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Methodology 

 
1. Review of Pub Med/Literature 

 

2. Opinions of investigators in the field 

 

3. Focus on discovery in thyroid 

hormone action and metabolism 

 

4. Many other significant advances 

that could not be included. 
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Thyroid Hormone Action 
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Thyroid Development 

* De Felice and Di Lauro, Endocrinology, 2011 

Murine ESCs 

NKX 2-1 

Pax8 

* Antonica et al, Nature, 2012 

1/3000 congenital 

hypothyroidism 
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Thyroid Development 
Antonica et al, Nature, 2012 

  ESCs 
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Thyroid Axis 
Sun et al, Nature Genetics 2012 

Index family w/congenital  

hypothyroidism, growth delay and  

testicular enlargement. 

 

 Mutation in IGSF-1 (immunoglobulin 

Superfamily -1) 

IGSF-1 
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Thyroid Axis 
Sun et al, Nature Genetics 2012 

IGSF-1 

 Low TH levels and normal TSH 

 Defective response to TRH 

TSH T3 

Trhr Trh 

Trhr 
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T4  

T3  

D2  

D2  T4  

T3  

Thyroid Axis 
Fonseca et al, J Clin Invest 2013 

Type 2 deiodinase plays a critical role in central feedback 

but where?  

T4>T3 

T4>T3 

Astrocyte-Cre 

Pituitary-Cre 

dio2 

loxp loxp 
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T4  

T3  

D2  

T4  

T3  

Thyroid Axis 
Fonseca et al, J Clin Invest 2013 

TRH  

TSH bioactivity  

Reduction in TSH bioactivity preserves T3 levels 

1. Astrocyte KO – 

normal TFTs. 

 

2. ? Phenotype of 

tanycyte KO. 
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Cellular Actions of Thyroid Hormone 

Monocarboxylate transporter 8  

T4/T3 
TR 

MCT8 

TR 

Defects in the MCT8 lead to AHD Syndrome. The tissue-specific 

effects of MCT8 lead to the TH abnormalities and the neurologic  

effects are  likely mediated  by the lack of MCT8 centrally. 

 

How does the MCt8 recognize TH? Can we bypass the MCT8? 
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proteins (5). One member of this family, the related bac-
terial glycerol-3-phosphate transporter (GlpT), has been
crystallized (protein data bank accession number
PDB1PW4), and it has been possible to use this structure
to createan M CT homology model (16, 17). This, in turn,
suggested a location for a putative TH transport channel
that isopen to theinner sideof themembraneand lined by
charged amino acids, which often play significant roles in
substrate recognition and translocation by similar trans-
porters. Second, definition of effectsof pathogenic M CT8
mutationsand alignment to thestructural model suggests
that residues near the proposed channel are involved in
TH transport (5). Finally, detailed structure activity rela-
tionship profiling of TH derivatives revealed stringent re-
quirements for at least 1 iodine group per thyronine ring
and theL-amino acid group of T3 in M CT8 transport; L-
refers to the left handed stereoisomeric form that is char-
acteristic of natural amino acids. M CT8 is therefore spe-
cific for themain activeand parental formsof TH (T3and
T4) and the nominally inactive TH metabolites rT3 and
diiodothyronine(T2). Any model to explain TH transport
must therefore include contributions from amino acids
that linethechannel and explain specificity for ligand rec-
ognition (18, 19).

The Schweizer group set out to test specific roles of
charged amino acidswithin theproposed channel using a
targeted mutagenesis approach. In a previous study, they
examined effects of mutations in a conserved arginine
(Arg445), which pointsinto theinterior spacebetween the
proposed transmembrane helices, and a potential salt
bridgepartner, Asp498. Alaninesubstitutions at both lo-
cations abolished T3 uptake in biochemical transport as-

says with only modest effects on M CT8 expression levels
pointing to an important role for thispair of residuesand
underscoring thevalueof theM CT8 homology model. In
a follow up paper by Braun et al in the current issue of
Endocrinology, theauthorsnote that T3 charged or polar
groups interact with a mix of charged histidine and argi-
nine residues in the buried ligand binding pocket of the
TRs and investigated the roles of histidines and arginines
that lie in the putative M CT8 substrate channel. Tests of
a series of mutations in transfected M DCK-1 cells and
Xenopus oocytes revealed changes in substrate transport
kinetics after mutation of His415 and His192. Likewise,
Arg301 integrity was also required for optimal TH
transport.

Groeneweg et al also set out to identify residues involved
in M CT8-dependent TH transport but used a different and
partly unbiased approach to obtain conclusionsthat overlap
with the other group. Use of the chemical agent diethyl py-
rocarbonate (DEPC), which ismembrane impermeableand
reacts with the imidazol ring of solvent availablehistidines,
upon M CT8-expressing JEG cells revealed inhibition of T3
and T4 transport that increased asa function of DEPC con-
centration. Of 3 potential histidines (His192, His260, and
His450), mutation analysis revealed that only His192 was
involved in TH transport and wasalso required for DEPC-
dependent inhibitory effects. His192 isthetarget for apatho-
genicmutation (His192Arg) that selectively affectsTH trans-
port, and this region of M CT8 is also a hotspot for other
pathogenic AHDSmutations underscoring its likely role in
transport function.

Consideration of positions of charged residues within
theputativechannel bringsseveral intriguing possibilities

Plasma Membrane

Nucleus

His 415

His 435
T3His 435

T3

Thyronine rings

MCT8T3 TR
L-amino 

acid group

Arg 282

Arg 301

Figure 1. Representation of TH interactions with diverse proteins in different compartments of the cell. His415 and Arg301 of the membrane
transporter MCT8 (left) bracket T3 in a comparable way with His435 and Arg282 in the confines of the enclosed binding pocket of nuclear TRs
(right). The coordinates in the figure refer to TR , but similar interactions are also seen within TR .

doi: 10.1210/en.2013-1393 endo.endojournals.org 2267

Cellular Actions of Thyroid Hormone 
Groeneweg et al, Endocrinology 2013 

Braun et al, Endocrinology 2013 

 

Martagon et al, Endocrinology, 2013 

1. His 192 identified 

by chemical inactivation. 

2. Could it occlude the  

Channel? 

3. Could it also effect a  

clamp? 

His 415 His 192 

His 415 

Arg 301 

His 192 
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Cellular Actions of Thyroid Hormone 
Verge et al, JCEM 2012 

Horn et al, Endocrinology 2013 

 Can alternative ligands prevent AHDS?? 

Fall in T3 allowed for weight gain; ?long-term safety 

T3 

T4 

TSH 

clude that distinct neuronal populations responded dif-
ferentially to the application of TA4.

Effects of tetrac on the hypothalamus-pituitary-

thyroid axis

Another important aspect of our study wasto determine
the response of the hypothalamus-pituitary-thyroid (HPT)
axis to TA4 treatment. Hypothalamic TRH expression was
assessed by radioactivein situ hybridization of brain sections
derived from 21-day-old mice. As depicted in Figure 6A,
athyroid Pax8-KO andMct8/Pax8-dKO micedemonstrated
strongly enhanced signal intensities compared with euthy-
roid controls. In linewith previousfindings(12), TRH tran-
script levelswereelevated in Mct8-KO miceaswell. Intrigu-
ingly,TA4wasunabletosuppressTRH expression inall four
genotypes. Even moresurprisingly, TRH expression in WT
animalsincreased upon TA4 treatment, suggestingthat these
neuronsarein ahypothyroid state, presumably again dueto
a suppression of endogenousTH production.

In contrast to the hypothalamus, TA4 administration
resulted in pronounced alterationsin theanterior pituitary
(Figure 6B). In all 4 groups of TA4-treated animals, TSH
mRNA levels were close to the detection limit, indicating
a strong suppressive effect of this compound on thyro-
trophic cells. To evaluate the consequences of TA4 on
endogenous TH production, we determined T3 and T4

concentrations in theserum of these animals at postnatal
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Figure 3. Thyromimetic actions of tetrac in the cerebellum of TH-
deficient animals. WT, Pax8-KO, Mct8-KO, and Mct8/Pax8-dKO
animals were daily injected with tetrac starting at the day of birth
(postnatal day 0). Control animals received saline injections. A, Sagittal
cerebellar vibratome sections through the vermis regions from animals
killed at postnatal day 12 were immunostained with an anti-calbindin
D28k antibody to visualize cerebellar PC differentiation. Thickness of
the molecular layer that comprises PC dendrites was determined on 3
consecutive sections of each animal (males, n 4 per genotype) at the
primary fissure between anterior and posterior lobe using ImageJ. As a
characteristic feature of a hypothyroid cerebellum, PCs show a strongly
reduced dendritic arborization in athyroid Pax8-KO and Mct8/Pax8-
dKO compared with WT and Mct8-KO mice, which is also illustrated by
a thinner molecular layer. Treatment of the animals with TA4 restored
normal thickness of the molecular layer in animals of all genotypes.
Scale bar 50 m. Cerebellar D2 (B) and D3 (C) activities were
determined in TA4- and saline-treated animals at postnatal day 21
(males, n 4 per genotype). Athyroid Pax8-KO and Mct8/Pax8-dKO
mice exhibited a 7-fold increase in D2 activities, whereas D3 activities
were close to the detection limit. In Mct8-KO mice, D2 was 4.5-fold
elevated compared with WT levels and D3 activities were reduced to
30% of WT levels. TA4 treatment resulted in similar D2 activities in all
four genotypes with a 2- to 2.5-fold increase compared with control
animals but a significant reduction of 50%–60% compared with the
situation in athyroid animals. Data are expressed as mean SEM.
* * * P .001; * * P .01; * P .05. Abbreviation: AU, arbitrary unit.
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Figure 4. Thyromimetic actions of tetrac in the striatum of TH-
deficient animals. Dark-field autoradiograms illustrate TH-dependent
alterations in RC3 mRNA expression in striatal areas (str) of 21-day-old
animals (males, n 4 per genotype). Scale bar, 2 mm. In situ
hybridization signals in the striatum of 4 animals per experimental
group were quantified using imageJ. TA4 treatment was sufficient to
induce RC3 expression in athyroid Pax8-KO and Mct8/Pax8-dKO mice
similar to the levels of untreated control animals. * * * P .001; * * P

.01; * P .05. Abbreviation: AU, arbitrary unit.

Endocrinology, February 2013, 154(2):968–979 endo.endojournals.org 973WT Pax8 MCT8 DKO 
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Cellular Actions of Thyroid Hormone 
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Murine cerebellar neurons 

TR1  TR1  TR1  TR1  

TR1  TR1  

ChAP-Seq 

Cellular Actions of Thyroid Hormone 
Chatonnet et al, Proc Natl Acad Sci 2013 
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-30KB TSS 

TR1  TR1  

1. Positively regulated 

2. Isotype-specific binding 

does not predict response 

3. ? Negative TRE; ? Isoform 

Response. 

Cellular Actions of Thyroid Hormone 
Chatonnet et al, Proc Natl Acad Sci 2013 
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Mutations found in the TR and TR ligand-binding domain.  

I 
 

 
II III TR/ DBD 

Resistance to Thyroid Hormone 

Clinical Presentation-TR resistance 

1. normal TSH 

2. low T4 and nl to high T3 

3. growth delay 

4.   bradycardia 

Mutations impair ligand-binding, and 

prevent: 

1. CoRepressor release. 

2. CoActivator recruitment 

NCoR 
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TRPV 

Mouse Models Recapitulate the Human Disease 

NCoR∆ID 

1. No effect HPT axis 

2. Improved growth (bone and weight) 

Cellular Actions of Thyroid Hormone 
Fozzatti et al, Proc Natl Acad Sci 2013 

 

1. Role of SMRT? 

 

2. Role of HDAC3? 
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Peripheral Actions of Thyroid Hormone 
Mittag et al, J Clin Invest 2013 

 

TRR384C 

Heart rate, blood pressure T3 

T3 
Heart rate,  

blood pressure 
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AHA Parvalbumin 

Peripheral Actions of Thyroid Hormone 
Mittag et al, J Clin Invest 2013 
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GC-1/LDL-R -/- Liver 

Cholesterol 

LDLR 

Cyp7A 

Bile Acids 

SR-B1 

T3/GC-1/KB2115 

Peripheral Actions of Thyroid Hormone 
Lin et al, Endocrinology 2012 
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Cyp 7a Bile Acids 

Cyp 7a Cholesterol 

T3, GC-1 > Statin 

Peripheral Actions of Thyroid Hormone 
Lin et al, Endocrinology 2012 
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Peripheral Actions of Thyroid Hormone 
Baliram et al, J Clin Invest 2013 

Sun et al, Proc Natl Acad Sci 2013 

 

T3 

TR1  

TSH 

TSHr absence accelerates 

osteoporosis  
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SUPPLEMENTARY FIGURE 1 

 
Quantitative PCR showing the expression of Tshβ in FACS-sorted CD11b+ and CD11b- cells 
isolated from bone marrow (A), as well as in whole bone marrow isolated from wild type mice on 
thyroid chow (TH-on), or off thyroid chow (TH-off) for 1 or 2 weeks.  Tshβ expression is primarily 
restricted to the CD11b+ population, and is positively regulated by thyroid hormone, so that 
decreasing serum T4 levels in TH-off mice are associated with decreased Tshβ expression.  
*p<0.05 with respect to CD11b- cells; **p<0.01 with respect to TH-on. 

T3 

TR1  

TSH 
TSHr TNF 

Peripheral Actions of Thyroid Hormone 
Baliram et al, J Clin Invest 2013 

Sun et al, Proc Natl Acad Sci 2013 

 Local TSH 

RANKL 
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22 female mice immunized hTSHrA plasmid 

Variable thyroid response but most hypothyroid 

Graves’ Opthalmopathy 
Moshkelgosha et al, Endocrinology 2013 

 

Mouse model of GO 
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TSHrA1 
TSHrA1Blocks M22 

Signal Transduction  

TSHrA1Blocks M22 

induced Hyaluronan 

Graves’ Opthalmopathy 
Turcu et al, J Clin Endo Metab 2013 
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Conclusions 
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