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Abstract: 

Thyroid hormone (TH) signaling comprises TH transport across cell membranes, 

metabolism by deiodinases, and molecular mechanisms of gene regulation. Proper TH 

signaling is essential for normal perinatal development, most notably for neurogenesis 

and fetal growth. Knowledge of perinatal TH endocrinology needs improvement to 

provide better treatments for premature infants and endocrine diseases during gestation 

and to counteract effects of endocrine disrupting chemicals. Studies in amphibians have 

provided major insights to understand in-vivo mechanisms of TH signaling. The frog 

model boasts dramatic TH-dependent changes directly observable in free-living 

tadpoles with precise and easy experimental control of the TH response at 

developmental stages comparable to fetal stages in mammals. The hormones, their 

receptors, molecular mechanisms, and developmental roles of TH signaling are 

conserved to a high degree in humans and amphibians, such that with respect to 

developmental TH signaling "frogs are just little people that hop". The frog model is 

exceptionally illustrative of fundamental molecular mechanisms of in-vivo TH action 

involving TH receptors, transcriptional cofactors, and chromatin remodeling. This review 

highlights the current need, recent successes, and future prospects using amphibians 

as a model to elucidate molecular mechanisms and functional roles of TH signaling 

during post-embryonic development.  
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1) Thyroid hormone (TH) signaling during human perinatal development 

Lack of thyroid hormone (TH) during perinatal development causes debilitating mental 

deficits and short stature known as cretinism (Delange, 2005), but even subtle 

reductions in TH signaling can cause significantly lower IQ (Biondi and Cooper, 2008). 

Mutations in components of TH signaling, such as TH receptors, plasma membrane TH 

transporters, deiodinases, and cytosolic TH binding proteins cause various forms of 

hypo- and hyperthyroidism (Abe et al., 2003; Hernandez et al., 2006; Refetoff, 2005; 

Visser et al., 2010). Endocrine disrupting chemicals that interfere with any of these TH 

signaling components can also compromise short-term and long-term health and fitness 

(Gore et al., 2015). 

 The critical dependence on appropriate TH signaling for proper development of 

the brain and other organs motivates efforts to look for treatment options during 

pregnancy with jeopardized TH signaling, such as in Hashimoto's thyroiditis, Grave's 

disease, premature birth, and endocrine disruption. Unfortunately, many mechanisms 

pertinent to perinatal endocrinology are not well understood, and studies are needed to 

reduce known and unknown treatment consequences for fetal growth and development 

(Forhead and Fowden, 2014). The fact that the rate of preterm delivery with incomplete 

TH-dependent organ maturation is increasing despite extensive efforts to stop it and the 

increasing prevalence of endocrine disrupting chemicals points to the importance of 

broadening the net of basic research to better diagnose, treat, and/or prevent medical 

issues that may affect perinatal development (Goldenberg et al., 2008; Wang et al., 

2014). 
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2) The value of Xenopus to study TH signaling during development 

Elucidating the critical, complex, and experimentally intractable period of perinatal 

development in humans requires studies in model organisms. Model organisms provide 

simplified systems that are accessible and easily manipulated and can reveal the basic 

operating principles and disease etiologies associated with TH signaling that are nearly 

the same across vertebrates. Mice are the most commonly used model to study human 

health and disease because of their small size, ease of breeding in lab, and 

evolutionary closeness to humans. However, studies to elucidate developmental 

mechanisms of TH signaling are constrained in mammalian systems by the difficulty of 

observing relatively subtle or cryptic TH-dependent changes and of obtaining samples 

from fetuses in utero. An additional difficulty is that fetal tissues are constantly exposed 

to maternal hormones through the placenta (Forhead and Fowden, 2014), such that 

manipulation of fetal endocrine signaling to examine receptor function in plus or minus 

hormonal states is difficult to achieve without potentially introducing artefacts from 

altered maternal endocrine physiology. Furthermore, as with all model systems, none 

can fully recapitulate the human situation. For example, mutations in the TH transporter 

MCT8 in humans cause the crippling disorder, Allan-Herndon-Dudley syndrome 

(Friesema et al., 2004), whereas equivalent mutations in mice are nearly asymptomatic 

(Heuer and Visser, 2013). 

 For elucidating the molecular mechanisms of TH signaling during development, 

amphibians have intrinsic experimental advantages that make them the model of choice 

for several reasons. First, the dramatic TH-dependent molecular and morphological 

changes that occur during metamorphosis are unrivaled among terrestrial vertebrates 
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(Dent, 1968). Second, tadpoles are large and accessible throughout their development, 

including TH-dependent stages, comparable to perinatal stages in humans (Buchholz, 

2015). Third, signaling via TH and their receptors is necessary and sufficient to initiate 

virtually all developmental events during metamorphosis (Das et al., 2010; Dodd and 

Dodd, 1976). Fourth, plasma levels of TH undetectable by radioimmunoassay occur 

naturally during the frog larval period prior to metamorphosis (Leloup and Buscaglia, 

1977), indicating that virtually all of the receptors in vivo are in the unliganded condition. 

Fifth, endogenous TH levels increase to a peak at metamorphic climax (Leloup and 

Buscaglia, 1977), such that simple exogenous addition of TH to the rearing water during 

premetamorphosis enables precise temporal control of TH receptors to the liganded 

state that can mimic natural metamorphosis (Dodd and Dodd, 1976). Sixth, 

mechanisms of TH signaling in gene regulation and development are highly conserved 

between frogs and humans (see below), such that fundamental processes can be 

worked out in frogs and then applied to specific situations in mice and humans. 

Seventh, amphibians produce large numbers of free-living eggs and embryos that are 

easy to culture without specialized media or temperature requirements making tadpole 

studies fast, easy, and cheap with respect to comparable stages in mice (i.e., perinatal 

stages). Thus, because frogs are easy to breed and maintain in the laboratory, are the 

closest relatives to humans with easily accessible embryos, and have all the modern 

tools of a genetic model system, such as a sequenced genome (Hellsten et al., 2010; 

Session et al., 2016), an ORFeome (Grant et al., 2015), and established methods for 

gene knockout (Tandon et al., 2016) and transgenesis (Buchholz, 2012; Ishibashi et al., 

2012), amphibian development is a particularly compelling model system from 
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experimental and fiscal perspectives for use in elucidating TH signaling applicable to 

human perinatal development. 

 

3) Conservation in TH signaling between frogs and man 

 Many developmental events are regulated by TH in common in humans and 

frogs, including central and peripheral nervous systems (Kollros, 1981; Patel et al., 

2011; Préau et al., 2016; Thompson and Cline, 2016), musculoskeletal growth and 

development (Dodd and Dodd, 1976; Van Vliet, 2005), and interaction with 

glucocorticoids to promote terminal organ maturation (Buchholz, 2015; Fowden and 

Forhead, 2013). Underlying these conserved TH-dependent developmental events are 

conserved molecular components (Buchholz et al., 2006; Furlow and Neff, 2006). As in 

mammals, amphibians have two types of TH receptors (TRa and TRb) (Helbing et al., 

1992; Schneider et al., 1993; Wang et al., 2008; Yaoita et al., 1990) with similar 

alternative splicing of multiple mRNA isoforms and high amino acid sequence similarity 

(Yaoita et al., 1990). In addition, mammals and frogs share similar TR heterodimer 

partners (retinoic acid receptors alpha, beta, gamma), TR-associated co-repressors and 

co-activators, and canonical TH response elements in enhancer or promoter regions of 

TH target genes (Furlow and Neff, 2006). Furthermore, all known vertebrate TRs 

commonly bind genomic DNA sequences consisting of two direct repeats of a 

consensus hexameric AGGTCA sequence separate by four nucleotides (Das et al., 

2009). Prior to TR binding, TH enters cells in mammals and frogs via conserved TH 

transporters (Lat1, MCT8, MCT10, OATP1c1 (Choi et al., 2015a; Connors et al., 2010; 

Ritchie et al., 2003)), followed by deiodinase-mediated metabolism (deiodinases I, II, III, 
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(Brown, 2005; Kuiper et al., 2006)) and possibly binding cytoplasmic proteins (CRYM, 

PKM2, and others (Choi et al., 2015a; Shi et al., 1994; Yamauchi and Tata, 2001)). 

Thus, amphibian TH signaling behaves as in humans to regulate many developmental 

events in common via comparable mechanisms with similar cytoplasmic TH signaling 

components, TR secondary structure, ligand and DNA binding properties, and 

requirement to heterodimerize with RXR (Wong and Shi, 1995). 

 

4) Recent advances elucidated first in frogs 

Role of unliganded TH receptor in post-embryonic development 

The action of TH receptors (TRs) on gene regulation depend on TH, such that TRs 

actively repress genes in the absence of TH and induce those same genes in the 

presence of TH (Cheng et al., 2010). Such ligand-dependent gene regulation was 

derived from in-vitro cell culture studies, but the dual function model for how TRs might 

act during development was first proposed in frogs to account for TR action during 

critical periods of tissue differentiation when TRs transition from unliganded to liganded 

states (Buchholz et al., 2006; Sachs et al., 2000; Shi, 2009; Yaoita and Brown, 1990). 

Numerous studies in frogs and mice established that TR-mediated gene induction in 

response to TH is required for tissue differentiation, but only recently were two groups, 

working in frogs, able to address the role of unliganded TRα during development (Choi 

et al., 2015b; Wen and Shi, 2015). Using TALENs, they showed that TRα knockout led 

to the earlier initiation of metamorphosis and acceleration of development and further 

showed higher expression of TH response genes important for developmental 

progression resulting from lack of repression by unliganded TRα. Equivalent knockout 
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models were previously made in mice (Flamant and Samarut, 2003), but the more 

subtle murine TH-dependent phenotypes were not previously observed revealing the 

importance of the frog model to detect activities of TR during development. The 

production of a knockout of TRβ is highly expected to define the relative contribution of 

each TR isoform. 

 

Identification of TH direct response genes in developing tissues 

The effects of TH on development are mediated mainly through transcriptional 

regulation of TH response genes (Buchholz et al., 2004). Identification of such direct 

response genes is thus of critical importance in understanding TH action during 

development. However, only a limited number of direct T3 response genes are known in 

different model systems, thus hampering our understanding of how TH regulates 

development in vivo. The first global analysis to identify such genes in development was 

conducted in frogs using cycloheximide-treated tadpoles to block translation thereby 

blocking secondary transcriptional regulation by TH-induced transcription factors (Das 

et al., 2009). They identified 188 up-regulated and 249 down-regulated genes by TH in 

the absence of new protein synthesis in whole animals, and gene ontology analysis 

showed that the direct up-regulated genes are enriched in categories important for 

transcriptional regulation and protein degradation-dependent signaling processes but 

not DNA replication. These findings thus revealed the pathways induced by TH at the 

earliest step of TH-dependent development. 

 Another experimental approach is to use chromatin immunoprecipitation (ChIP) 

to identify direct response genes (Grøntved et al., 2015). With the ChIP-Seq technology, 
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high throughput sequencing of purified DNA fragments enriched in TR binding sites 

followed by location of sequencing reads on the genome sequence supply genome-

wide TR binding profiles. However, ChIP-seq suffers from a major limitation, as it 

provides no evidence of the functional connection between the TR binding sites and the 

target genes (only nearby locations can be inferred). Furthermore, it is now clear that 

transcription factors can act over large distances through DNA looping with their target 

promoter. To take into account these concerns, chromatin interaction analysis by 

paired-end tags sequencing (ChIA-PET) was carried out to map genome-wide TR 

binding sites and to link them with their target promoter by resolving long-range 

interaction between enhancer and promoter (Buisine et al., 2015). This study is the first 

to benefit from such technology using chromatin material isolated directly from animal 

tissues (Buisine et al., 2015). ChIA-PET simultaneously provides the equivalent of both 

ChIP-Seq plus chromosome conformation capture analyses combined. However, ChIA-

PET technology requires high-resolution genome (assembly and annotation) that is 

achieved in Xenopus tropicalis (Buisine et al., 2015; Hellsten et al., 2010). The 

preliminary data show that indeed, TR can act over large genomic distances and that it 

optimizes identification of TR direct target genes (Buisine et al., 2015). Analyses of the 

TR ChIA-PET data are ongoing. This will represent a big step in the understanding of 

TH and TR action in a way not yet addressed in mammals. 

 

Recruitment of cofactors to TH-response genes in vivo 

Numerous cofactors (corepressors and coactivators) have been found to interact with 

TR using various biochemical approaches in vitro (Glass and Rosenfeld, 2000). Genetic 
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studies and the first use of ChIP from living tissue was performed in frogs to elucidate 

cofactor recruitment of TH/TR action in vivo during development (Sachs and Shi, 2000). 

Nuclear receptor corepressor (NCoR), and histone acetylase 3 (HDAC3), are major 

corepressor components and were found to be recruited to TREs in the absence of TH 

during early development and are released following TH treatment. Experimental 

confirmation of the importance of NCoR in TH-mediated gene repression in vivo was 

first obtained in frogs using overexpression of dominant negative NCoR by in vivo gene 

transfer into tadpole tail muscle (Sachs et al., 2002) and later by transgenesis (Sato et 

al., 2007) which led to the loss of repression by unliganded TR and faster tadpole 

development than wild type siblings. As for corepressors, coactivators, namely steroid 

receptor coactivator (SRC/p160), histone acetyltransferase (p300), coactivator 

associated arginine methyltransferase 1 (CARM1), and protein arginine 

methyltransferase 1 (PRMT1), were first shown to be recruited in a TH-dependent 

manner to TH-response genes in frogs in vivo during development (Matsuda et al., 

2007; Matsuda et al., 2009; Paul et al., 2005; Paul et al., 2005; Paul et al., 2007). The 

value of in-vivo studies is demonstrated in that SRC3 was recruited in a gene and tissue 

dependent manner to TRE (Havis et al., 2003; Paul et al., 2005; Paul et al., 2005), 

which is difficult to determine in other systems. Transgenic overexpression of dominant 

negative SRC3 and dominant negative p300, which compete for the recruitment of 

endogenous coactivators, prevented TH-dependent gene regulation and delayed or 

arrested metamorphosis (Paul et al., 2005; Paul et al., 2007).  
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TH-dependent chromatin modifications in vivo 

Chromatin modifications (covalent changes to DNA or histones) include DNA 

methylation, post-translational histone modifications, and altered chromatin structure, 

including histone composition and nucleosome displacement or removal. All these 

aspects of chromatin modification were analyzed in the context of TH gene regulation in 

amphibians (Grimaldi et al., 2013). Antibodies for studying chromatin modifications are 

against antigens highly conserved among vertebrates, which when coupled with 

advantages of metamorphosis make the frog system a superior model for elucidating 

mechanisms of TH-dependent chromatin remodeling in vivo. Several studies have 

shown that liganded TR induces chromatin remodeling. First, analysis in the 

reconstituted frog oocyte system suggests that TR is able to recognize a TRE within 

chromatin, TR makes use of chromatin assembly process to silence transcription 

efficiently, and TR directs the disruption of TRE chromatin structure in response to TH 

(Li et al., 1999; Wong et al., 1997a; Wong et al., 1997b; Wong et al., 1995; Wong et al., 

1998). The disruption corresponds to the loss of 2 to 3 nucleosomes, a process that has 

been observed during metamorphosis (Matsuura et al., 2012). BRG1 and BAF57, 

recruited by liganded TR (Heimeier et al., 2008), are good candidates to remove the 

nucleosomes at the target genes. In the oocyte-reconstituted system, p300 recruitment 

by liganded TR modifies histones to initiate the recruitment of BRG1 (Huang et al., 

2003). Before metamorphosis, histones H3 and H4 are deacetylated around TRE loci in 

the absence of TH and are later acetylated when TH level rises (Sachs and Shi, 2000). 

Many studies in vivo in frogs have provided more detail than the analyses done in 

mammals and have highlighted the importance of histone acetylation, i.e., a correlation 
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with the levels of gene expression, TR binding and RNA polymerase II recruitment 

(Bilesimo et al., 2011; Matsuura et al., 2012), treatment with HDAC inhibitor (Sachs and 

Shi, 2000; Sachs et al., 2001a; Sachs et al., 2001b), specific lysine acetylation in 

agreement with cofactor recruitment HAT or HDAC activity (Havis et al., 2006), 

transgenic overexpression of dominant positive TR (Buchholz et al., 2004) or dominant 

negative TR (Buchholz et al., 2003) and finally transgenic overexpression of a dominant 

negative SRC3 (Paul et al., 2005). 

 Histone methylation is a more complex type of modification, which can correlate 

with transcriptional silencing or activation (Kouzarides, 2007). ChIP assays were carried 

out with antibodies against different histone modifications in several tissues (brain, 

intestine and/or tail fin) in premetamorphic tadpole and during TH induced or natural 

metamorphosis. First, the repressive marks, H3K9 dimethylation and trimethylation, are 

not involved in TR mediated T3 response gene regulation (Bilesimo et al., 2011; 

Matsuura et al., 2012). Second, Me3H3K27, another repressive mark, showed a tissue 

specific deposition in premetamorphic tadpoles inversely correlated with the basal low 

level of TH response gene expression measured in absence of TH (Bilesimo et al., 

2011). Following TH treatment, Me3H3K27 level at TRE decreased pointing to a role of 

Polycomb and Thrithorax for regulating TH response genes (Bilesimo et al., 2011). 

Next, the level of Me3H3K79 and Me2H3R17, two active marks, increased upon TH 

treatment (Matsuura et al., 2012) suggesting the recruitment of Dot1L to methylate 

H3K79 and correlating with CARM1 recruitment for H3R17 (Matsuda et al., 2007). Dot1L 

knockdown with TALENs revealed its important role together with Me3H3K79 leading to 

retarded growth and lethality prior to metamorphosis (Wen et al., 2015). Finally, H3K4 
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methylation marks are more ambiguous because they can correlate with either 

activation or repression and have gene and tissue specific variations in the context of 

TR and TH dependent regulation of transcription in premetamorphic tadpoles following 

TH treatment (Bilesimo et al., 2011). Histone methylation is under intense investigation 

to clarify their in-vivo roles in gene regulation, with frog studies pushing the field, 

showing that H3K4 methylation levels correlated with TR binding to TRE (Bilesimo et 

al., 2011), an observation in accordance with its association with mammal enhancer or 

promoter regions (He et al., 2010; Heintzman et al., 2009) and the possible co-

occurrence of the active Me3H3K4 mark with the repressive Me3H3K27 mark (Bilesimo 

et al., 2011). 

 

Tool for screening TH-active compounds 

The extreme sensitivity and responsivity of tadpoles to TH signaling provides a great 

platform for assaying chemicals that affect TH signaling. At the organismal level, the 

thyroid system represents an important target of endocrine disruption (Boas et al., 2012; 

Brucker-Davis, 1998), thereby prompting development of the Xenopus metamorphosis 

assay for screening TH-disrupting chemicals (Opitz et al., 2005). A high-throughput, 

whole-tadpole method using transgenic animals that express green fluorescent protein 

upon exposure to TH-disrupting chemicals was also developed (Castillo et al., 2013; 

Fini et al., 2007). At the receptor level, the two TR isoforms, a and b, have distinct 

tissue-specific expression patterns (Cheng et al., 2010), such that use of TR 

antagonists and TR isoform-selective agonists would benefit treatments desiring to 

block TR signaling or target specific tissues and avoid affecting off-target tissue-specific 
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side-effects. Tadpoles were the in-vivo model of choice to assess chemicals to modify 

TR function, including NH3 (TR antagonist (Lim et al., 2002)), CO23 (TRa-selective 

agonist (Ocasio and Scanlan, 2006)), and GC1 (TRb selective agonist (Furlow et al., 

2004)). The compounds GC1 and CO23 were then used to show that in tadpole brain 

development, TRa and not TRb is responsible for neural progenitor proliferation 

(Denver et al., 2009). In a further use of frog metamorphosis to reveal new knowledge, 

microarrays were used to identify targets of endocrine disruptors (Kulkarni and 

Buchholz, 2013). For example, the known xenoestrogen bisphenol A (BPA) was shown 

to antagonize the regulation of most TH-response genes, thereby suggesting that BPA 

predominantly affected TH-signaling pathways during development (Heimeier et al., 

2009). More importantly, this result provides molecular evidence for the likely 

deleterious effects of BPA on human development and the importance of studying 

endocrine disruption in a developmental context in vivo.  

 

5) Future potential to elucidate in-vivo TH signaling mechanisms using frogs 

Future potential benefits regarding the preceding topics were covered in the sections 

above. Beyond those topics, TH signaling is such a dominant feature of frog post-

embryonic development that many aspects of development related to or dependent on 

TH signaling are also powerfully studied using the frog system. Such TH-dependent 

processes where fundamental discoveries are being made include neurogenesis 

(Denver et al., 2009; Préau et al., 2016; Thompson and Cline, 2016), origin of adult intestinal 

stem cells (Ishizuya-Oka and Shi, 2005; Ishizuya-Oka et al., 2009), early eye 

development (Havis et al., 2006), spinal cord regeneration (Bhumika and Darras, 2014; 
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Gibbs et al., 2011; Lee-Liu et al., 2014), and interaction between TH and stress 

hormones at global and local scales (Bagamasbad et al., 2015; Kulkarni and Buchholz, 

2012). 

 Of special note, because it has the potential to impact studies not only TH 

signaling but also gene regulation more generally, is the use of the frog model in 

network analysis to integrate transcriptome analyses, transcription factor binding, and 

epigenetic analyses to dramatically change how fundamental questions in biology are 

addressed. Such ambitious studies depend on the exploitation of the sequenced 

Xenopus tropicalis genome (Hellsten et al., 2010) and Xenopus leavis genome (Session 

et al., 2016) and the rise of high-throughput sequencing technologies and their 

applications to RNA (RNA-Seq). The execution of biological processes induced by TH 

(or any other bioregulatory molecule) requires the interaction and regulation of 

thousands of molecules. Systematic approaches to study large numbers of genes have 

revealed complex molecular networks as well as novel insights in understanding basic 

mechanisms controlling normal biological processes and pathologies (Zhu et al., 2007). 

Collection of large-scale data sets has begun and is being assembled into a network 

format whose topological structure contains significant biological properties (Sachs 

unpubl.). The integration of all interactions/modifications along with their dynamics will 

reveal a more complete description of how complex biological processes occur and can 

be controlled. These data based on work in frogs will allow more precise modeling 

human disease and to test more accurately corrective actions. 
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6) Conclusions 

Starting with the discovery that feeding thyroid extracts to tadpoles induces 

metamorphosis (Gudernatsch, 1912), a century of discoveries stemmed from 

metamorphosis research, highlighted by hypothalamic and pituitary control of TH 

secretion (Allen, 1938; Dodd and Dodd, 1976), TH induction of mRNA and protein 

synthesis pointing to a nuclear action for the receptor (Tata, 1965; Tata, 1966), 

biochemical changes induced by TH during development (Frieden and Just, 1970), and 

identification of TH response gene regulation cascades (Brown et al., 1995; Brown et 

al., 1996; Brown et al., 2005; Buckbinder and Brown, 1992; Shi and Brown, 1990; Wang 

and Brown, 1993). Since these discoveries, the genome sequence, genetic methods 

(in-vivo gene transfer, transgenesis, gene knockout) have been added to the intrinsic 

benefits of frog biology (Buchholz, 2012; Grant et al., 2015; Hellsten et al., 2010; 

Ishibashi et al., 2012; Session et al., 2016; Tandon et al., 2016). Additional discoveries 

in fundamental biology are to be revealed about upstream TH signaling components, 

molecular mechanisms to gene regulation, and developmental roles of downstream TH-

response genes in the gene regulation cascade. Potential use of fundamental 

discoveries in the treatment of disease can also be tested using the in-vivo frog model. 

Furthermore, endocrine disrupting chemicals are not going away and more are being 

produced and released into the environment contaminating drinking water. Elucidating 

the complexity of TH signaling at molecular and organismal levels will continue to 

require exemplary animal models such as frog development, with its inherent biological 

advantages and continuing development of experimental and bioinformatics tools. The 

frog system has been and will be a full-service model at the forefront in the study of TH-
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dependent development. Another century of discovery awaits as we utilize the 

amazingly dramatic frog metamorphosis model to study in-vivo mechanisms of TH 

signaling during development. 

 

7) Acknowledgements 

Thanks to L. Shewade for help with the illustrations and to Muséum National d'Histoire 

Naturelle and the Centre National de la Recherche Scientifique for LMS. 

  

 
References 
 

Abe, S., Katagiri, T., Saito-Hisaminato, A., Usami, S.-., Inoue, Y., Tsunoda, T., 

Nakamura, Y., 2003. Identification of CRYM as a candidate responsible for non-

syndromic deafness through cDNA microarray analysis of human cochlear and 

vestibular tissues. Am. J. Human Genet. 72, 73-82. 

Allen, B.M., 1938. The Endocrine Control of Amphibian Metamorphosis. Biol. Rev. 13, 

1-19. 

Bagamasbad, P.D., Bonett, R.M., Sachs, L., Buisine, N., Raj, S., Knoedler, J.R., Kyono, 

Y., Ruan, Y., Ruan, X., Denver, R.J., 2015. Dicephering the regulatory logic of an 

ancient, ultraconserved nuclear receptor enhancer module. Mol. Endocrinol. 29, 

856-872. 

Bhumika, S., Darras, V.M., 2014. Role of thyroid hormones in different aspects of 

nervous system regeneration in vertebrates. Gen. Comp. Endocrinol. 203, 86-94. 



 18 

Bilesimo, P., Jolivet, P., Alfama, G., Buisine, N., Le Mevel, S., Havis, E., Demeneix, 

B.A., Sachs, L.M., 2011. Specific histone lysine 4 methylation patterns define TR-

binding capacity and differentiate direct T3 responses. Mol. Endocrinol. 25, 225-237. 

Biondi, B., Cooper, D.S., 2008. The Clinical Significance of Subclinical Thyroid 

Dysfunction. Endocrine Reviews 29, 76-131. 

Boas, M., Feldt-Rasmussen, U., Main, K.M., 2012.  

Thyroid effects of endocrine disrupting chemicals. Mol. Cell. Endocrinol. 355, 240-

248. 

Brown, D.D., 2005. The role of deiodinases in amphibian metamorphosis. Thyroid 15, 

815-821. 

Brown, D.D., Cai, L., Das, B., Marsh-Armstrong, N., Schreiber, A.M., Juste, R., 2005. 

Thyroid hormone controls multiple independent programs required for limb 

development in Xenopus laevis metamorphosis. Proc. Natl. Acad. Sci. U. S. A. 102, 

12455-12458. 

Brown, D.D., Wang, Z., Furlow, J.D., Kanamori, A., Schwartzman, R.A., Remo, B.F., 

Pinder, A., 1996. The thyroid hormone-induced tail resorption program during 

Xenopus laevis metamorphosis. Proc. Natl. Acad. Sci. U. S. A. 93, 1924-1929. 

Brown, D.D., Wang, Z., Kanamori, A., Eliceiri, B., Furlow, J.D., Schwartzman, R., 1995. 

Amphibian metamorphosis: a complex program of gene expression changes 

controlled by the thyroid hormone. Recent Prog. Horm. Res. 50, 309-315. 

Brucker-Davis, F., 1998.  

Effects of environmental synthetic chemicals on thyroid function. Thyroid 8, 827-856. 



 19 

Buchholz, D.R., 2012. Tet-On binary systems for tissue-specific and inducible transgene 

expression. Methods in Mol. Biol. 917, 265-275. 

Buchholz, D.R., 2015. More similar than you think: Frog metamorphosis as a model of 

human perinatal endocrinology. Dev. Biol. 408, 188-195. 

Buchholz, D.R., Hsia, S.C., Fu, L., Shi, Y.B., 2003. A dominant-negative thyroid 

hormone receptor blocks amphibian metamorphosis by retaining corepressors at 

target genes. Mol. Cell. Biol. 23, 6750-6758. 

Buchholz, D.R., Paul, B.D., Fu, L., Shi, Y.B., 2006. Molecular and developmental 

analyses of thyroid hormone receptor function in Xenopus laevis, the African clawed 

frog. Gen. Comp. Endocrinol. 145, 1-19. 

Buchholz, D.R., Tomita, A., Fu, L., Paul, B.D., Shi, Y.B., 2004. Transgenic analysis 

reveals that thyroid hormone receptor is sufficient to mediate the thyroid hormone 

signal in frog metamorphosis. Mol. Cell. Biol. 24, 9026-9037. 

Buckbinder, L., Brown, D.D., 1992. Thyroid hormone-induced gene expression changes 

in the developing frog limb. J. Biol. Chem. 267, 25786-25791. 

Buisine, N., Ruan, X., Bilesimo, P., Grimaldi, A., Alfama, G., Ariyaratne, P., Mulawadi, 

F., Chen, J., Sung, W.K., Liu, E.T., Demeneix, B.A., Ruan, Y., Sachs, L.M., 2015. 

Xenopus tropicalis geneome re-scaffolding and re-annotation reach the resolution 

required for in vivo ChIA-PET analysis. PloS One 10, e0137526. 

Castillo, L., Seriki, K., Mateos, S., Loire, N., Guédon, N., Lemkine, G.F., Demeneix, 

B.A., Tindall, A.J., 2013. In vivo endocrine disruption assessment of wastewater 

treatment plant effluents with small organisms. Water Sci. Technol. 68, 261-268. 



 20 

Cheng, S.-., Leonard, J.L., Davis, P.J., 2010. Molecular Aspects of Thyroid Hormone 

Actions. Endocr. Rev. 31, 139-170. 

Choi, J., Moskalik, C.L., Ng, A., Matter, S.F., Buchholz, D.R., 2015a. Regulation of 

thyroid hormone-induced development in vivo by thyroid hormone transporters and 

cytosolic binding proteins. Gen. Comp. Endocrinol. 222, 69-80. 

Choi, J., Suzuki, K.T., Sakuma, T., Shewade, L., Yamamoto, T., Buchholz, D.R., 2015b. 

Unliganded thyroid hormone receptor alpha regulates developmental timing via gene 

repression as revealed by gene disruption in Xenopus tropicalis. Endocrinol. 156, 

735-744. 

Connors, K.A., Korte, J.J., Anderson, G.W., Degitz, S.J., 2010. Characterization of 

thyroid hormone transporter expression during tissue-specific metamorphic events in 

Xenopus tropicalis. Gen. Comp. Endocrinol. 168, 149-159. 

Das, B., Heimeier, R.A., Buchholz, D.R., Shi, Y.B., 2009. Identification of direct thyroid 

hormone response genes reveals the earliest gene regulation programs during frog 

metamorphosis. J. Biol. Chem. 284, 34167-34178. 

Das, B., Matsuda, H., Fujimoto, K., Sun, G., Matsuura, K., Shi, Y.B., 2010. Molecular 

and genetic studies suggest that thyroid hormone receptor is both necessary and 

sufficient to mediate the developmental effects of thyroid hormone. Gen. Comp. 

Endocrinol. 168, 174-180. 

Delange, F.M., 2005. Endemic Cretinism. In: Braverman, L.E., Utiger, R.D. (Eds.), 

Werner & Ingbar's The Thyroid: A fundamental and clinical text, 9th ed. Lippincott 

Williams and Wilkins, Philadelphia, pp. 731-744. 



 21 

Dent, J.N., 1968. A survey of amphibian metamorphosis In: W. Etkin, L.I.G. (Ed.), 

Metamorphosis. A Problem in Developmental Biology. Appleton-Crofts, New York, 

pp. 271-311. 

Denver, R.J., Hu, F., Scanlan, T.S., Furlow, J.D., 2009. Thyroid hormone receptor 

subtype specificity for hormone-dependent neurogenesis in Xenopus laevis. Dev. 

Biol. 326, 155-168. 

Dodd, M.H.I., Dodd, J.M. 1976. The biology of metamorphosis. In: Lofts, B. (Ed.), 

Physiology of the Amphibia, New York, pp. 467-599. 

Fini, J.-., Le Mevel, S., Turque, N., Palmier, K., Zalko, D., Cravedi, J.-., Demeneix, B.A., 

2007. An In Vivo Multiwell-Based Fluorescent Screen for Monitoring Vertebrate 

Thyroid Hormone Disruption. Environ. Sci. Technol. 41, 5908-5914. 

Flamant, F., Samarut, J., 2003. Thyroid hormone receptors: lessons from knockout and 

knock-in mutant mice. Trends Endocrinol. Metab. 14, 85-90. 

Forhead, A.J., Fowden, A.L., 2014. Thyroid hormones in fetal growth and prepartum 

maturation. J. Endocrinol. 221, R87-R103. 

Fowden, A.L., Forhead, A.J. 2013. Endocrine interactions in the control of fetal growth. 

In: Bhatia, J., Bhutta, Z.A., Kalhan, S.C. (Eds.), Maternal and Child Nutrition: The 

First 1,000 Days. Karger, Basel, pp. 91-102. 

Frieden, E., Just, J.J. 1970. Hormonal Responses in Amphibian Metamorphosis. In: 

Litwack, G. (Ed.), Biochemical Actions of Hormones. Academic Press, New York, 

pp. 1-52. 

Friesema, E.C., Grueters, A., Biebermann, H., Krude, H., Von Moers, A., Reeser, M., 

Barrett, T.G., Mancilla, E.E., Svensson, J., Kester, M.H., Kuiper, G.G., Balkassmi, 



 22 

S., Uitterlinden, A.G., Koehrle, J., Rodien, P., Halestrap, A.P., Visser, T.J., 2004. 

Association between mutations in a thyroid hormone transporter and severe X-linked 

psychomotor retardation. Lancet 364, 1435-1437. 

Furlow, J.D., Neff, E.S., 2006. A developmental switch induced by thyroid hormone: 

Xenopus laevis metamorphosis. Trends Endocrinol. Metab. 17, 40-47. 

Furlow, J.D., Yang, H.Y., Hsu, M., Lim, W., Ermio, D.J., Chiellini, G., Scanlan, T.S., 

2004. Induction of larval tissue resorption in Xenopus laevis tadpoles by the thyroid 

hormone receptor agonist GC-1. J. Biol. Chem. 279, 26555-26562. 

Gibbs, K.M., Chittur, S.V., Szaro, B.G., 2011. Metamorphosis and the regenerative 

capacity of spinal    

cord axons in Xenopus laevis. European J. Neuroscience 33, 9-25. 

Glass, C.K., Rosenfeld, M.G., 2000. The coregulator exchange in transcriptional 

functions of the nuclear receptors. Genes Dev. 14: 121-141. Genes Dev. 14, 121-

141. 

Goldenberg, R.L., Culhane, J.F., Iams, J.D., Romero, R., 2008. Epidemiology and 

causes of preterm birth. The Lancet 371, 75-84. 

Gore, A.C., Chappell, V.A., Fenton, S.E., Flaws, J.A., Nadal, A., Prins, G.S., Toppari, J., 

Zoeller, R.T., 2015. EDC-2: The Endocrine Society’s Second Scientific Statement on 

Endocrine-Disrupting Chemicals. Endocr. Rev. 36, 1-150. 

Grant, I.M., Balcha, D., Hao, T., Shen, Y., Trivedi, P., Patrushev, I., Fortriede, J.D., 

Karpinka, J.B., Liu, L., Zorn, A.M., Stukenberg, P.T., Hill, D.E., Gilchrist, M.J., 2015. 

The Xenopus ORFeome: A resource that enables functional genomics. Dev. Biol. 

408, 345-357. 



 23 

Grimaldi, A., Buisine, N., Miller, T., Shi, Y.-., Sachs, L.M., 2013. Mechanisms of thyroid 

hormone receptor action during development: Lessons from amphibian studies. 

Biochimica Et Biophysica Acta 1830, 3882-3892. 

Grøntved, L., Waterfall, J.J., Kim, D.W., Baek, S., Sung, M.H., Zhao, L., Park, J.W., 

Nielsen, R., Walker, R.L., Zhu, Y.J., Meltzer, P.S., Hager, G.L., Cheng, S.-., 2015. 

Transcriptional activation by the thyroid hormone receptor through ligand-dependent 

receptor recruitment and chromatin remodeling. Nat. Commun. 6: 7048. Nat. 

Commun. 6, 7048. 

Gudernatsch, J.F., 1912. Feeding Experiments on Tadpoles. I. Tile influence of specific 

organs given as food on growth and differentiation. Arch. f. Entwcklngsmechn, d. 

Organ 35, 457-457-484. 

Havis, E., Le Mevel, S., Morvan Dubois, G., Shi, D.L., Scanlan, T.S., Demeneix, B.A., 

Sachs, L.M., 2006. Unliganded thyroid hormone receptor is essential for Xenopus 

laevis eye development. Embo j. 25, 4943-4951. 

Havis, E., Sachs, L.M., Demeneix, B.A., 2003. Metamorphic T3-response genes have 

specific co-regulator requirements. EMBO Rep. 4, 883-888. 

He, H.H., Meyer, C.A., Shin, H., Bailey, S.T., Wei, G., Wang, Q., Zhang, Y., Xu, K., Ni, 

M., Lupien, M., Mieczkowski, P., Lieb, J.D., Zhao, K., Borwn, M., Liu, X.S., 2010.  

Nucleosome dynamics define transcriptional enhancers. Nat. Genet. 42, 343-348. 

Heimeier, R.A., Hsia, V.S., Shi, Y.-., 2008. Participation of Brahma-related gene 1 

(BRG1)-associated factor 57 and BRG1-containing chromatin remodeling complexes 

in thyroid hormone-dependent gene activation during vertebrate development. Mol. 

Endocrinol. 22, 1065-1077. 



 24 

Heimeier, R.A., Das, B., Buchholz, D.R., Shi, Y.B., 2009. The xenoestrogen bisphenol A 

inhibits postembryonic vertebrate development by antagonizing gene regulation by 

thyroid hormone. Endocrinology 150, 2964-2964-2973. 

Heintzman, N.D., Hon, G.C., Hawkins, R.D., Kheradpour, P., Stark, A., Harp, L.F., Ye, 

Z., Lee, L.K., Stuart, R.K., Ching, C.W., Ching, K.A., Antosiewicz-Bourget, J.E., Liu, 

H., Green, R.D., Lobanenkov, V.V., Stewart, R., Thomson, J.A., Crawford, G.E., 

Kellis, M., Ren, B., 2009.  

Histone modifications at human enhancers reflect global cell-type-specific gene 

expression. Nature 459, 108-112. 

Helbing, C.C., Gergely, G., Atkinson, B.G., 1992. Sequential up-regulation of thyroid 

hormone β receptor, ornithine transcarbamylase, and carbamyl phosphate 

synthetase mRNAs in the liver of Rana catesbeiana tadpoles during spontaneous 

and thyroid hormone-induced metamorphosis. Dev. Genet. 13, 289-289-301. 

Hellsten, U., Harland, R.M., Gilchrist, M.J., Hendrix, D., Jurka, J., Kapitonov, V., 

Ovcharenko, I., Putnam, N.H., Shu, S., Taher, L., Blitz, I.L., Blumberg, B., 

Dichmann, D.S., Dubchak, I., Amaya, E., Detter, J.C., Fletcher, R., Gerhard, D.S., 

Goodstein, D., Graves, T., Grigoriev, I.V., Grimwood, J., Kawashima, T., Lindquist, 

E., Lucas, S.M., Mead, P.E., Mitros, T., Ogino, H., Ohta, Y., Poliakov, A.V., Pollet, 

N., Robert, J., Salamov, A., Sater, A.K., Schmutz, J., Terry, A., Vize, P.D., Warren, 

W.C., Wells, D., Wills, A., Wilson, R.K., Zimmerman, L.B., Zorn, A.M., Grainger, R., 

Grammer, T., Khokha, M.K., Richardson, P.M., Rokhsar, D.S., 2010. The genome of 

the Western clawed frog Xenopus tropicalis. Science 328, 633-636. 



 25 

Hernandez, A., Martinez, M.E., Fiering, S., Galton, V.A., St. Germain, D., 2006. Type 3 

deiodinase is critical for the maturation and function of the thyroid axis. J. Clin. 

Investigation 116, 476-484. 

Heuer, H., Visser, T.J., 2013. The pathophysiological consequences of thyroid hormone 

transporter deficiencies: Insights from mouse models. Biochimica Et Biophysica Acta 

- General Subjects 1830, 3974-3978. 

Huang, Z.-., Li, J., Sachs, L.M., Cole, P.A., Wong, J., 2003.  

A role for cofactor-cofactor and -histone interactions in targeting p300, SWI/SNF and 

Mediator for transcription. Embo j. 22, 2146-2155. 

Ishibashi, S., Love, N.R., Amaya, E., 2012. A simple method of transgenesis using I-

SecI meganuclease in Xenopus. Methods in Mol. Biol. 917, 205-218. 

Ishizuya-Oka, A., Hasebe, T., Buchholz, D.R., Kajita, M., Fu, L., Shi, Y.B., 2009. Origin 

of the adult intestinal stem cells induced by thyroid hormone in Xenopus laevis. 

Faseb j. 

Ishizuya-Oka, A., Shi, Y.B., 2005. Molecular mechanisms for thyroid hormone-induced 

remodeling in the amphibian digestive tract: a model for studying organ 

regeneration. Dev. Growth Differ. 47, 601-607. 

Kollros, J.J., 1981. Chapter 13: Transitions in the nervous system during amphibian 

metamorphosis. In: Gilbert, L.I., Frieden, E. (Eds.), Metamorphosis: A problem in 

developmental biology, 2nd Edition. Plenum Press, New York, pp. 445-460. 

Kouzarides, T., 2007. Chromatin modifications and their function. Cell 128, 693-705. 

Kuiper, G.G., Klootwijk, W., Morvan Dubois, G., Destree, O., Darras, V.M., Van der 

Geyten, S., Demeneix, B., Visser, T.J., 2006. Characterization of recombinant 



 26 

Xenopus laevis type I iodothyronine deiodinase: substitution of a proline residue in 

the catalytic center by serine (Pro132Ser) restores sensitivity to 6-propyl-2-thiouracil. 

Endocrinology 147, 3519-3529. 

Kulkarni, S.S., Buchholz, D.R., 2012. Beyond Synergy: Corticosterone and thyroid 

hormone have numerous  interaction effects on gene regulation in Xenopus 

tropicalis tadpoles. Endocrinol. 153, 5309-5324. 

Kulkarni, S.S., Buchholz, D.R., 2013. Developmental Programs and Endocrine 

Disruption in Frog Metamorphosis: The Perspective from Microarray Analysis. 

Current Topics in Developmental Biology 103, 329-364. 

Lee-Liu, D., Moreno, M., Almonacid, L.I., Tapia, V.S., Muñoz, R., von Marées, J., Gaete, 

M., Melo, F., Larraín, J., 2014. Genome-wide expression profile of the response to 

spinal cord injury in Xenopus laevis reveals extensive differences between 

regenerative and non-regenerative stages. Neural Develop. 9, 12. 

Leloup, J., Buscaglia, M., 1977. La triiodothyronine, hormone de la metamorphose des 

Amphibies. C. R. Acad. Sci. Paris, Ser. D 284, 2261-2263. 

Li, Q., Imhof, A., Collingwood, T.N., Urnov, F.D., Wolffe, A.P., 1999.  

p300 stimulates transcription instigated by ligand-bound thyroid hormone receptor at 

a step subsequent to chromatin disruption. Embo j. 18, 5634-5652. 

Lim, W., Nguyen, N.H., Yang, H.Y., Scanlan, T.S., Furlow, J.D., 2002. A thyroid 

hormone antagonist that inhibits thyroid hormone action in vivo. J. Biol. Chem. 277, 

35664-35670. 

Matsuda, H., Paul, B.D., Choi, C.Y., Hasebe, T., Shi, Y.B., 2009. Novel functions of 

protein arginine methyltransferase 1 in thyroid hormone receptor-mediated 



 27 

transcription and in the regulation of metamorphic rate in Xenopus laevis. Mol. Cell. 

Biol. 29, 745-757. 

Matsuda, H., Paul, B.D., Choi, C.Y., Shi, Y.B., 2007. Contrasting effects of two 

alternative splicing forms of coactivator-associated arginine methyltransferase 1 on 

thyroid hormone receptor-mediated transcription in Xenopus laevis. Mol. Endocrinol. 

21, 1082-1094. 

Matsuura, K., Fujimoto, K., Fu, L., Shi, Y.-., 2012.  

Liganded thyroid hormone receptor induces nucleosome removal and histone 

modifications to activate transcription during larval intestinal cell death and adult 

stem cell development. Endocrinol. 153, 961-972. 

Ocasio, C.A., Scanlan, T.S., 2006. Design and characterization of a thyroid hormone 

receptor alpha (TRalpha)-specific agonist. ACS Chemical Biology 1, 585-593. 

Opitz, R., Braunbeck, T., Bögi, C., Pickford, D.B., Nentwig, G., Oehlmann, J., Tooi, O., 

Lutz, I., Kloas, W., 2005.  

Description and initial evaluation of a Xenopus metamorphosis assay for detection of 

thyroid system-disrupting activities of environmental compounds. Environ. Toxicol. 

Chem. 24, 653-664. 

Patel, J., Landers, K., Li, H., Mortimer, R.H., Richard, K., 2011. Thyroid hormones and 

fetal neurological development. J. Endocrinol. 209, 1-8. 

Paul, B.D., Buchholz, D.R., Fu, L., Shi, Y.B., 2005. Tissue- and gene-specific 

recruitment of steroid receptor coactivator-3 by thyroid hormone receptor during 

development. J. Biol. Chem. 280, 27165-27172. 



 28 

Paul, B.D., Buchholz, D.R., Fu, L., Shi, Y.B., 2007. SRC-p300 coactivator complex is 

required for thyroid hormone-induced amphibian metamorphosis. J. Biol. Chem. 282, 

7472-7481. 

Paul, B.D., Fu, L., Buchholz, D.R., Shi, Y.B., 2005. Coactivator recruitment is essential 

for liganded thyroid hormone receptor to initiate amphibian metamorphosis. Mol. 

Cell. Biol. 25, 5712-5724. 

Préau, L., Le Blay, K., Saint Paul, E., Morvan-Dubois, G., Demeneix, B.A., 2016. 

Differential thyroid hormone sensitivity of fast cycling progenitors in the neurogenic 

niches of tadpoles and juvenile frogs. Mol. Cell. Endocrinol. 420, 138-151. 

Refetoff, S., 2005. Resistance to thyroid hormone. In: Braverman, L.E., Utiger, R.D. 

(Eds.), Werner & Ingbar's The Thyroid: A fundamental and clinical text, 9th ed. 

Lippincott Williams and Wilkins, Philadelphia, pp. 1109-1129. 

Ritchie, J.W., Shi, Y.B., Hayashi, Y., Baird, F.E., Muchekehu, R.W., Christie, G.R., 

Taylor, P.M., 2003. A role for thyroid hormone transporters in transcriptional 

regulation by thyroid hormone receptors. Mol. Endocrinol. 17, 653-661. 

Sachs, L.M., Amano, A., Shi, Y.-., 2001a. An essential role of histone deacetylases in 

postembryonic organ transformations in Xenopus laevis. J. Mol. Med. 8, 595-601. 

Sachs, L.M., Amano, T., Rouse, N., Shi, Y.-., 2001b. Requirement of histone 

deacetylase at two distinct steps in thyroid hormone receptor mediated gene 

regulation during amphibian development. Dev. Dynamics 222, 280-291. 

Sachs, L.M., Shi, Y.B., 2000. Targeted chromatin binding and histone aceylation in vivo 

by thyroid hormone receptor during amphibian develoment. Pnas 97, 13138-13143. 



 29 

Sachs, L.M., Damjanovski, S., Jones, P.L., Li, Q., Amano, T., Ueda, S., Shi, Y.B., 

Ishizuya-Oka, A., 2000. Dual functions of thyroid hormone receptors during Xenopus 

development. Comp. Biochem. Physiol. B. Biochem. Mol. Biol. 126, 199-211. 

Sachs, L.M., Jones, P.L., Havis, E., Rouse, N., Demeneix, B.A., Shi, Y.B., 2002. 

Nuclear receptor corepressor recruitment by unliganded thyroid hormone receptor in 

gene repression during Xenopus laevis development. Mol. Cell. Biol. 22, 8527-8538. 

Sato, Y., Buchholz, D.R., Paul, B.D., Shi, Y.B., 2007. A role of unliganded thyroid 

hormone receptor in postembryonic development in Xenopus laevis. Mech. Dev. 

124, 476-488. 

Schneider, M.J., Davey, J.C., Galton, V.A., 1993. Rana catesbeiana tadpole red blood 

cells express an alpha, but not a beta, c-erbA gene. Endocrinology 133, 2488-2495. 

Session, A.M., Uno, Y., Kwon, T., Chapman, J.A., Toyoda, A., Takahashi, S., Fukui, A., 

Hikosaka, A., Suzuki, A., Kondo, M., van Heeringen, S.J., Quigley, I., Heinz, S., 

Ogino, H., Ochi, H., Hellsten, U., Lyons, J.B., Simakov, O., Putnam, N., Stites, J., 

Kuroki, Y., Tanaka, T., Michiue, T., Watanabe, M., Bogdanovic, O., Lister, R., 

Georgiou, G., Paranjpe, S.S., van Kruijsbergen, I., Shu, S., Carlson, J., Kinoshita, T., 

Ohta, Y., Mawaribuchi, S., Jenkins, J., Grimwood, J., Schmutz, J., Mitros, T., 

Mozaffari, S.V., Suzuki, Y., Haramoto, Y., Yamamoto, T.S., Takagi, C., Heald, R., 

Miller, K., Haudenschild, C., Kitzman, J., Nakayama, T., Izutsu, Y., Robert, J., 

Fortriede, J., Burns, K., Lotay, V., Karimi, K., Yasuoka, Y., Dichmann, D.S., Flajnik, 

M.F., Houston, D.W., Shendure, J., DuPasquier, L., Vize, P.D., Zorn, A.M., Ito, M., 

Marcotte, E.M., Wallingford, J.B., Ito, Y., Asashima, M., Ueno, N., Matsuda, Y., 



 30 

Veenstra, G.J., Fujiyama, A., Harland, R.M., Taira, M., Rokhsar, D.S., 2016. 

Genome evolution in the allotetraploid frog Xenopus laevis. Nature 538, 336-343. 

Shi, Y.B., 2009. Dual functions of thyroid hormone receptors in vertebrate development: 

the roles of histone-modifying cofactor complexes. Thyroid 19, 987-999. 

Shi, Y.B., Brown, D.D., 1990. Developmental and thyroid hormone-dependent 

regulation of pancreatic genes in Xenopus laevis. Genes Dev. 4, 1107-1113. 

Shi, Y.B., Liang, V.C., Parkison, C., Cheng, S.Y., 1994. Tissue-dependent 

developmental expression of a cytosolic thyroid hormone protein gene in Xenopus: 

its role in the regulation of amphibian metamorphosis. FEBS Lett. 355, 61-64. 

Tandon, P., Conlon, F., Furlow, J.D., Horb, M.E., 2016. Expanding the genetic toolkit in 

Xenopus: Approaches and opportunities for human disease modeling. Dev. Biol. 

(Epub ahead of print). 

Tata, J.R., 1965. Turnover of nuclear and cytoplasmic ribonucleic acid at the onset of 

induced amphbian metamorphosis. Nature 204, 378-381. 

Tata, J.R., 1966. Requirement for RNA and protein synthesis for induced regression of 

the tadpole tail. Develop. Biol. 13, 77-94. 

Thompson, C.K., Cline, H.T., 2016. Thyroid hormone acts locally to increase 

neurogenesis, neuronal differentiation, and dendritic arbor elaboration in tadpole 

visual system. J. Neurosci. 36, 10356-10375. 

Van Vliet, G., 2005. Hypothyroidism in infants and children: Congenital hypothyroidism. 

In: Braverman, L.E., Utiger, R.D. (Eds.), Werner & Ingar's The Thyroid A 

fundamental and clinical text, 9th ed. Lippincott Williams & Wilkins, Philadelphia, PA, 

pp. 1033-1041. 



 31 

Visser, W.E., Friesema, E.C., Visser, T.J., 2010. Minireview: Thyroid Hormone 

Transporters: The Knowns and the Unknowns. Mol. Endocrinol. 

Wang, L.-., Chen, W.-., Chen, C.-., 2014. Preterm birth trend in Taiwan from 2001 to 

2009. J. Obstet. Gynaecol. Res. 40, 1547-1554. 

Wang, X., Matsuda, H., Shi, Y.B., 2008. Developmental regulation and function of 

thyroid hormone receptors and 9-cis retinoic acid receptors during Xenopus 

tropicalis metamorphosis. Endocrinology 149, 5610-5618. 

Wang, Z., Brown, D.D., 1993. Thyroid hormone-induced gene expression program for 

amphibian tail resorption. J. Biol. Chem. 268, 16270-16278. 

Wen, L., Fu, L., Guo, X., Chen, Y., Shi, Y.-., 2015. Histone methyltransferase Dot1L 

plays a role in postembryonic development in Xenopus tropicalis. Faseb j. 29, 385-

393. 

Wen, L., Shi, Y.-., 2015. Unliganded thyroid hormone receptor α controls developmental 

timing in Xenopus tropicalis. Endocrinol. 156, 721-734. 

Wong, J., Li, Q., Levi, B.-., Shi, Y.-., Wolffe, A.P., 1997a. Structural and functional 

features of a specific nucleosome containing a recognition element for the thyroid 

hormone receptor. Embo j. 16, 7130-7145. 

Wong, J., Shi, Y.-., Wolffe, A.P., 1997b.  

Determinants of chromatin disruption and transcriptional regulation intigated by the 

thyroidhormone receptor: hormone regulated chromatin disruption is not sufficient for 

transcriptional activation. Embo j. 16, 3158-3171. 

Wong, J., Liang, V.C., Sachs, L.M., Shi, Y.B., 1998. Transcription from the thyroid 

hormone-dependent promoter of the Xenopus laevis thyroid hormone receptor betaA 



 32 

gene requires a novel upstream element and the initiator, but not a TATA Box. J. 

Biol. Chem. 273, 14186-14193. 

Wong, J., Shi, Y.B., 1995. Coordinated regulation of and transcriptional activation by 

Xenopus thyroid hormone and retinoid X receptors. J. Biol. Chem. 270, 18479-

18483. 

Wong, J., Shi, Y.B., Wolffe, A.P., 1995. A role for nucleosome assembly in both 

silencing and activation of the Xenopus TR beta A gene by the thyroid hormone 

receptor. Genes Dev. 9, 2696-2711. 

Yamauchi, K., Tata, J.R., 2001. Characterization of Xenopus cytosolic thyroid- 

hormone-binding protein (xCTBP) with aldehyde dehydrogenase activity. Chem. 

Biol. Interact. 130-132, 309-321. 

Yaoita, Y., Brown, D.D., 1990. A correlation of thyroid hormone receptor gene 

expression with amphibian metamorphosis. Genes Dev. 4, 1917-1924. 

Yaoita, Y., Shi, Y., Brown, D., 1990. Xenopus laevis alpha and beta thyroid hormone 

receptors. Proc. Natl. Acad. Sci. U. S. A. 87, 8684. 

Zhu, X., Gerstein, M., Snyder, M., 2007. Getting connected: analysis and principles of 

biological networks. Genes Dev. 21, 1010-1024. 

 

 

 

 

 

 



 33 

Figure Legends 

Figure 1: Conservation in endocrine mechanisms of TH signaling during development in 

mammals and amphibians. (a) During the aquatic to terrestrial transitions at birth and 

metamorphosis, humans and frogs each have a peak in plasma TH level, which most 

notably regulates neurogenesis and skeletal growth and development (G & D). (b) TH 

affects these processes in frogs to a higher degree than in mammals in order to 

accomplish the dramatic changes in diet (herbivorous to carnivorous) and locomotion 

(swimming to jumping). (c) A notable difference between groups is that TH is virtually 

absent in tadpole plasma until after limb bud development, whereas human and rodent 

fetuses are exposed to maternal TH from neural tube closure throughout fetal life 

(Forhead2014JOE), such that a distinct, experimentally advantageous switch from an 

unliganded to liganded condition of the TH receptors may occur naturally only during 

frog development.  

 

Figure 2: Conservation in molecular mechanisms of TH signaling in mammals and 

amphibians. Processes from TH transport into the cell to altered gene expression share 

homologous proteins and mechanisms in humans and frogs. 1) TH transporters, such 

as LAT1 and MCT8, enable TH entry into cells where 2) deiodinase type I, II, and III 

function to remove iodine atoms from TH to activate or deactivate it. Before entry into 

the nucleus, cytoplasmic TH binding proteins (CTHBPs), e.g., mu-crystallin, modulate 

cytoplasmic occupancy. In the cell nucleus, 4) TH receptor (TR) heterodimerizes with 

retinoid-X-receptor (RXR) and binds to DNA at 5) TH response elements (TREs), where 

either 6) co-repressors, e.g., NCoR or SMRT, or co-activators, e.g., SRC, p300, 
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PRMT1, CARM1, are recruited depending on the 7) absence or presence of TH. The 

cofactors alter the 8) state of chromatin ultimately leading to 9) induced expression of 

TH response genes, e.g., klf9, TRb, in mammals and frogs. 

 

Figure 3: Comparison of mouse and frog models for study of in-vivo TH signaling during 

development. Several unique aspects in frogs provide advantages for serving as a 

model to elucidate molecular mechanisms of TH signaling during development in 

vertebrates including humans. The key natural history assets for frogs are their 

exaggerated TH-dependent development, large clutch size, and free-living 

embryos/tadpoles giving rise to 1) ease of observation, tissue accessibility, and 

hormone manipulation, 2) lack of influence of maternal endocrine system on fetal 

development, and 3) natural development with unliganded TRs. The shorter generation 

time, historical advantage of mice for genome manipulation, and evolutionary closeness 

to humans are powerful aspects of the mouse model for TH signaling studies. However, 

with advances in gene disruption technology and sequencing of X. tropicalis and X. 

laevis genomes, the disparity in genomics tools between frogs and mice is closing. 
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Figure 1 
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Figure 2 
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Figure 3 

 


