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Abstract

Thyroid hormone action can be customiZed on a cell-specific fashion through the controlled
action of the deiodinase group of enzymes, which are homodimeric thioredoxin fold containing
selenoproteins. Whereas the type 1l deiodinase (D2) initiates thyroid hormone signaling by
activating the pro-hormone thyroxine (T4) to the biologically active T3 molecule, the type 111
deiodinase (D3) terminates thyroid hormone action by catalyzing the inactivation of both T4 and
T3 molecules. Deiodinases play a role in thyroid hormone homeostasis, development, growth and
metabolic control by affecting the intracellular levels of T3 and thus gene expression on a cell-
specific basis. Whereas both Dio2 and Dio3 are transcriptionally regulated, ubiquitination of D2 is
a switch mechanism that controls D2 activity and intracellular T3 production. The hedgehog-
inducible WSB-1 and the yeast Doal0 mammalian ortholog TEB4 are two E3 ligases that
inactivate D2 via ubiquitination. Inactivation involves disruption of the D2:D2 dimer and can be
reversed via two ubiquitin-specific proteases, USP20 and USP33, rescuing catalytic activity and
T3 production. The ubiquitin-based switch mechanism that controls D2 activity illustrates how
different cell types fine-tune thyroid hormone signaling, making D2 a suitable target for
pharmacological intervention. This article reviews the cellular and molecular aspects of D2
regulation and the current models of D2-mediated thyroid hormone signaling.

Introduction

Thyroid hormones play critical developmental and metabolic roles in all vertebrates (Cheng
et al., 2010). Thyroxine (T4) is the most abundant product of the thyroid gland, which is a
minimally active form of thyroid hormone that must be converted to T3 (3,5,3’-
triiodothyronine) in order to gain full biological activity. This activation pathway is
mediated by a group of enzymes known as iodothyronine deiodinases (D1 and D2), which
also includes an inactivating deiodinase, the type 3 deiodinase (D3), that inactivates both T4
and T3 (Bianco et al., 2002). These deiodinase-mediated pathways are intracellular and thus
depend on the intracellular availability of the different substrates (Friesema et al., 2006).
Access to the intracellular compartment is mediated by four different families of transport
proteins have been shown to be involved in the traffic of iodothyronines across the plasma
membrane, with different pattern of tissue expression (Visser et al., 2011). The
monocarboxylate 8 (MCT8) is probably the most relevant transporter as mutations in the
MCTS8 protein have been associated with variable levels of mental retardation in humans
combined with lack of speech development, muscle hypotonia and endocrine dysfunctions

© 2011 Elsevier Ltd. All rights reserved.

Correspondence: Antonio C. Bianco, M.D. Ph.D., University of Miami Miller School of Medicine, 1400 NW 10t Street; Dominion
Towers Suite 816, Miami, FL 33136, abianco@deiodinase.org, Phone: 305-243-5631, Fax : 305-243-7268.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Arrojo e Drigo and Bianco Page 2

(Visser et al., 2011, Dumitrescu et al., 2004, Friesema et al., 2006). Intracellular T3 binds to
two different nuclear thyroid hormone receptors (TRs), TRa and B, that mediate the
biological effects of thyroid hormone via transcriptional control of multiple sets of T3-
responsive genes (Cheng et al., 2010). The modern paradigm of thyroid hormone action
recogniZes that D2 and D3 play antagonistic roles in a number of settings, with D2
increasing thyroid hormone signaling and D3, silencing it, relatively independently of
plasma T4 or T3. Thus, at any given moment, thyroid hormone signaling in different tissues
and cells can be amplified or dampened, according to the local expression of deiodinases
(Gereben et al., 2008).

The role played by the deiodinases is physiologically relevant, playing a role in various
aspects of mammalian physiology such as the maintenance of plasma T3 concentration
(Bianco et al., 2002), TSH and TRH feedback regulation (Larsen, 1982, Christoffolete et al.,
2006, Fekete et al., 2004) and in the clearance of sulfated iodothyronines (Schneider et al.,
2006). In addition to homeostatic processes, deiodinases also play a role during development
(Galton, 2005) and in diseases states (Huang and Bianco, 2008). Many of these mechanisms
have been validated using deiodinase null mice (St Germain et al., 2005, Hernandez et al.,
2006).

The cloning of all three deiodinases identified the presence of the rare amino acid
selenocysteine (Sec) located in the catalytic site (St Germain and Galton, 1997). Like with
the other selenoproteins, deiodinases undergo a unique synthetic mechanism that involves
reprogramming of the stop codon, UGA, to a Sec amino acid (Berry et al., 1991). This takes
place with a coordinated effort between the ribosomal machinery and a evolutionary
conserved stem loop-shaped RNA element that is found at the 3’UTR of all mammalian
selenocysteine proteins (Berry et al., 1991). This element is called the selenocysteine
insertion sequence (SECIS) and functions as a binding site of several accessory proteins that
recruit a Sec-charged tRNA and mediates the anti-termination at the UGA codon. This
allows the incorporation of a Sec molecule into the selenoprotein growing polypeptide
chain.

Subsequent sequence analysis coupled with hydrophobic cluster analysis (HCA), show that
the deiodinases share an overall 50 % sequence similarity. The majority of this similarity
lies within the conserved thi-oredoxin-fold (TRX) domain with the classical four-stranded
anti parallel p-sheets and two alpha helixes, composed of Bafp and Bpa motifs (Callebaut et
al., 2003). Similar to other TRX-fold containing proteins, secondary structures may lie
within these Baf/ppa motifs, where the deiodinases contain a unique conserved secondary
sequence that shares a high degree of similarity (47 % for D1 and D3; 60 % for D2) with the
lysosomal a-L-iduronidase (IDUA) that processes the sulfated form of the a-L-iduronic
acid, which is strikingly similar to T4 and T3 (Callebaut et al., 2003).

All three deiodinases are homodimers and the data indicate that dimerization is required for
full catalytic activity (Leonard et al., 2001, Curcio-Morelli et al., 2003a, Sagar et al., 2008,
Sagar et al., 2007). This has been confirmed by co-immunoprecipitation of differently
tagged D1:D1, D2:D2 or D3:D3 homodimers. Dimerization involves the TM domain and
also structures in the globular domains of the deiodinases, and may include disulfide bonds
as well (Curcio-Morelli et al., 2003a). Remarkably, there is a small level of
heterodimerization between D3:D1 or D3:D2, the significance of which remains unknown
(Sagar et al., 2008, Curcio-Morelli et al., 2003a).

D1 is located in the plasma membrane and has a slow turnover rate of about 8 h (Baqui et

al., 2003). D1 is anchored in the plasma membrane via a single transmembrane domain
(TM) with its catalytic globular domain facing the cytosol (Sagar et al., 2008). The Diol
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gene is highly sensitive to T3, with a ~ 175-fold induction during the transition from
hypothyroid to hyperthyroid states, thus functioning as an indicator of systemic thyroid
status (Zavacki et al., 2005). Although capable of T4 to T3 deiodination, studies with D1
knock out (KO) mice indicate that D1 plays a scavenger role, preferentially deiodinating
sulfated forms of iodothyronines in the process of being eliminated in the bile and urine
(Schneider et al., 2006).

D2 is considered the main T4-activating enzyme, given its high substrate affinity (Km ~ 2
nM T4 vs. Km ~ 1 uM T4 for D1). D2-mediated T3 production happens intracellularly.
Subsequently, T3 exists the cells and enters the plasma compartment, being responsible for
70 % of all extrathyroidal T3 production in healthy humans (Bianco et al., 2002). D2 is a
classical type-1 membrane protein residing on the endoplasmic reticulum (ER) membrane,
with a half-life of ~ 45 minutes (Baqui et al., 2003). Its relatively short half-life is due to
ubiquitination and proteasome uptake, a feature that is accelerated by D2 interaction with its
natural substrate, T4 (Gereben et al., 2000). This constitutes a powerful homeostatic
mechanism that minimiZes changes in the levels of T3, the active form of thyroid hormone,
in the face of fluctuating T4 levels, such as during iodine deficiency, for example. D2’s
catalytic domain faces the cytosol and its TM domain is embedded into the ER membrane
with the NH2-termini in the ER lumen (Baqui et al., 2000). Residency in the ER is
fundamentally critical for D2, as it is clear that D2-generated T3 is transferred to the TR-
containing nuclear compartment. In D2 expressing cells, most TR-bound nuclear T3 is made
intracellularly via the D2 pathway. D2 expression is regulated on time- and cell-specific
fashion by a combination of transcriptional modulation of the Dio2 gene, post-
transcriptional mechanisms regulating Dio2 mRNA stability, and by post-translational
mechanisms such as ubiquitination (Bianco and Kim, 2006).

D3 is highly expressed in the placenta where it plays a critical role in protecting the
developing embryo from excessive TH levels (Dentice and Salvatore, 2011, Gereben et al.,
2008). D3 is an obligatory innerring deiodinase with a nanomolar affinity for both T4 (Km ~
30 nM) and T3 (Km ~ 6 nM) and a half-life of about 12 h (Baqui et al., 2003, Salvatore et
al., 1995). The mature form of D3 resides in the plasma membrane where it is rapidly
internaliZed and recycled between the plasma membrane and early endosomes. Although
initial characterization of D3 topology put the catalytic active site in the extracellular space
(Baqui et al., 2003), functional studies indicate that substrates must have access to the
intracellular compartment in order to be metaboliZed by D3 (Friesema et al., 2006).

Thyroid hormone signaling and D2

Thyroid hormone action and tissue development

During vertebrate development, thyroid hormone action occurs in a time and cell dependent
manner (Galton, 2005, Galton, 1992). This is achieved through the coordinated actions of
D2 and D3. In general, D3 predominates in most tissues during early development,
preventing untimely exposure of the rapidly developing cells to thyroid hormone. As the
embryo matures, D3 expression subsides and D2 rises substantially, increasing thyroid
hormone signaling until after birth and through adulthood.

Sensory organs development

All components of the thyroid hormone signaling pathway are expressed during the chicken
and mouse retina development as well as being a determinant factor for proper cochlear
development (Ng et al., 2010, Trimarchi et al., 2008, Ng et al., 2004). Although Dio2~/~
mice present euthyroid circulating levels of T3, they present a cochlear phenotype similar to
TRp-deficient or hypothyroid mice, developing auditory and morphology defects consistent
with lack of thyroid hormone action. In fact, prevention of the defective cochlear
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development in Dio2~/~ mice was achieved by post-natal supplementation with a high dose
of T3 (Ng et al., 2004). Similarly, the development of the mouse retina, which takes place
during the neonatal period, is also highly dependent on timed thyroid hormone action.
Hypothyroid mice fail to develop proper expression of different opsins (M and S) while the
number of cones is normal, a phenotype that is reversed/corrected by treatment of neonates
with exogenous doses of T3 (Lu et al., 2009).

Skeletal development

Thyroid hormone actions have been linked to proper skeletal growth and function. Initially,
it was observed that D2 was expressed in chondrocyte and osteoblast cell lines during the
differentiation process, where thyroid hormone was required for proper cellular maturation
(Gouveia et al., 2005, Miura et al., 2002). Furthermore, in the chicken bone growth plate, the
identification of a sonic hedgehog driven mechanism regulating the levels of D2 and D2-
mediated T3 production via D2 ubiquitination revealed the key role that proper local and
timed thyroid hormone action plays in bone development (Dentice et al., 2005).
Interestingly, patients carrying the Thr92Ala Dio2 polymorphism, which has been shown to
have lower D2 activity (Canani et al., 2005), have decreased bone mineral density and
increased bone turnover (Heemstra et al., 2010). Studies with the Dio2~/~ mouse indicate
that its bones are more susceptible to fracture accompanied by a 2-fold reduction in bone
formation (Bassett et al., 2010). Besides D2, the thyroid hormone inactivating enzyme, D3,
is also expressed in developing osteocytes. D3 expression is observed in the fetal skeleton,
where it generates a pro-proliferative environment by creating an intracellular hypothyroid
state that is required for proper bone development (Capelo et al., 2008).

Regulation of the hypothalamus-pituitary-thyroid axis

The thyroid-stimulating hormone (TSH) and the thyrotropin-releasing hormone (TRH)
promote thyroid gland activity and thyroid hormone production. TRH is produced by
paraventricular nucleus neurons, is released in the portal blood and positively regulates
pituitary TSH secretion. An elevation in TSH secretion increases thyroid hormone synthesis
and secretion that elevates the circulating levels of thyroid hormone, closing a negative
feedback loop that inhibits both TRH and TSH secretion (Chiamolera and Wondisford,
2009). Given that T4 is only minimally active, D2 plays a central role in this regulatory
loop, as it transduces the elevation in plasma T4 into intra-pituitary levels of T3 for proper
regulation of TSH expression (Larsen, 1982, Christoffolete et al., 2006). An increase in
circulating T4 and the consequent increase in intracellular T3 concentration in the pituitary
thyrotrophs (cells that produce TSH), shuts down TSHb gene expression, while a drop in
circulating T4 results in an opposite effect in TSHb gene expression (Christoffolete et al.,
2006). Supporting the regulatory role D2 plays on the HPT axis, inactivation of the Dio2
gene in mice leads to central resistance to T4 (Schneider et al., 2001), a phenotype that is
reproduced in mice treated with amiodarone, a D2 inhibitor commonly used as an
antiarrhythmic drug (Rosene et al., 2010). A similar role for D2 in TRH regulation has been
proposed (Fekete et al., 2004). In this case, D2 is expressed in the tanycytes, which are
specialiZed ependimal cells located in the walls of the 111 ventricle. It is conceivable that
D2-generated T3 in tanycytes mediate a negative feedback at the level of the paraventricular
TRH neurons via paracrine mechanisms. In fact, recent studies have shown that this type of
hormonal signaling involving deiodinase-pathways is possible (Freitas et al., 2010). A role
for deiodinases in the regulation of the hypothalamus-pituitary-thyroid axis in humans,
including D2, is supported by the observation that thyroid hormone homeostasis and TSH
feedback mechanism is disrupted in patients with SECIS-BP2 mutations, a key protein
involved in the selenoprotein synthesis (Dumitrescu et al., 2005).
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Adaptative thermogenesis and metabolic control

When enduring cold temperatures, small mammals trigger an integrated metabolic response
in order to generate heat via uncoupling mitochondrial respiration, a process known as non-
shivering thermogenesis or adaptative thermogenesis (Silva, 2011). The release of
norepinephrine (NE) in the brown adipose tissue (BAT)/sympathetic nervous system (SNS)
synaptic terminals increases the intracellular production of CAMP and up-regulation of
cAMP responsive genes, including the metabolic drivers peroxisome proliferator-activated
gamma co-activator 1 alpha (PGC-1a) and D2. The increase in D2 activity (~ 26-fold) and
of local D2-generated T3, is critical for proper BAT functions, as it increases the
responsiveness of the BAT to NE signaling and directly mediates the increase in total levels
of the uncoupling protein 1 (UCP-1) (Carvalho et al., 1991, Bianco et al., 1992). In addition
to Dio2 transcriptional up regulation, D2 activity levels are kept at high levels due to a
cAMP-mediated rise in the expression of the ubiquitin specific protease 33 (USP-33 or
VDU-1), which prolongs D2 half-life by deubiquitination of D2 (Curcio-Morelli et al.,
2003b).

The role that D2 plays in BAT is underscored by the fact that animals lacking D2 expression
(Dio27/7) are cold intolerant and develop hypothermia after 12 h of cold exposure due to
deficient BAT function (de Jesus et al., 2001). In addition, Dio2~/~ mice kept on a high fat
diet develop obesity and severe hepatic steatosis when at thermoneutrality, illustrating the
critical role played by D2 in metabolic control (Castillo et al., 2011). The specific
mechanism underlying these phenotypes has its origins during BAT development in the
Dio2~/~ mouse, in which there is low expression of UCP-1 and PGC1a (Hall et al., 2010).
In addition, Dio2~/~ primary brown adipocytes have an impaired differentiation capacity
and a decreased cellular machinery to cope with oxidative stress, leading to an increase in
levels of oxidative stress/ROS (Hall et al., 2010). Interestingly, Dio2~/~ primary brown
adipocytes also show impaired Akt phosphorylation, a phenotype that is reversed by
treatment with ascorbic acid, a potent anti oxidant. This increase in ROS levels is connected
with D2 inactivation, as chemical inactivation of D2 via addition of rT3 — a condition that
rapidly decreases D2 protein levels - leads to similar decrease in Akt phosphorylation as
seen in the Dio2~/~ cells (Hall et al., 2010). A developmental role for D2 was also suggested
in the skeletal muscle, as D2 expression is found in both humans and murine muscle tissue
(Grozovsky et al., 2009) and in cultured muscle myoblasts, D2 and D2-generated T3 were
shown to be necessary for proper myogenic development (i.e. Myo D induction) and
regeneration, while this regulation was dependent interaction of the transcription factor
Forkhead box O3 (FoxO3) with the Dio2 gene promoter region (Dentice et al., 2010).

Molecules regulating the D2 pathway

Molecules belonging to the family of flavonols, a small class of polyphenolic compounds
widely found in today’s diet, such as resveratrol, quercetin, fisetin and kaempferol (KPF),
have received a great deal of attention due to their proposed anti-cancer properties and also
control mammalian metabolism by activation of the sirtuin pathway (Baur and Sinclair,
2006). A screening for xenobiotic compounds that induce D2 expression and intracellular
D2-generated T3 identified KPF as a potent activator of the D2 pathway (da-Silva et al.,
2007). KPF treatment increased D2 activity up to 50-fold in various cell models via
transcriptional mechanisms, while increasing oxygen consumption by 30 % and the
expression of key metabolic genes such as PGCla, CPT-1, uncoupling protein 3 (UCP-3),
mitochondrial transcription factor 1 (mTFA), including also the Dio2 gene (da-Silva et al.,
2007).

Bile acids along with cholesterol and other lipids compose the bile, which is secreted by
hepatocytes and stored in the gall bladder. Bile acids have been promoted from molecules
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that assisted on the digestion of fatty nutrients to major integrators of metabolic signals and
are now linked with activation of the mitogen-activated kinase pathways, FXRa nuclear
receptors and the G-coupled protein receptor TGR5 (Houten et al., 2006, Watanabe et al.,
2006). The metabolic role of bile acids became clear when animals fed a high fat diet
supplemented with cholic acid, gained as much weight and fat as animals kept on a chow
diet. Dietary cholic acid supplementation also reversed the body weight gain in animals kept
on a high-fat diet for 120 days. All these effects were mediated via TGRS activation
independently of FXRa activation given that treatment with the FXR agonist GW4064 did
not decrease weight gain (Watanabe et al., 2006). Dietary bile acid supplementation also
increased oxygen consumption that coincided with an increase in BAT expression of PGCla
and B, CPT-1, UCP-3 and D2 (Watanabe et al., 2006). In fact, the protective metabolic
effects of bile acid diet supplementation were found to be D2-dependent, given that they
were lost in Dio2~/~ mice. Furthermore, different bile acid molecules that act as TGR5
ligands were capable of stimulating Dio2 promoter and enzymatic activity several fold
(Watanabe et al., 2006). The fact that in murine BAT and also in human skeletal muscle
there is co-expression of TGR5 and D2, points out to the significant role that the bile acid-
TGR5-D2 pathway plays in metabolically relevant tissues, being a strong candidate for
pharmacological intervention for treatment of metabolic syndrome (Watanabe et al., 2006,
Pols etal., 2010).

D2 is an ER-resident protein
D2 is retained in the ER

The ER is a dynamic cellular organelle that among various functions is involved in protein
synthesis and degradation (Schroder, 2008). Proteins targeted to the ER membrane have a
specific targeting signal, best characteriZed by the presence of di-lysine motifs within their
amino acid sequence, where mutation of such motifs leads to a change in protein cellular
localization (Hardt and Bause, 2002). The D2 amino acid sequence contains 15 lysine
residues but combinatorial Lys to Arg mutation was not able to change the D2’s ER
residency. Only when the transmembrane domain of D2 was deleted, D2 was found to be a
cytosolic protein, which suggests that the ER retention signal lies within the transmembrane
domain (Ze6ld et al., 2006). During the protein maturation process in the ER lumen, ER
resident proteins can be transported to the Golgi cysternae for post-translational
modifications and then are transported back to the ER (Spang, 2009, Schrdder, 2008). To
determine whether D2 would cycle from the ER to the Golgi system, ER- or Golgi-specific
glycosylation signals were fused to either termini of the D2 molecule. While fusion of the
Golgi-specific signal (YTPPP) did not yield any evidence of glycosylation, fusion of the
ER-specific signal (NKT) onto the amino termini of D2 showed evidence of protein
glycosylation (Zedld et al., 2006). This observation indicated that D2 did not reach the Golgi
cysternae system, being actively retained at the ER.

When proteins fail to fold properly or become misfolded within the ER lumen, they are
targeted for degradation by a mechanism called endoplasmic reticulum associated
degradation (ERAD) (Vembar and Brodsky, 2008, Schrdder, 2008). Due to that D2 resides
in the ER, one could hypothesiZe that D2 protein instability and short half-life is due to its
sub-cellular localization and the physical proximity to the ERAD machinery. To test this
hypothesis, a D2 protein lacking its transmembrane domain was fused to the carboxyl
termini of the long-lived (half-life of ~ 5 days) plasma membrane resident protein Na*/1~
symporter (NIS) (Dohan et al., 2003). This followed the rationale that by fusing the globular
domain of D2 to a plasma membrane protein would distance the ERAD machinery from D2,
thus making it possible to analyZe intrinsic characteristics of the D2 protein. As expected,
the D2-NIS chimeric protein segregated to the plasma membrane and displayed a much
shorter half-life (~ 4 h) when compared to the wild type NIS, whereas deletion of D2’s 18-aa
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instability domain prolonged D2/NIS protein half-life (Zedld et al., 2006). Similar results
were observed when D2 was fused to the stable ER resident protein Sec62. Taken together,
these results show that, independently of cellular location, D2 contains intrinsic motifs that
render instability and a short half-life to the D2 protein.

Dimerization - it takes two to deiodinate

An analysis of the amino acid sequence of deiodinases predicts a molecular weight ranging
between 29-33 kDa, but in gel filtration studies identified the presence of deiodinases in
higher molecular weight complexes ranging from 44-200 kDa (Safran and Leonard, 1991).
This suggests that deiodinases could be part of multi-protein complexes or were organiZed
in multimeric forms. Accordingly, when a mutant inactive rat D1 isoform was co-expressed
in endogenously D1 expressing porcine LLC-PK1 cells, D1 activity was lost when rat D1
was immunoprecipitated, suggestive of a dimeric form of active D1 (Leonard et al., 2001).

Using an approach that couples protein dimerization with fluorescence resonance energy
transfer (FRET), Sagar et al sought to characteriZe the D2-D2 dimer formation and at the
same time study the dynamics of the substrate-induced D2 degradation (Sagar et al., 2007).
CFP and YFP labeling of the carboxyl or the amino termini of the D2 molecule made it
possible to study D2 dimerization at the globular and TM domains (Sagar et al., 2007).
Removal of the TM domain in D2 generates an inactive truncated AD2. When co-expressed
with wild type D2, there is AD2:D2 dimerization as detected by FRET along with minimal
levels of enzyme activity (Sagar et al., 2007). This observation indicates that the globular
domain alone is sufficient for enzyme dimerization and function, as long as one of the
counterparts is anchored to the ER membrane. The TM contains potential dimerization
motifs, as sequence analysis shows that the D2 transmembrane domain is helix-shaped and
due to the presence of positively charged amino acids it would be stable when inserted onto
the ER membrane, thus supporting an a-a dimeric structure (Sagar et al., 2007). The critical
observation that interaction with T4 decreases the FRET signal of carboxyl-tagged D2:D2
dimers, but not the FRET signal of amino-tagged D2-D2 dimers, indicates that interaction
with T4 promotes a conformational change in the D2:D2 dimer, which is restricted to the
globular domain (Sagar et al., 2007).

D2 and the ubiquitin-proteasome system

The ubiquitin/proteasome system is critical for protein homeostasis

A tight control of protein homeostasis is critical for maintaining the integrity of a number of
cellular functions. In addition to the lysosomal pathway, cells also dispose of unwanted
proteins after they have been tagged by ubiquitin (Ub) and taken up by the proteasomes
(YYang and Klionsky, 2010, Vembar and Brodsky, 2008). Thus, proteins targeted to this
system undergo structural modifications that involve conjugation of Ub moieties to Lys
residues in the target protein. Ubiquitination is a reversible, cyclic and multi-enzymatic
process that can be divided in 3 canonical steps: (i) the initial, ATP-dependent activation of
one Ub molecule by an ubiquitin-activating enzyme (E1), (ii) transfer of the activated Ub
molecule from the Ub-charged E1 to an Ub conjugating enzyme (E2) and finally, (iii)
polyubiquitination of Lys residues within the target protein by an E2 and/or E3 ligase-
containing complex (Vembar and Brodsky, 2008). Studies have also identified a new class
of enzymes involved in the ubiquitin/proteasome pathway termed E4, which are able to
elongate the polyu-biquitin chain of specific substrates (Liu et al., 2010). Finally, with
participation of accessory proteins such as HSP90/40 chaperones and the p97 ATPase, the
polyubiquinated substrate is lineariZed and shuttled to the proteasome system where it is
degraded into oligopeptides (Vembar and Brodsky, 2008).
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1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Arrojo e Drigo and Bianco Page 8

D2 is ubiquitinated and targeted for the proteasome

The observation that D2 half-life could be prolonged by depletion of rat pituitary cellular
ATP levels independently of changes in mRNA levels led investigators to search for the
involvement of ATP-dependent degradation pathways (Leonard et al., 1990). The
involvement of the proteasome system was confirmed when treatment of D2-expressing
cells with the proteasome blocker MG-132 prevented the loss of D2 and prolonged
enzymatic half-life by over 50 % (Steinsapir et al., 1998). In addition, exposure of D2 to its
natural substrate T4, which accelerates disposal of D2, also was blocked by MG-132. In
follow up studies, transiently expressed human D2 was also found to be stabiliZed by
treatment with MG-132, thus confirming the post-transcriptional nature of D2’s degradation
mechanism (Steinsapir et al., 2000). Furthermore, it was confirmed that substrate interaction
with the enzyme’s catalytic site was required for triggering D2 ubiquitination, as a single
See 133Ala mutation renders D2 catalytic inactive and resistant to substrate induced
ubiquitination (Gereben et al., 2000). The involvement of the ubiquitin system in D2
degradation was demonstrated in TS20 cells that express a temperature sensitive E1 enzyme.
This mechanism was found to be D2 specific as the other thyroid hormone activating
enzyme, D1, present a much longer half-life (> 12 h) and did not show any evidence of
protein ubiquitination (Gereben et al., 2000).

The D2 protein contains 15 Lys residues that could accept conjugation of an ubiquitin
molecule. To identify the exact residue of the D2:D2 dimer that is ubiquitinated, a number
of combinatorial Lys to Arg mutations were made. Single mutation of residues K237 or
K244 led to no changes in D2-ubiquitination rate, whereas mutation of both K237 and K244
resulted in loss of D2 ubiquitination and several fold prolongation of D2 half-life (Sagar et
al., 2007). Strikingly, the D2-D2 dimer with the K237R/K244R mutation was resistant to
T4-induced conformational change, as exposure of this mutant to increasing amounts of T4
did not lead to changes of FRET signal of the D2:D2 dimer (Sagar et al., 2007).

E2 Conjugases

The identification of mammalian orthologues of two yeast E2 conjugases, UBC6 and UBC7
(Tiwari and Weissman, 2001), made possible for more detailed studies on the proteins
involved in the degradation of D2 via the ERAD pathway. Both UBCs are found close or in
association with the ER; where UBCS is physically anchored to the ER membrane via a
transmembrane domain and UBC? is activated and held close to the ER via interaction with
the ER membrane protein Cuelp (Bazirgan and Hampton, 2008). More recently, the crystal
structure of yeast and mammalian UBC?7 has been solved (Arai et al., 2006, Briggman et al.,
2005, Cook et al., 1997), while it also has been shown to functionally interact with the E3
ligases Parkin (Imai et al., 2001), HRD1 (Kikkert et al., 2004) and TEB4 (Hassink et al.,
2005) on ERAD pathways. Both UBC6 and or UBC7 interact with D2 (Kim et al., 2003,
Botero et al., 2002). UBC6 interaction was only seen when it was co-expressed with UBC?7,
which supports the idea that both conjugases may overlap or co-exist in the D2 degradation
complex. In the same study, significant D2/UBCY7 interaction was limited only to the
carboxyl domain of the D2 protein. In fact, D2 activity is stabiliZed when a truncated
carboxyl terminal D2 is co-expressed with wild type human D2, thus confirming previous
results that pin pointed the carboxyl termini as the critical instability domain on the D2
protein (Kim et al., 2003). Expression of inactive isoforms of either UBC6 or UBC7 alone
had no effect on D2 activity, suggesting that UBC6/7 have overlapping functions.
Accordingly, when both inactive isoforms of UBC6/7 were co-expressed, D2 enzymatic
activity increased by 2-fold while also preventing the substrate-induced loss in D2 activity
and protein levels (Kim et al., 2003).
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E3 Ligases

Substrate specificity of the ubiquitination process is ensured by the interaction of the target
protein with the E3 ligase family of enzymes. The human genome encodes over 600
different E3 ligases, which are responsible for the ubiquitination of a myriad of substrates
from prokaryotes to eukaryotes. Most of such enzymes reside on the ER membrane and are
capable of mediating the ubiquitination of either cytosolic or membrane bound substrates
(Vembar and Brodsky, 2008). To date, two E3 ligases have been shown to mediate D2
ubiquitination; the sonic-hedgehog (Shh) inducible WD-40 repeat and SOCS box-containing
1 (WSB-1 or SWiP) and the ERAD enzyme TEB4 (the human ortholog of yeast Doal0).

WSB-1, also known as SWiP-1, was initially described in the limb buds and in the somatic
mesoderm of the developing chicken embryo. In mice, the WSB-1 gene is located on
chromosome 11 at the Wsb1/Nf1 region that interacts with the region 1gf2/H19 on
chromosome 7 (Ling et al., 2006). WSB-1 expression was characteriZed as one of the
earliest markers of limb development along with BMP2, where ectopic sonic hedgehog
(Shh) treatment increased WSB-1 expression significantly (Vasiliauskas et al., 1999).
WSB-1 has also been linked to pancreatic cancer progression (Archange et al., 2008),
neuroblastoma survival (Chen et al., 2006), regulation of the homeodomain-interacting
protein kinase 2 (HIPK2) (Choi et al., 2008), as well as being negatively regulated by the
sirtuin-1 (SIRT-1) activator resveratrol in human aortic and pulmonary cell models (Hsieh et
al., 2010). Initial observations from experiments where over-expression of the WSB-1
resulted on a 2-fold decrease in D2 activity indicated that WSB-1 was a negative regulator
of D2. Accordingly, WSB-1 was shown to be an E3 ligase enzyme with capacity to mediate
ubiquitination of a D2 molecule (Dentice et al., 2005). Furthermore, detailed structure
analysis showed that WSB-1 is part of a multi-protein catalytic complex, termed ECSWSBL,
of which are also part of Elongin B and C, Cullin5, RBX1 and the E2 ligase UBC7 (Dentice
et al., 2005). The D2-WSB-1 interaction requires an 18 amino acid long domain on the D2
molecule termed “instability loop” and the WD-40 propeller-shaped domain of WSB-1,
more specifically the 3 and 8™ propeller-like domains, while the SOCS box mediates
interaction with the other members of the ECSWSBL, WSB-1-D2 interplay shed light on the
molecular mechanisms involved in the regulation of the developing chicken bone growth
plate. In this region, cells perichondrial/periosteal sheaths express both D2 and WSB-1
(Dentice et al., 2005). In this specific setting, expression of WSB-1 is induced by Indian
hedgehog (Ihh) secreted from chondrocytes leaving the proliferative pool. This in turn
accelerates D2 ubiquitination, decreases local T3 concentration while also transiently
decreasing thyroid hormone signaling. This allows the induction of PTHrP expression and
the maintenance of the pro-proliferative setting needed for proper skeletogenesis (Dentice et
al., 2005). This interplay between WSB-1 and D2 could also be of significant physiological
significance for the mammalian brain, as WSB-1 is expressed in tanycytes and astrocytes;
two high D2-expressing tissues (Fekete et al., 2007)

TEB4 (aka MARCHS6) is an ER resident, RING-finger containing protein, with 13-14
membrane-spanning domains where it may contain also a Sec61-like re-translocation
channel (Kreft et al., 2006, Hassink et al., 2005). Several studies in yeast show that TEB4 is
part of the ERAD machinery, interacts with the UBC6 E2 conjugase, and is responsible for
the degradation of MATa2 gene product in yeast (Swanson et al., 2001). More recently,
studies searching for targets of Doal0-mediated degradation dependent on the E2 ligases
UBCG6/7 identified D2 as a possible substrate for Doal0 in yeast (Ravid et al., 2006).
Subsequently, TEB4 was shown to be a D2-interacting protein in human cells, as both
proteins are co-immunoprecipitated. Co-expression of increasing amounts of TEB4 and D2
decreases D2 protein levels and enzymatic activity. A complete cellular knock down of
TEB4 via siRNA stabiliZes D2 protein/activity levels and impairs its ubiquitination induced
by T4 (Zavacki et al., 2009). These data indicate that TEB4 is required for substrate-induced
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ubiquitination of D2, while also participating in the regulation of D2’s protein/activity half-
life. Like WSB-1, TEB4 requires the C-terminal instability loop of D2 in order to interact
and mediate D2 ubiquitination, as a truncated D2 molecule that lacks such motif is not
sensitive to TEB4 knock down (Zavacki et al., 2009).

Noteworthy is that maximal cellular levels of D2 activity (~ 3-fold increase) are found when
the proteasome is blocked by MG-132 treatment or when TEB4 is knocked down.
Conversely, when WSBL1 is knocked down, D2 activity rises only about 2-fold. This could
be interpreted as indicating that WSB-1 mediated D2 ubiquitination does not necessarily
activate the proteasomal pathway for D2 whereas TEB4 does. In fact, tissue expression
analysis of WSB-1 and TEB4 indicates the existence of tissues in which expression of one
ligase predominates over the other. For example, BAT expresses high levels of WSB-1 with
little or no expression levels of TEB4 (Zavacki et al., 2009). This suggests that these ligases
may have different contributions to D2 degradation and also that there are other possible
regulatory mechanisms involved in D2 ubiquitination. Supporting this idea is that the
thyroid gland has significant levels of D2 activity, but it does not express either WSB-1 or
TEB4.

USP20 and USP33 rescue D2 from ubiquitination

The addition of ubiquitin moieties to target proteins is a reversible process. The enzymes
responsible for catalyzing the cleavage of the removal of Ub chains are termed
deubiquitinases (DUB) and are divided in five different classes; the ubiquitin C-terminal
hydrolases (UCH), the ubiquitin-specific proteases (USP), the ovarian tumor proteases
(OTU), the Josephins and the JAB1/MPN/MOV 34 class of metalloenzymes (Komander et
al., 2009, Komander, 2010). These enzymes can cleave the peptide bonds between two
ubiquitin molecules in short or long free/substrate-bound ubiquitin chains (Komander et al.,
2009, Komander, 2010). The fact that the human genome encodes ~79 DUB genes suggests
these enzymes lack a certain degree of selectivity for ubiquitinated substrates. This is
overcome by several post-transcriptional regulatory mechanisms like interactions with larger
protein complex (i.e. the proteasome), which are able to modulate and direct the DUB
activity to specific ubiquitin chains. Over the years, DUBs have been recogniZed as
mediating a critical step in the ubiquitin-mediated signaling pathways, such as the control of
NF-kB signaling (Komander et al., 2009, Harhaj and Dixit, 2011), ubiquitin homeostasis
(Komander et al., 2009), apoptosis (Ramakrishna et al.,2011), HIF-1a signaling (Li et al.,
2005), thyroid hormone signaling and adaptative thermogenesis (Curcio-Morelli et al.,
2003b), and tumorigenesis (Yuasa-Kawada et al., 2009).

Out of the 5 classes of DUB, two enzymes termed USP33 (or VDU-1) and USP20 (or
VDU-2) from the USP family of DUBs has been shown to interact with and regulate D2
protein levels and activity (Curcio-Morelli et al., 2003b). USP33 and USP20 were initially
described as being interacting proteins as well as substrates of the pVHL-elonginCB-cullin-2
(VCB-CULZ2) E3 ubiquitin ligase complex, which is structurally and functionally similar to
SCF (Skp1/Cdc53/F-box) E3 ubiquitin ligase complex (Li et al., 2002b, Li et al., 2002a).
USP33 and USP20 are ubiquitously expressed in human and mouse tissues, sharing a high
degree (~ 59%) of sequence homology at the carboxyl and amino termini (Li et al., 2002b,
Li et al., 2002a, Komander et al., 2009). On the carboxyl terminal of both USPs, lays the
zinc finger ubiquitin-specific protease domain (ZnF-USP), which in other USPs has been
shown to bind ubiquitin molecules (Komander et al., 2009, Komander, 2010). Conversely,
recent data based on the crystal structure of USP33’s ZnF-USP domain suggests this domain
in particular does not bind ubiquitin molecules and may have another function other then
ubiquitin binding (Allen and Bycroft, 2007). Knowledge about interaction of D2 with both
USP33 and USP20 was obtained via a yeast two-hybrid screen, where the COOH-terminal
of D2 carboxyl was used as bait (Curcio-Morelli et al., 2003b). Both USPs interacted with
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this portion of the D2 molecule, which was also observed in mammalian cells by co-
immunoprecipitation studies (Curcio-Morelli et al., 2003b). In accordance with its
deubiquitinating role, co-expression of USP33/20 increases D2 activity and prolonges D2
protein half-life. This was accompanied by a decrease in the levels of ubiquitinated D2
molecules, thus confirming USP33/20 role in rescuing D2 from the proteasomal pathway
(Curcio-Morelli et al., 2003b).

The physiological relevance of D2 deubiquitination was elucidated in the BAT, where
USP33 is up regulated by cold-exposure, which coincided with a 26-fold increase in D2
activity. At the same time, Dio2 mRNA was increased “only” by a factor of 10, indicating a
role for post-transcriptional regulation of D2 activity, such as deubiquitination, thus
maximizing the cold-induced increase in D2 activity and local T3 production. Interestingly,
the MRNA levels of the HIF-1a deubiquitinase USP20 were not elevated during cold
exposure, indicating that there is a subtype-specificity contribution to the regulation of D2
activity/protein levels (Curcio-Morelli et al., 2003b). Besides BAT, USP33-mediated
regulation of D2 can also take place in the brain, as USP33 and D2 expression is found in
astrocytes and tanycytes, two subtypes of glial cells (Fekete et al., 2007).

Stressed out: D2 and thyroid hormone signaling under ER stress

Over the years, the ER was always described as an organelle responsible for intracellular
Ca?* storage and homeostasis, protein folding, glyco-sylation and export. Studies have now
linked the ER with complex cellular responses to different environmental inputs, such as
glucose homeostasis and insulin signaling (Ozcan et al., 2004, Ozcan et al., 2008, Ozcan et
al., 2009, Park et al., 2010) and also neurodegenerative diseases (Lindholm et al., 2006),
thus placing the ER as a mediator of various signaling cascades and cell functions (Schréder,
2008, Schroder and Sutcliffe, 2010). Any disturbance of ER functions that are not rapidly
counterbalanced leads to accumulation of unfolded/misfolded proteins within the ER lumen,
a condition known as ER stress. To cope with ER stress, cells trigger an evolutionary
conserved ER-to-nucleus signaling cascade, that (i) stops global protein translation in order
to decrease ER protein input, (ii) increases expression of chaperone proteins such as HSP40
and BiP, and (iii) accelerates and increases the input of misfolded proteins into the ERAD
machinery (Schrdder, 2008, Meusser et al., 2005, Vembar and Brodsky, 2008). The
identification of TEB4 as a regulator of D2 and reports that TEB4 is part of the ERAD
machinery induced by conditions that cause ER stress (Ravid et al., 2006, Swanson et al.,
2001), prompted studies to seek whether D2 is a target of ERAD triggered by ER stress.
Indeed, by exposing D2-expressing cells to different ER-stressing conditions, we observed
that D2 activity was rapidly down regulated in as little as 1h, with significant increase in ER
stress markers (Arrojo e Drigo, 2010). This down regulation was independent of
transcriptional modulation of the Dio2 gene, as ER stress did not change Dio2 mRNA
levels. This loss of D2 activity leads to a significant decrease in D2-mediated T3 production,
which shows that D2-expressing cells under ER stress are hypothyroid (Arrojo e Drigo,
2010).

ER stress can be attenuated or reversed by treatment with a small class of molecules termed
chemical chaperones. These molecules are able to bind and stabiliZe protein conformation
(Engin and Hotamisligil, 2010). Two chemical chaperones, tauroursodeoxycholic acid
(TUDCA) and 4-pheny! butyric acid (4-PBA) have been shown to have metabolic activity,
and treatment with such molecules normaliZed glucose homeostasis in animals fed a high fat
diet (Ozcan et al., 2006), restored leptin sensitivity in ob/ob background mice (Ozcan et al.,
2009) and a daily oral dose of 4-PBA improved lipid-induced insulin resistance and B-cell
function (Xiao et al., 2011). In addition, both TUDCA and 4-PBA are being tested as
therapeutic treatment of several diseases, ranging from amyotrophic lateral sclerosis (ALS)
to obesity and metabolic syndrome (For more detailed information, see
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http://clinicaltrials.gov/). Although these metabolic effects of TUDCA and 4-PBA are well
characteriZed, little is known about the specific molecular/cellular mechanisms mediating
such effects. The fact that D2 is regulated by proteins involved in the ER stress cellular
response (i.e. UBC6 and TEB4) and that chemical chaperones reverse the adverse effects of
ER stress and improve metabolic parameter, led us to test whether treatment with TUDCA
and 4-PBA would also affect D2 protein/activity levels. Initially, a dose and time dependent
treatment of endogenously D2-expressing cell lines with TUDCA or 4-PBA led to a 2-3-
fold increase in D2 activity, which coincided with an increase in intracellular T3 production
that ranged from 2-10-fold (da-Silva et al., 2011). One could speculate that since chemical
chaperones act to stabiliZe protein conformation, D2 levels were increased due to a longer
D2-protein half-life. In fact, D2 protein/activity half-life was not changed and the increase in
D2 total levels is due to transcriptional induction of the Dio2 gene by both TUDCA and 4-
PBA (da-Silva et al., 2011). Similar results were also observed on a more physiological
setting, where in vitro differentiated primary brown adipocytes where treated with either
TUDCA or 4-PBA. As aresult, in TUDCA-treated cells D2 activity increased
approximately 3-fold, whereas with 4-PBA treatment induced D2 activity over 5-fold. This
TUDCA- or 4-PBA-induced increase in D2 activity led to a significant acceleration in
cellular oxygen consumption, lasting up to 72h. Strikingly, the TUDCA- or 4-PBA-induced
oxygen consumption was reduced or lost in primary brown adipocytes isolated from Dio2~/~
mice, clearly indicating a D2-dependent effect on oxygen consumption (da-Silva et al.,
2011).

In the same setting, TUDCA and 4-PBA also induced the expression of key metabolic
genes, such as Glut-4, CPT-1, UCP-1/3 and PGC-1a. With the exception of Glut-4, the
induction of these genes with TUDCA and 4-PBA was limited when Dio2~/~ brown
adipocyte cells were used, clearly indicating that D2-mediated T3 production is critical for a
proper metabolic response to these two chemical chaperones (da-Silva et al., 2011). The
importance of the interplay between chemical chaperones and the D2-generated T3 pathway
is underscored by the observation that treatment of wild-type, but not Dio2~/~, mice fed a
high fat diet with TUDCA (0.5mg/kg BW) for 7 days led to increased BAT D2 activity,
normalization of glucose homeostasis and increased fat oxidation (da-Silva et al., 2011).
Taken together, these observations centrally place the D2 pathway and the acceleration of
T3 production as a key player in mediating the metabolic effects seen after treatment with
TUDCA or 4-PBA (da-Silva et al., 2011).

Concluding remarks

Thyroid hormone signaling can be tailored in a time and cell specific manner by the
deiodinases, thus ensuring proper T3 effects in both developing and adult tissues. D2 drives
thyroid hormone activation and cellular metabolism, and its activity is tightly regulated by
an on/off switch mechanism triggered by substrate catalysis that involves enzyme
inactivation via ubiquitination and reactivation via deubiquitination. D2 expression in
metabolically relevant tissues such as BAT and skeletal muscle can be induced by bile acids,
kaempferol and chemical chaperones, accelerating the rate of energy expenditure. This
elevates D2 to a potential target of pharmacological intervention and treatment of the
metabolic disorders.
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Figure 1.

Thyroid hormone action is modulated by the deiodinases. T3 generated via D2-mediated
deiodination acts via hon-genomic mechanisms or the canonical nuclear thyroid hormone
receptor pathway to regulate TSH and TRH secretion as well as cell development and
metabolism. D3 terminates the thyroid hormone signaling pathway by inactivating T3
molecules into inactive substrates rT3 and/or T2.
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Figure 2.

D2 is a dimeric selenoenzyme ubiquitinated by WSB-1 and TEB4 complexes. (A) Ultra-
structure of the D2:D2 dimer inserted into the ER membrane. Reproduced from (Sagar et al.,
2007). (B) Detailed structure of the globular domain of D2. White asterisk marks the
instability loop. Modified from (Dentice et al., 2005). In (C), newly synthesiZed D2 is
targeted to the ER membrane, where D2 ubiquitination is triggered by T4-to-T3 catalysis.
Ubiquitinated D2 (Ub-D2) is shuttled to the proteasomes. D2 can be rescued from terminal
destruction via two DUBS: ubiquitin-specific proteases USP-20 and USP-33.
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Table 1

Tissue distribution of deiodinases in humans

Deiodinase  Tissue

D1 liver, thyroid, kidney
D2 brain, pituitary gland, BAT, thyroid, muscle
D3 developing tissues and placenta, adult skin, brain

(St Germain et al., 2009)
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