant fish. This study provides an ad-
vanced understanding into the pathophysiology of bradycardia 
in RTH patients. 

Iodothyronine deiodinases 
In the research field of iodothyronine deiodinase (Dio) signal-
ing, an interesting study was published by Ferdous et al. [5]. In 
cardiomyocytes, they found that forkhead box O (FoxO) 1, not 
FoxO3, regulates the reciprocal regulation between Dio2 and 
Dio3, and that FoxO1 directly upregulates Dio2 genes and posi-
tively supports THRA-mediated hypertrophic growth of myo-
cytes in neonatal rat ventricle. More importantly, FoxO1-Dio2 
signaling plays an essential role in afterload-induced pathologic 
myocardial remodeling and activation of THRA in a transverse 
aortic restriction model of stress-induced cardiomyotrophy. This 
study highlights the importance of intracellular thyroid hormone 
homeostasis in the cellular response to pathologic stress. 

A novel Dio1 mutation was reported by Franca et al. [6]. Two 
unrelated families had two missense pathogenic variants, result-
ing in p.Asn94Lys and p.Met201Ile, and showed abnormal thy-
roid hormone metabolism with elevated serum reverse triiodo-
thyronine (rT3) levels and rT3/T3 ratios. This is the first report 
of an inherited Dio1 mutation in humans. 

MECHANISMS OF THYROID HORMONE-
DEPENDENT TRANSCRIPTION: A GENETIC 
STUDY 

Recent genetic studies made great achievements in clarifying 
the genetic basis of thyroid function through genome-wide as-
sociation studies and revealed novel pathways of the regulatory 
mechanisms of thyroid hormone signaling [7]. TR-dependent 
gene transcription was traditionally explained by a bimodal 
switch model, meaning that TR directly binds to DNA. Histone 
hyperacetylation, a hormone-dependent mechanism of activat-
ing enhancers, is also explained by a bimodal switch model, but 
it has not been verified by a genomic approach. Praestholm et 
al. [8] performed a genome-wide analysis of hyperacetylated ly-
sine residues, H3K9 and H3K27, in murine livers from hypo-
thyroid and hyperthyroid wild-type, TR-deficient, and nuclear 
receptor co-repressor 1–deficient mice. The authors summa-
rized three types of thyroid hormone-regulated enhancers, and 
demonstrated various mechanisms modulating hormone-depen-
dent gene transcription, thereby improving our detailed under-
standing of the bimodal switch model. 

THE STRUCTURE OF HUMAN 
THYROGLOBULIN 

Thyroglobulin is the protein precursor of thyroid hormones. 
Thyroid hormone synthesis from thyroglobulin involves a se-
quential process via iodination, coupling of pairs of tyrosine 
molecules, and finally thyroglobulin proteolysis in the thyroid 
gland. The proximity of tyrosine within thyroglobulin is as-
sumed to play a pivotal role in the coupling reactions, but the 
hormonogenic tyrosine residues have yet to be determined. An 
elaborate three-dimensional structure of thyroglobulin is needed 
to improve the mechanistic understanding of this protein. By 
using high-resolution cryo-electron microscopy, Coscia et al. [9] 
demonstrated the full-length structure of human thyroglobulin 
at a resolution of 3.5 Å. All hormonogenic tyrosine pairs were 
identified and their functions were verified with cellular experi-
ments in vitro. This study provides a valuable framework for fu-
ture research into the production and regulation of thyroid hor-
mones. 

GUT MICROBIOME AND THYROID 
DISEASE

The health impacts of the gut microbiome in various aspects of 
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human pathophysiology have been extensively studied. Howev-
er, studies of the gut microbiome in thyroid disease are still in 
their early stage. In 2020, the thyroid-gut axis was reviewed by 
two groups of authors [10,11]. Briefly, dysbiosis (the disruption 
of gut microbiome homeostasis) is associated with autoimmune 
thyroid disease and several mechanisms have been demonstrat-
ed. One is direct regulation of the immune system. Dysbiosis al-
ters intestinal barrier integrity and the resultant release of micro-
bially-produced immunomodulatory metabolites leads to the 
onset of autoimmune disease with the breakdown of host im-
mune tolerance. Another mechanism is that dysbiosis affects the 
availability of micronutrients including iron, iodine, selenium, 
and zinc. 

Several basic and translational studies including animal mod-
els were published in 2020, mostly focusing on Graves’ disease, 
which induces hyperthyroidism and is the most prevalent auto-
immune endocrine disease [12]. In Graves’ disease, alterations 
of the proportions of regulatory T (Treg) cells and Th17 cells, a 
subset of T helper cells producing proinflammatory interleukin 
17, have been reported [12,13]. Su et al. [14] demonstrated that 
gut dysbiosis plays a role in dysregulating the host immune sys-
tem, including Treg/Th17 imbalance, and contributes to the 
pathogenesis of the activation of Graves’ disease. Furthermore, 
that study validated the therapeutic potential of microecological 
treatment using Bacteroides fragilis in an animal model of 
Graves’ disease and provided valuable clues for improving im-
mune dysfunction in autoimmune thyroid disease. Jiang et al. 
[15] intensively studied the components and the metabolic fea-
tures of microbiota involved in Graves’ disease and generated a 
diagnostic model using the top nine genera distinct from those 
of healthy controls with an area under the curve of 0.8109. Ad-
ditionally, using an antithyroid drug-treated rat model, Sun et al. 
[16] demonstrated that the antithyroid drug altered the gut mi-
crobiota and destroyed the intestinal barrier, resulting in liver 
injury in association with increased serum lipopolysaccharide 
levels and related pathways. 

ENVIRONMENTAL FACTORS: THYROID-
DISRUPTING CHEMICALS 

In recent years, the number of studies investigating the presence 
in the environment of chemical compounds with thyroid-dis-
rupting effects has gradually increased. Chemicals that can af-
fect thyroid hormone signaling during pregnancy are an impor-
tant issue in this field [17], since thyroid hormones play a criti-
cal role in fetal development. Ramhoj et al. [18] studied the ef-

fects of perfluorohexane sulfonate (PFHxS), a widely used en-
vironmental chemical found in breast milk, on fetal brain devel-
opment. PFHxS has been proven to lower serum thyroxine in a 
rat model [19]. Treatment with PFHxS in early gestation low-
ered serum thyroxine in a rat model in both dams and their off-
spring but did not change thyroid-stimulating hormone levels. 
Additionally, there was no evidence of thyroid hormone-medi-
ated neurobehavioral disruption in the offspring in that study. 
The authors pointed out that current rat models are not sensitive 
enough to detect neurodevelopmental deficits in early life. The 
developmental neurotoxicity of thyroid-disrupting chemicals 
(TDCs) and the current approaches designed to regulate them 
has also been recently reviewed [20]. 

Several novel TDCs were reported in 2020. Because of global 
restrictions on perfluorooctanesulfonic acid (PFOS) and perflu-
orooctanoic acid (PFOA), the use of long-chain perfluoroalkyl 
substances (PFASs, >8 carbon atoms) has increased. Kim et al. 
[21] found that long-chain perfluorinated carboxylic acids can 
cause transcriptional changes of thyroid-regulating genes that 
may lead to increased malformations of zebrafish larvae. The 
same group also demonstrated that 2-ethylhexyl-4-methoxycin-
namate (EHMC), a widely used ultraviolet (UV) filter, induced 
hypothyroidism in association with neurotoxicity and nephro-
toxicity [22]. Both studies needs to be validated with long-term 
exposure in adult animals. 

NOVEL THERAPEUTIC CHALLENGES IN 
THYROID CANCER 

Several steps were taken in 2020 towards solving unmet clinical 
needs in the treatment of advanced and metastatic thyroid can-
cers. Although radioactive iodine (RAI) therapy is considered to 
be effective for controlling metastatic lesions in differentiated 
thyroid cancer (DTC) patients, the survival rate markedly de-
creases when cancer starts the process of dedifferentiation, be-
coming RAI non-avid. Recently, studies have focused on re-dif-
ferentiation therapy to restore iodine-avidity in cancer cells [23]. 
In the line with these efforts, Oh et al. [24] identified a novel ty-
rosine kinase inhibitor that restores RAI avidity in anaplastic 
thyroid cancer (ATC) cells by inhibiting both the mitogen-acti-
vated protein kinase (MAPK) and phosphatidylinositol 3-kinase 
(PI3K)/Akt signaling pathways. Another major challenge in the 
treatment of advanced thyroid cancer is how to control bone 
metastasis. Often, bone metastases in thyroid cancer are ne-
glected in thyroid cancer patients; however, they are indepen-
dently associated with poor prognosis with a median overall 
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survival from detection of only 4 years despite an otherwise ex-
cellent prognosis for the vast majority of thyroid cancer patients 
[25]. Shin et al. [26] verified that metformin, which has been 
proven to have anti-cancer effects on thyroid cancer, effectively 
decreased tumor growth in a bone metastasis animal model by 
dual actions on bone and cancer cells. Interestingly, they 
showed that metformin modulates the microenvironment of the 
metastatic niche of bone by inhibiting the vicious cycle of can-
cer-bone interactions. 

Two studies reported comprehensive immune profiling of 
thyroid cancers. Using fluorescent multiplex immunohisto-
chemistry and multispectral imaging, Ahn et al. [27] conducted 
intensive immune profiling of advanced/metastatic DTC and 
ATC. They found that the density of programmed death-ligand 
1 (PD-L1) and/or programmed death-1 (PD-1) positive lympho-
cytes was significantly higher in ATC than in metastatic DTCs. 
Another study was performed on medullary thyroid cancer 
(MTC) using immunohistochemistry and RNA sequencing to 
determine the immunogenic characteristics of MTC [28]. The 
authors concluded that MTC is a more immunologically active 
tumor that has been previously reported, and that further study 
is needed for immune therapy for MTC. 

CONCLUSIONS

In 2020, basic and translational studies in thyroidology reported 
outstanding results. The studies discussed in this review have 
excellent clinical relevance and significance. Further bridging 
studies are needed to apply this knowledge in the clinical set-
ting.
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