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Abstract 

Background. Our previous work demonstrated a key function of the thyroid hormone nuclear 

receptor TRα1, a T3-modulated transcription factor, in controlling the intestinal development 

and homeostasis through the Wnt and Notch pathways. Interestingly, the overexpression of 

TRα1 in the intestinal epithelium of a mutated Apc genetic background (vil-TRα1/Apc+/1638N 

mice) was responsible for accelerated carcinogenesis and more aggressive tumor phenotype 

compared to the simple Apc mutants. The aim of this study was to gain molecular insights 

into this synergistic oncogenic potential.  

Methods. We used an approach of transcription profile to define differentially expressed 

genes in vil-TRα1/Apc+/1638N versus Apc+/1638N tumors. By bioinformatics we analyzed human 

cohorts of colorectal cancers and human and mouse tumor features were further analyzed by 

RTqPCR and immunolabeling. TRα1 binding on genomic regions was studied by in vivo 

chromatin immunoprecipitation assay. Lentiviral-mediated TRα1 loss-of-function and gain-

of-function approaches were used to generate and analyze Caco2 cells (RTqPCR, IB, 

TopFlash-Wnt activity, proliferation and migration).  

Results. We defined a comprehensive list of differentially expressed genes in tumors 

overexpressing TRα1 that included several actors of the Wnt and Notch pathways, intestinal 

stem cell markers and genes closely correlated with cancer initiation and progression. 

Focusing on Wnt-related genes, we confirmed the relevance of our observation in a cohort of 

human adenocarcinomas revealing that TRα1 levels and Wnt activity are directly and 

significantly correlated. Looking for molecular mechanisms responsible for this link we i) 

described the transcriptional repression of the Wnt Inhibitor Factor-1 by TRα1, ii) confirmed 

the positive regulatory loop between TRα1 and Wnt activity and, as consequence, iii) 

demonstrated that Caco2 cell migration and proliferation were strongly dependent upon TRα1 

expression levels.  

In conclusion, our results underline an important functional interplay between the thyroid 

hormone nuclear receptor TRα1 and the canonical Wnt pathway in both intestinal cancer 

initiation and progression. In addition we show for the first time a positive correlation 

between TRα1 expression in human adenocarcinoma cell proliferation and migration. 

 

Keywords: Intestinal cancer, Thyroid Hormone Nuclear Receptor, WIF1, Wnt pathway 
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Introduction 

The intestinal epithelium is a very dynamic tissue continuously renewed by stem cells and 

committed progenitors located in the crypts of Liberkühn 1. Its development and homeostasis 

involve several signaling pathways, including Wnt, Hedgehog, Notch and BMP that cross-

regulate each other and maintain the balance among critical biological processes such as 

proliferation, differentiation and apoptosis 2. Importantly, their deregulation is correlated with 

tumor induction and/or the progression 3-5. Intestinal cancer is known to develop through a 

defined series of histological changes called ‘adenoma–carcinoma’ sequence. Each step is 

characterized by genetic alteration of a specific oncogene or tumor suppressor gene 6, 7. 

Interestingly, these genes are components of the molecular pathways that control the 

homeostasis of the intestinal epithelium. Thus, symmetry exists between their roles in gut 

physiology and in tumor initiation and/or progression. This is particularly well characterized 

in the case of the canonical Wnt pathway, for which the mammalian intestine is one of the 

most-studied paradigms 8, 9. 

Within this context, several studies demonstrated that thyroid hormone (TH) signaling is also 

a key regulator of gastrointestinal development and homeostasis in both amphibians and 

mammals 10, 11. THs act via the thyroid hormone nuclear receptors, the TRs, which belong to 

the nuclear hormone receptor transcription factor superfamily 12 and whose activity is 

modulated by the hormone T3 13. TRs regulate the transcription of target genes, both in a 

positive and negative manner, by binding to specific DNA sequences named thyroid hormone 

response elements (TREs) and by co-factors recruitment upon T3 binding 13. Studies on Thra 

and/or Thrb knockout animals showed the TRα1 nuclear receptor is responsible for TH 

signaling in the intestine, where it controls the balance between cell proliferation and cell 

differentiation in the intestinal crypt cells 14-16. Notably, TH also affects the expression of 

several genes of the Wnt and Notch pathways in these cells 17, including genes that have been 
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described in the Lgr5high stem cell signature 18. In particular we identified a complex 

functional interaction between TH-TRα1 and Wnt 15, 17, 19 and described multilevel 

interactions between these two signals 20 that includes transcriptional regulation 15-17, physical 

interaction 19 and oncogenic synergism 21. As regarding the synergism we demonstrated for 

the first time the tumor-inducing potential of TRα1 when overexpressed specifically in the 

intestinal epithelium (vil-TRα1 mice) in a mutated Apc-background (vil-TRα1/Apc+/1638N) 21. 

In particular, the vil-TRα1/Apc mice were characterized by an acceleration of tumor 

appearance, progression and aggressiveness compared with the simple Apc mutants 21. An 

hyper-activated Wnt was specifically observed in the double compound mice. However, the 

underlying mechanisms involved in the oncogenic synergy remained elusive. 

In order to define in detail the basis of TRα1-dependent cancer development and 

aggressiveness we performed a transcription profile analysis in tumors developing in vil-

TRα1/Apc+/1638N and Apc+/1638N mice. Statistics and bioinformatics analyses confirmed a 

significant correlation between the dataset and the Wnt pathway. We focused in particular on 

Wnt inhibitory factor–1 (WIF1) that was strongly down-regulated in vil-TRα1/Apc+/1638N 

adenocarcinomas, in line with Wnt pathway hyper-activation we previously described in these 

tumors 21. Indeed, Wif1 gene encode for a secreted protein that binds to Wnt proteins and 

inhibits their activity 22. We determined an inverse correlation between TRα1 and Wif1 

expression levels in tumors from mice of different Thra genotype and molecular analyses 

defined a direct transcriptional regulation of Wif1 gene by TRα1. Importantly, the relevance 

of these observations has been confirmed in human colorectal cancers. Finally, studies on 

Caco2 adenocarcinoma cells definitively confirmed that Wnt activity depends upon TRα1 

therefore affecting both cell migration and proliferation.  
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Materials and Methods 

Animals and sample collection  

We used WT as well as TRα0/0, 23, vil-TRα1 21, Apc+/1638N, 24 simple mutants and vil-

TRα1/Apc+/1638N, 21 compound mice. Animals were housed in the same animal facility and 

received standard mouse chow and water ad libitum.  

Comparative transcriptomic analysis was performed on tumors from vil-TRα1/Apc+/1638N and 

Apc+/1638N. Animals were sacrificed and portions of normal mucosae and tumors were quickly 

removed under a binocular microscope. Samples were frozen in liquid nitrogen and stored in -

80oC for RNA extraction or fixed in 4% paraformaldehyde (PFA) for histological and 

immunolabelling approaches.  

Animals were maintained with approval from the local animal experimental committee. All 

the experiments were performed in compliance with the French and European guidelines for 

experimental animal studies and approved by animal experimental committees "Comités 

d’Ethique en Experimentation Animale de l’Université de Lyon" (C2EA15; registration 

number DR2013-55)", the Ministère de l’Enseignement Supérieur et de la Recherche, 

Direction Générale pour la Recherche et l’Innovation, Secrétariat "Autorisation de projet" 

(agreement 02847.01).  

 

Transcriptome analysis 

RNA Extraction, Purification and Quality Control. Total RNA was extracted from tumors, by 

using the RNeasy mini kit and treated with DNAse (Qiagen), according to manufacturer’s 

instructions. The RNA samples were analyzed quantitatively and qualitatively by NanoDrop 

ND-2000 UV (Thermo Scientific) and by BioAnalyzer 2100 (Agilent Technologies). Only 

good quality RNAs were further processed for microarray analysis: high R.I.N. (RNA 

Integrity Number), 260/280 nm absorbance >1.8 and 260/230 absorbance >2.  



 6 

 

Microarray hybridization and data analyses. Labeling, hybridization and detection were 

carried out by the Biopuces et Sequençage platform at IGBMC (Illkirch, France). Gene 

expression was determined by hybridization to the Mouse GE 4x44K v2 Microarray Kit 

(Agilent Technologies). Three independent samples were hybridized for each experimental 

condition. 

The raw data after hybridization were imported to the GeneSpring GX v 11.5 Software 

(Agilent Technologies) in order to be processed, normalized, filtered and analyzed. The 

procedure includes 4 steps: i) Normalization, ii) Filtration, iii) Identification of differentially 

expressed genes and iv) Hierarchical Clustering. 

i) Normalization is the process of adjusting values to improve consistency and reduce bias. 

ii) Filtration of genes is an essential step to limit the number of false positives, in order to 

perform the statistics on a robust list of genes. Only the probes present in at least one 

experimental condition were retained. The criteria of filtration were: 

- Uniformity between groups; 

 - Population non-outlier; 

- Unsaturated signal; 

- Signal above the background noise. 

iii) Statistical tests were applied to identify differentially expressed genes in different 

experimental conditions. We used the unpaired Student' T-test and the One-way ANOVA test; 

in both cases additional corrections methods of the P-values were performed to reduce the 

number of false positives. For T-test the correction method Benjamini-Hochberg was applied 

while for One-way ANOVA Newman-Keuls correction was performed.  

iv) Hierarchical clustering identifies group of genes logically associated. As a similarity 

measure, the Pearson centered correlation was used.  
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Ingenuity Pathway Analysis (IPA). The association between the genes was further evaluated 

using the Ingenuity Pathway Analysis (Ingenuity® Systems, www.ingenuity.com). Agilent 

identifiers of the differentially expressed genes and their corresponding expression values 

(represented as fold change) were loaded into the software and mapped to its corresponding 

gene object in the Ingenuity Pathways Knowledge Base. The significance of the associations 

in functional groups, networks or canonical pathways used the Fisher's exact test to calculate 

a P-value. This estimated the probability that a particular functional classification or category 

of genes is associated with a particular pattern or cluster of gene expression more than would 

be expected by chance. Networks of these focus genes were algorithmically generated based 

on the relationships of individual genes as derived from the literature review and used to 

identify the biological functions and/or associated pathological processes. Genes or gene 

products are represented as nodes, and biological relationships between nodes are represented 

as edges (lines). All edges are supported by at least one literature reference from canonical 

information stored in the Ingenuity Pathways Knowledge Base. 

 

Bioinformatics analysis of the TGCA database  

The expression data for 696 colorectal adenocarcinoma (COAD) TCGA samples were 

downloaded as normalized values from RNA-seq RSEM analyses. The hallmark gene sets 

from the Molecular Signature Database 25 and the GenePattern 2.0 26 website were used to 

score the Wnt signaling per sample (HALLMARK_WNT_BETA_CATENIN_SIGNALING). 

The Wnt scores and TRα expression were compared using a squared Pearson correlation 

coefficient (R2). All analyses were performed in R 27. 

 

Human Colorectal Tumor Samples and analyses 
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One cohort of 59 human primary colorectal tumors (with normal tissue counterparts) was 

provided by the Tumor Tissue Bank of Hospices Civils de Lyon (CRB Hospices Civils de 

Lyon, BB-0033-00046, agreements AC2008-73 and DC2008-72). The tissue bank conforms 

to French regulations. All patients have given written informed consent to the use of tissue 

samples for research purposes. Procedures for collection, storage and release of tissue samples 

are in accordance with national and international recommendations and a quality management 

program has been developed. To preserve anonymity, a specific ID was attributed to each 

patient. Fresh tumor and peritumoral colon tissue samples were obtained from surgical 

resections performed prior to any systemic therapy; tissue samples were immediately snap 

frozen in liquid nitrogen and used for RNA extraction and RTqPCR analysis. A second cohort 

was from BioChain (colon cancer microarray plate) and included 24-paired samples (healthy 

part and tumor from the same patient).  

 

RNA extraction and RTqPCR analysis 

Total RNA was extracted by using the Nucleospin RNA Kit (Machenery-Nagel). To avoid the 

presence of contaminating DNA, DNase digestion was performed on all preparations. Reverse 

transcription was performed with the iScript reverse transcriptase (Bio-Rad) on 1 μg of total 

RNA according to the manufacture’s instructions. For qPCR approaches the SYBR qPCR 

Premix Ex Taq II (Tli RNaseH Plus) (Takara) was used in a CFX connect apparatus (Biorad). 

In each sample specific mRNA expression has been quantified by using the ΔCt/ΔΔCt method 

and values normalized to Ppib/PPIB (mouse/human) levels. Primers are listed in Table S1. 

 

Immunofluorescence and immunohistochemistry 

Paraffin sections (5-μm thickness) were used for indirect immunostaining. Briefly, the 

sections were deparaffinized in methylcyclohexane, hydrated in ethanol (100%, 90% and 
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75%), and washed with PBS. The slides were subsequently subjected to antigen retrieval 

using microwave heating (252 Watts) in 0.01 M citrate buffer, pH 6, and incubated for one 

hour at room temperature with blocking buffer (10% normal goat serum, 1% BSA and 0.02% 

Triton X-100 in PBS). The slides were then incubated with primary antibodies overnight at 

4°C followed by incubation with fluorescent secondary antibodies (Alexa Fluor, Life 

Technologies, 1:1000). All nuclei were stained with Hoechst (33342 Molecular Probes®). We 

used the following primary antibodies: anti-TRα (Abcam, ab53729, dilution 1:250), anti-

WIF1 (Thermo Fisher, dilution 1:250). Fluorescence microscopy and imaging was performed 

on a Nikon NIE imager right microscope. 

Immunohistochemistry on human paraffin samples were performed by the Anatomopathology 

service (Hopital Herriot, Lyon) and the Anatomopathology Research platform (Centre Leon 

Berard).  

 

Chromatin immunoprecipitation (ChIP) and qPCR analysis 

The chromatin immunoprecipitation study was performed on collagenase/dispase separated 

epithelial fragments from 3-6 day mouse intestine as previously described 17. We used anti-

TRα1 17 or anti-GFP (Sigma) as negative controls. Specific DNA fragments were analyzed by 

qPCR using a SYBR green PCR master mix (Qiagen) in an MxP3000 apparatus (Stratagene). 

qPCR products have also been separated and visualized in 2% agarose gel. We designed 

primers to amplify a 100bp sequence containing the putative TRE within the Wif1 promoter, 

as well as a 100bp sequence located 3Kb downstream of the putative TRE (negative control). 

In our study we also included primers to amplify genomic regions of already established 

TRα1 target genes such as Sfrp2 and Ctnnb1 17. Primer sequences are listed in Table S1; the 

amplified genomic sequence of Ppia gene was used in all reactions as internal control.  
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Cell proliferation and wound healing assay in Caco2 cells 

The studies were performed on the human Caco2 colorectal cancer cell line, clone TC7 28. 

ShRNA lentiviral vectors were Mission-shRNA (derived from pLKO.1-puro, Sigma); Sh 

sequences targeting TRα1 are listed in Table S1. For overexpression experiments, the TRα1 

cDNA was inserted in Mission® pLKO.1-puro vector (Sigma). The lentiviral particles were 

generated in our P3 facility and infected cells selected with  1μg/ml puromycin.  

Caco2 cells were cultured in DMEM supplemented with 10% heat-inactivated foetal calf 

serum. For cell proliferation studies 5x103 cells/well were seeded in 96-well plates (Essen 

Bioscience) and monitored for 70 hours. For wound healing assay 50x103 cells/well were 

seeded in 96-well plates in non-proliferative condition (in the absence of serum) and the 

wound was performed the following day using the WoundMakerTM (Essen Bioscience). We 

then monitored the healing during 70 hours. Both assays were performed and analyzed by 

using the Incucyte ZOOMTM apparatus and associated software. 

 

Luciferase reporter assay 

Caco2 cells were seeded in 24-well plates (1x106 cells/well) in DMEM supplemented with 5% 

heat-inactivated foetal calf serum. We monitored the Wnt activity using the following vectors: 

Topflash and Fopflash (Upstate; 200 ng/well); pClneo-β-cateninXL (100 ng/well); EVR2-

TCF4E (100 ng/well); pCMV-TK (1 ng/well; Promega). The plasmids were transfected using 

the Exgen 500 transfection reagent (Euromedex). Luciferase activity was measured 48h post-

transfection using the Dual-Luciferase Reporter Assay System (Promega). 

 

Immunoblotting 

Protein samples from Caco2 cells (50 μg per lane) were separated by SDS-PAGE and 

transferred to PVDF membranes 0.2 μm (Amersham). Membranes were blocked with TBS-
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Tween (Euromedex) supplemented with 5% non-fat milk before incubation anti-TRα 

(Abcam, dilution 1: 500), anti-Actin (Sigma, dilution 1:10,000) primary antibodies. This step 

was followed by incubation with HRP-conjugated secondary antibodies (Promega). The 

signal was analyzed using an enzymatic chemiluminescence detection kit (LumiLight, Roche) 

and image detection was performed using a Chemidoc XRS+ imaging system (Bio-Rad) 

according to manufacturer’s protocol. All images were processed using Image J software.  

 

Anchorage-dependent tumor growth assay  

Anchorage-dependent growth was monitored on solid (plastic) surface as described 

previously 29. Briefly, 103 Caco2 TRα1-depleted or TRα1-overexpressing cells were plated in 

6-well dishes and incubated in 5% CO2 at 37°C for 2 weeks in DMEM 10% FBS-

supplemented medium. Colonies were then stained with 0.005% crystal violet for 1 hour. 

Each experiment was performed in triplicate and images were analyzed by using Image J 

software to quantify colony size. 
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Results 

 

TRαα1-dependent molecular features of intestinal adenocarcinomas 

To define the molecular differences of adenocarcinomas from vil-TRα1/Apc+/1638N mice (from 

here vil-TRα1/Apc) compared with the simple Apc mutants, we performed a transcriptomic 

analysis. We used two statistical approaches to identify significant differentially expressed 

genes (Figure S1) and retained only the genes pinpointed by both approaches for subsequent 

analyses (Figure S1; Table S2). The hierarchical clustering clearly grouped the genes 

depending on the tumor genotype (Figure S2), while the Ingenuity Pathway Analysis (IPA) 

identified biological functions significantly associated with the dataset that included 1) 

Cellular growth and proliferation, 2) Cellular development and 3) Cancer (Figure S3). IPA 

library also helped identifying the most significant Canonical Pathways within the dataset 

(Figure S4). Interestingly, the most significant pathways were the Cdc42, that is related to cell 

division and cell cycle, and the Wnt/β-catenin pathway, that was already correlated with 

TRα1 function 20. Finally, the data set was also processed by the Network Generation tool and 

the most interesting network "Cellular Growth, Cell Proliferation and Cancer" was composed 

of 26 significant genes (Figure 1, Table S3). It is worth to underline, that in this network 

together with genes encoding for membrane channels and linked to cell movement and/or 

calcium flux, several genes of the Wnt pathway are present including activators, inhibitors 

and modulators. In particular, several Wnt inhibitors were strongly repressed in tumors 

overexpressing TRα1. Table S4 summarizes genes belonging to several categories analyzed 

by RTqPCR.  

 

Inverse correlation between TRα1 and Wif1 expression in mouse adenocarcinomas 
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We decided to focus on the Wnt-inhibitor Factor 1 (Wif1) to further analyze the relevance of 

its down-regulation in TRα1-overexpressing tumors. Indeed, Wif1 has been described as a 

negative regulator of Wnt activity 22 and its strong repression in TRα1-overexpressing tumors 

could give a rational to the increased Wnt activity observed in these tumors 21.  

First of all we validated the microarray data by RTqPCR (Table S4) and then analyzed 

comparatively TRα1 and Wif1 mRNA expression in tumors from Apc and vil-TRα1/Apc 

mice (Figure 2 A,B). As expected, vil-TRα1/Apc mice showed an increase of TRα1 mRNA 

expression in both healthy mucosae and tumors, significantly higher than in Apc (normal 

parts or tumors) (Figure 2A). Apc tumors showed a significant increase of TRα1 expression 

compared with normal Apc mucosae that remained, however, lower compared with the vil-

TRα1/Apc normal intestine or tumors (Figure 2A). Apc tumors also displayed an up-

regulation of Wif1 mRNA compared with healthy Apc mucosae (Figure 2B). In vil-TRα1/Apc 

tumors the transgenic expression of TRα1 associated with a significant down-regulation of 

Wif1 mRNA expression as compared to Apc tumors. Immunostaining of Apc tumor sections 

showed heterogeneous expressions of both TRα1 and WIF1 proteins (Figure 2C). Of note, 

WIF1 expression domains within the tumors were stronger in regions harbouring lower TRα1 

staining (Figure 2C). Finally, consistent with the mRNA expression levels, WIF1 protein was 

not detectable in vil-TRα1/Apc tumor sections  (Figure 2D).  

Taken together, these results support the model in which TRα1 enhances Wnt signaling 

pathway at least in part by inhibiting WIF1 expression in vivo. 

 

Wif1 gene is transcriptionally controlled by TRαα1 

The results described in the previous sections compelled us to investigate the presence of a 

TRE in the promoter of Wif1 gene in order to elucidate whether TRα1 may bind and regulate 

Wif1 gene transcription. Using an in silico approach (http://www.nubiscan.unibas.ch/) we 
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found a putative TRE organized as a canonical DR4 repeat 13, located in the position -3555 

from the transcription start site (Figure S5 A,B). To check whether TRα1 can bind the Wif1-

TRE in vivo, we used a chromatin immunoprecipitation (ChIP) approach. The ChIP assay was 

performed on fresh epithelial preparations from WT mouse intestine using anti-TRα1, anti-

GFP or rabbit IgG (negative controls). As shown (Figure 3; Figure S6), TRα1, but not GFP, 

bound to the Wif1 promoter region containing the Wif1-TRE site. The percentage of TRα1 

binding in vivo was similar to that previously described for Sfrp2-TRE 17 or Ctnnb1-TRE 15 

(Figure 3); no specific binding was detected on Rplp0 (36B4) gene promoter or in a region of 

Wif1 gene located 3Kb upstream of the TRE site. (Figure 3).  

 

TRα1 expression levels control colon adenocarcinoma cell phenotype in vitro 

To investigate the role of TRα1 in the modulation of key cellular phenotypes regulated by 

Wnt signaling during tumorigenesis, that is, cell proliferation/growth and migration we used 

the Caco2 adenocarcinoma cells in which transformation is driven by the presence of mutated 

APC protein and therefore activated Wnt/β-catenin signaling 30. These cells endogenously 

express TRα1 and have been previously used to study the interplay between TRα1 and the 

canonical Wnt in human colon cancer context 19. The parental cell line has been engineered 

by lentiviral-mediated TRα1 expressing or silencing (Sh-RNA) particles enabling to develop 

TRα1 gain-of-function and loss-of-function Caco2 cell lines. We confirmed the efficiency of 

two Sh-RNA (mentioned as Sh1 and Sh2) against TRα1 and that of TRα1 overexpression by 

qPCR and Immunoblot (IB) respectively (Figure 4 A,B; Figure S7 A,B).  

First, we investigated if TRα1 expression levels could modulate Wnt activity in the different 

Caco2 cell lines by using the TopFlash Wnt-reporter assay. As expected in control cells (Sh-

Src) the co-transfection of β-catenin/TCF4 together with TopFlash significantly increased the 

luciferase activity compared with non-cotransfected cells (Ctrl). Compared to Sh-Src, both 
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Sh1 and Sh2 showed a strong and significant decrease of TopFlash-dependent Wnt activity in 

both control and β-catenin/TCF4 conditions (Figure 4C), while TRα1 overexpression 

conversely potentiated the Wnt activity (Figure S7C). When using the FopFlash vector, 

harbouring mutated Wnt response elements, luciferase activity was not modulated by 

alterations of TRα1 expression levels, showing the specificity of the response (Figure 4D, 

S7D).  

Next, we analyzed whether TRα1 alteration could affect key cellular phenotypes regulated by 

Wnt signaling. Interestingly, we found that depletion of TRα1 inhibited anchorage-dependent 

cell growth/cell proliferation (Figure 5 A,B) and cell migration (Figure 5 C,D), while TRα1 

overexpression increased anchorage-dependent cell growth/cell proliferation (Figure S7E). In 

this setting cell migration was not affected (not shown), probably due to the endogenous 

TRα1 expression in these cells.  

Taken together, these findings demonstrate that TRα1 levels not only regulate positively the 

canonical Wnt signaling pathway in colon cancer cells but also affect cell proliferation and 

cell migration. 

 

Relevance in human colorectal cancer patients  

In order to define whether our data in mouse in vivo and in human cell lines in vitro have a 

relevance in human colorectal cancer (CRC) patients, we interrogated the TGCA database 

(http://tcga-data.nci.nih.gov/docs/publications/tcga/) and the molecular groups defined in 

Marisa et al. 31 to analyse in silico the expression levels of THRA gene. Interestingly, in 

TGCA colorectal tumors the levels of THRA expression significantly and directly correlated 

with Wnt activity (Figure 6A). THRA expression values in the CRC molecular subtypes 

presented a great dispersion (Figure 6B). Nevertheless, four out of the six groups significantly 

overexpressed THRA (Figure 6B). To validate experimentally at the mRNA level TRα1 
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overexpression in human colon lesions we analyzed two cohorts of patients, including healthy 

mucosae and cancers (Figure 6D). As expected from the studies in silico, we observed some 

heterogeneity in TRα1 expression level in tumors compared with their respective healthy 

mucosae, but approximately 40% of them presented increased TRα1 mRNA expression. 

Interestingly, the heterogeneous pattern of TRα1 protein expression in tumors from Apc-

mutant mice was also present in human adenocarcinomas, in which we could clearly visualise 

TRα1-expressing nuclei while in normal parts TRα1 was not detectable (Figure 6C).  

Finally, we checked whether WIF1 mRNA expression followed a similar inverted correlation 

with TRα1 mRNA expression, as it was the case for the murine tumors. Interestingly, we 

observed a decrease of WIF1 mRNA expression by RTqPCR analysis in tumors compared 

with the healthy mucosae in the cohorts of patients (Figure S8). To better define this 

correlation we compared TRα1 and WIF1 expression in each tumor, each expression value 

represented as fold change relative to the respective healthy counterpart from the same patient 

(Figure 6E). As already underlined, within the cohorts we could distinguish tumors expressing 

high- or unchanged/low-levels of TRα1 (red dots, TRα1-high; black dots, TRα1-

unchanged/low). Looking to WIF1 expression in the two groups, it was clear that low WIF1 

expressing tumors (red squares) were essentially those expressing higher levels of TRα1.  

Altogether these results indicate that an inverse correlation exists between TRα1 and WIF1 in 

human colon cancer parallel to a direct correlation between TRα1 and Wnt activity.  
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Discussion 

The gastrointestinal tract is a well-characterized target of THs and of their nuclear receptors 

TRs 32, 33. The paradigm is its important remodelling in amphibians during TH-dependent 

metamorphosis. Indeed, in this context THs behave as multi-tissue reprogramming factors: 

some organs are lost (i.e. tails), others undergo de novo formation (i.e. lung) or are remodelled 

(i.e. intestine), to permit the juvenile animal to acquire adult features and survive within a new 

environment 34. Interestingly, several studies have described the conservation of this 

hormonal signal during intestinal development in mammals 10, where its function is extended 

to intestinal homeostasis, stem cell physiology and progenitor commitment as well as to 

tumor development 16, 17, 21, 35. Importantly the functions of the TRs are coordinated by and 

integrated with other signaling pathways including the Wnt/β-catenin 15, 17, which plays a 

pivotal role in intestinal pathophysiology 36-38. Indeed, several studies clearly showed 

multilevel interactions between TRs and the Wnt signalling pathway, including the control of 

gene expression, physical interactions and functional synergism 39-43. In this context, we were 

able to show that TRα1 induces Wnt and Notch pathways in intestinal crypt progenitor cells 

16, 17 by a mechanism including transcriptional control of Ctnnb1 and Sfrp2 genes as well as 

stabilization of β-catenin 15, 17. Regarding the Notch pathway, we showed direct and indirect 

transcriptional controls on Notch ligands and receptor 16. It is worth noting that Wnt and 

Notch synergize to accelerate intestinal tumor development 3. In agreement with the literature 

and considering the key role of altered Wnt signalling in gut tumor development 44, we were 

not surprised to observe that TRα1 targeted overexpression in a mutated Apc background (vil-

TRα1/Apc mice) resulted in accelerated and more aggressive tumor development compared 

with the simple Apc mice 21. A peculiarity of the TRα1-overexpressing tumors was an over-

activated Wnt, but we lacked an integrated view of the entire program triggered by TRα1 

overexpression.  
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By using a comparative transcription profile approach we established that overexpression of 

TRα1 in an Apc-mutated tumor context results in a very high number of differentially 

expressed genes, positively or negatively regulated. Given that we were interested in 

understanding the basis of the Wnt hyper-activation we decided to focus on this pathway, that 

was also one of the most significantly represented in our data set (P-value, 1.9x10-5). 

Intriguingly, several inhibitors of Wnt were strongly down-regulated in vil-TRα1/Apc tumors, 

indicating that through down-regulation of Wnt antagonists TRα1 is able to hyper-activate 

this pathway, according to our previous data 21. In this context WIF1 appeared of particular 

interest: it is an inhibitor of Wnt 22, is strongly down regulated by TRα1 overexpression and a 

large literature also links decreased Wif1 expression with increased tumorigenesis or 

induction of more aggressive tumors 45-47. Interestingly, our results showed that Wif1 

expression, that is induced in Apc tumors, is strongly repressed in vil-TRα1/Apc tumors. We 

postulate that Wif1 expression may depend on the balance between Wnt and TRα1 activities: 

Wnt increases and TRα1 decreases its expression, the final outcome depending on the relative 

strengths of each of these actions. Importantly and in support of this assumption, we showed 

that Wif1 regulation by TRα1 depends on its specific binding through a canonical TRE 

present on the murine Wif1 promoter, resulting in transcriptional inhibition. We could map a 

putative TRE within the promoter of the human WIF1 gene (Figure S9), strongly indicating 

that a similar mechanism of transcriptional regulation by TRα1 is present in mouse and in 

human Wif1/WIF1 promoters, as also suggested by the analysis of the tumor cohorts. As 

concerning the regulation of Wif1/WIF1 by Wnt, the mechanism remains undefined. In 

addition, according with the literature, Wif1/WIF1 gene can be hypermethylated and therefore 

suppressed in CRC 48, 49. However, overexpression of Wif1 has been reported in lesions from 

Apc+/Min mice 50, in agreement with our data on Apc+/1638N strain, or in lesions of mice treated 
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with carcinogenic agents 51, 52. In these papers authors suggest that Wif1 induction represents a 

response against oncogenic events 51, 52, including strong Wnt signaling, therefore implying 

that the expression of Wif1 may be considered a hallmark of a carcinogenetic event. 

Altogether, these reports as well as our data do not exclude other eventual mechanisms 

involved in the regulation of Wif1 during the process of tumor initiation and progression. 

 

Considering the large list of differentially expressed genes, we can easily envisage that other 

genes/mechanisms are involved in accelerating the tumor process by TRα1 overexpression in 

relation with Wnt hyper-activation. Sox17, which is strongly repressed in the vil-TRα1/Apc 

tumors (fold change: -55.62), is described as an antagonist of the Wnt pathway since it 

inhibits the β-catenin activity by sequestration 53. In addition, it is frequently methylated in 

cancers 54-56 and the inhibition of its expression is associated with proliferation 57, 58, tumor 

progression 59 and poor prognosis in colon cancer patients 60. Conversely, its re-expression 

controls processes such as the epithelial-mesenchymal transition and the onset of metastasis 

61. The ZNRF3/RNF43 membrane complex is also a negative regulator of the Wnt pathway 

by promoting β-catenin degradation through the proteasome 62. Also in this case their 

expression is negatively regulated in vil-TRα1/Apc tumors (Znrf3: -4.15; Rnf43: -8.25). 

Similarly, their expression is frequently altered in CRC 63, and their decreased expression is 

correlated with tumor progression in several cancers, including CRC 64, 65. Of note, this 

complex is inhibited by the LGR4/5/6 receptors 66. Intriguingly, Lgr5, the most studied 

intestinal stem cell marker 67, is negatively regulated in TRα1-overexpressing tumors (fold 

change: -11.81), which seems counter-intuitive in relation with the increased aggressiveness 

of the TRα1-overexpressing tumors. Nevertheless, a study showed that RSPO2 interacts with 

LGR5 to stabilize ZNRF3, thus acting in a negative feedback loop of the Wnt pathway 66. As 

all these actors are down regulated, the negative feedback loop is probably lost in vil-
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TRα1/Apc tumors, possibly participating to the overall hyper-activated Wnt. On the other 

hand, contradictory results describe LGR5 expression in human intestinal cancers and/or 

intestinal cancer stem cells, suggesting to carefully consider its appropriateness as a cancer 

stem cell marker 68. Taken together our previous and current data suggest that TRα1 promotes 

the induction of the Wnt pathway by stimulating several Wnt actors in physiological 

condition while in cancers it also inhibits Wnt antagonists, as it is the case for WIF1. Finally, 

the Wnt is not the only pathway regulated in our analysis and the acceleration of the 

carcinogenic process depending on TRα1 is probably the result of the addition of multiple 

gene alterations, which is in line with the Vogelstein model 69.  

 

Even if a consensus concerning alterations of circulating TH levels and gastrointestinal tumor 

development and/or progression has not been reached 70, our work definitively demonstrated 

that the TRα1 receptor is capable of promoting tumor initiation and progression. In fact, we 

show here that the cooperation between TRα1 and the Wnt pathway affects multiple signaling 

pathways, tumor suppressors and oncogenes. Importantly, we also validated the relevance of 

TRα1 overexpression in human colon cancers and showed for the first time in this context 

that a direct correlation exists between TRα1 and Wnt activity. The importance of this result 

has been further stressed by the fact that inhibition of TRα1, and thus of Wnt activity, is able 

to impair the tumor phenotype of colon cancer cells (proliferation and migration), while TRα1 

overexpression has the opposite effect. In addition, loss of TRα1 expression in TRα0/0/Apc 

mice is responsible for a delayed tumor development and decreased tumor number compared 

with Apc mutants (Tables S5), probably because of decreased Wnt activity in a TRα-KO 

background 15.These findings strongly underline a major role of TRα1 in tumor biology 

promoting tumor progression and eventually more aggressive tumor types. We have noticed, 

however, a strong inter-individual variability in mouse and human tumors as well as a 
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heterogeneous pattern of TRα1 expression within the same tumor. These data perfectly 

illustrate the individual as well as the intra-tumoral heterogeneity in relation with specific 

molecular characteristics, as already described 71-74. Importantly, intra-tumoral heterogeneity 

has been reported to have a role in chemoresistance 71and also described as a mark of poor 

prognosis 75. If and how the heterogeneity of TRα1 expression confers an advantage to the 

CRC and/or impairs efficiency of anti-cancer treatments are important open questions.  

 

In conclusion, our study underlined the importance of increased TRα1 expression in intestinal 

cancer development and progression and described for the first time the relevance of TRα1 

expression in human colon cancers. From our analysis it could be proposed that TRα1 

together with specific Wnt actors, such as WIF1, that are molecular targets of this nuclear 

receptor, can help define more aggressive tumors and eventually help defining more accurate 

and precise approach of precision medicine to specifically treat TRα1/Wnt-high tumors in 

patients. 
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Figure Legends 
 

Figure 1. Ingenuity Pathway Analysis Gene network. Molecular relationships between 

transcripts in the identified network "Cellular growth, Cell proliferation and Cancer" by 

Ingenuity Pathway Analysis. Genes or gene products are represented as nodes and 

connections between genes are supported by information in the Ingenuity Pathways 

Knowledge Base. The color indicates up-regulation (red) or down-regulation (green). 

Different shapes of nodes represent different functional classes of gene products as indicated 

in the legend (right panel). 

 

Figure 2. Inverse correlation between TRα1 and Wif1. (A, B) Analysis of TRα1 mRNA 

expression (A) and Wif1 mRNA expression (B) in healthy mucosae (H) and tumors (T) from 

animals of indicated genotype. The number of samples analyzed are indicated in the X axes. 

Boxplots illustrate the distribution of data and the mean (black thick line). Note that Wif1 

mRNA expression is down regulated in vil-TRα1/Apc compared to Apc tumors, thus 

validating the microarray data. $: P<0.05 and $$: P<0.01, compared with tumor of the same 

genotype; €: P<0.05 and €€: P<0.01, compared with Apc tumors by the unpaired Student’s T-

test. (C, D) Immunolabelling of intestinal tumor sections from Apc (C) and vil-TRα1/Apc 

mice (D). The images, which are representative of at least three tumors per genotype, show 

nuclear staining (blue), specific staining (red or green) and merged pictures as indicated. In 

tumors from Apc mice TRα1 is heterogeneously expressed and WIF1 essentially expressed in 

areas showing a weak TRα1 staining. Bars, C 10 μm; D, 5 μm.  

 

Figure 3. Chromatin occupancy of TRαα1 on the Wif1-TRE. ChIP analysis was performed 

with chromatin isolated from freshly prepared intestinal epithelial cells from WT mice and 

immunoprecipitated with anti-TRα1, anti-GFP or rabbit IgG (negative control). qPCR was 
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performed using specific primers covering the Wif1-TRE and the Sfrp2-TRE or the Ctnnb1-

TRE (positive controls). Non-specific enrichment of TRα1 was evaluated on a region of the 

Wif1 gene located 3Kb upstream the TRE (Wif1-3Kb) and on the Rplp0 (36B4) promoter 

(negative controls); the Ppia gene was used as an internal control. Histograms represent mean 

± SD, N=3, of the specific DNA enrichment in each sample immunoprecipitated with the 

indicated antibody and are expressed as percentages of the starting inputs. 

 

Figure 4. TRαα1 enhances β-catenin/TCF4 activity in colorectal cancer cells. (A, B) 

Generation of TRα1-depleted Caco2 cell lines. The knock-down efficiency was assessed by 

comparing TRα1 mRNA by RTqPCR (A) or protein by IB (B). Two independent shRNA 

sequences targeting TRα1 (efficiency ∼80%) and a scrambled-Sh (Sc-Sh) were used in all the 

experiments. Histograms represent mean ± SD (N=6) from one out of three independent 

experiments. *: P<0.05 compared with Sh-scr, by Student's T-test. (C, D) Depletion of TRα1 

decreases canonical Wnt signalling activity. Bar graphs display quantification of luciferase 

activity in Caco2 cell lines generated in A after transfection with the TopFlash vector (C) or 

the negative control FopFlash vector (D) to monitore Wnt activity by using the Dual-

Luciferase Reporter Assay System. Caco2 cells were maintained in culture medium 

containing physiological concentrations of T3 in the absence (Ctrl) or in presence of co-

transfected β-catenin/Tcf4 complex. Histograms represent mean ± SD (N=6) from one out of 

three independent experiments. **: P<0.01 compared with control condition of the same cell 

line; $$: P<0.01 compared with the β-catenin/TCF condition of the Sh-scr cells.  

 

Figure 5. TRα1-dependent cell growth and migration in colorectal cancer cells. (A) 

Depletion of TRα1 inhibits cell proliferation. Caco2 cell lines were analyzed for their ability 

to proliferate during 70h in culture medium supplemented with 10% FBS. Cell proliferation 
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was monitored and quantified as detailed in ‘Materials and methods’. Confluence index (y 

axis) in cell lines are displayed as curve graphs. Depletion of TRα1 significantly delays cell 

proliferation. Histograms represent mean ± SEM (N=10) from one out of three independent 

experiments. (B) Depletion of TRα1 inhibits anchorage-dependent cell growth. TRα1-

depleted Caco2 cells were analyzed for their ability to form adherent colonies on plastic plates 

during 2 weeks prior to fixation and staining with crystal violet. The upper panel shows 

photograph of the crystal violet-stained 6-well plates. The number of colonies was counted by 

ImageJ (Colony counter) and plot graphs (lower panel) display the size (area) of colony 

formed (y axis) for each cell line. (C, D) Depletion of TRα1 inhibits 2-D cell migration. 

Confluent monolayers of Caco2 cells were scratch-wounded and incubated for 70 hr in 

culture medium in absence of FBS. Wound closure was monitored and quantified as detailed 

in ‘Materials and methods’. In panel C, confluence index (y axis) in cell lines are displayed as 

bar graphs. Note that depletion of TRα1 significantly delays wound closure. Histograms 

represent mean ± SEM (N=10) from one out of three independent experiments, each 

conducted in 10 replicates. Panel D shows representative pictures of different cell lines taken 

at T0 or T70. ***: P<0.001 and ****:P<0.0001 by Student’s T-test. *** in A and C applies to 

each time-point.   

 

Figure 6. The correlation between TRαα1 and Wnt is present in human colorectal cancer 

from patients. (A) Positive correlation between THRA expression and Wnt signaling pathway 

in human CRC. THRA expression values and the Wnt/β-catenin signaling enrichment were 

analyzed in CRC using the TGCA (The Cancer Genome Atlas) dataset. The graph shows a 

highly significant (P-value, 7.2x10
-32

) direct correlation between THRA expression levels and 

Wnt activity. (B) THRA gene expression in the six molecular groups defined by Marisa et al. 

31. Note the dispersed expression of THRA in the different groups compared with the healthy 
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mucosae (NT). Statistical analysis revealed that THRA is significantly up-regulated in four out 

of the six groups, as indicated. *<0.05 and **: P<0.01, compared with normal tissue by 

Student's T-test. (C) Immunohistochemical analysis of TRα1 expression in healthy mucosa 

and in cancer. TRα1 appears clearly expressed in nuclei of some epithelial cells in cancer but 

is not-detectable in normal tissue. Bar, 5 μm. (D) Analysis of TRα1 mRNA expression in 

cohorts of tumors. Histograms display TRα1 mRNA expression in each tumor represented as 

fold change relative to the healthy mucosa of the same patient (expression value in healthy 

mucosa=1). The red line delimitates over- or unchanged/low-TRα1 expressing tumors; the 

dotted black line distinguishes the two cohorts analyzed. Panel E shows the relative mRNA 

expression of TRα1 and WIF1 in each tumor, expressed as fold change relative to the healthy 

mucosa of the same patient. The thick black lanes indicate means. Red or black dots show 

expression values of high or unchanged/low TRα1 expressing-tumors respectively. WIF1 

mRNA expression is represented by red and black squares, corresponding respectively to 

high- or low-TRα1 expressing tumors. Note that most of the red squares are located well 

above the black dotted line, which define tumors with unchanged expression levels. 
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Supplementary Figure and Table Legends 

 

Figure S1. Generation of a list of differentially expressed genes. Venn Diagram 

representing the 3839 differentially expressed genes obtained by performing the T-test (left), 

the 4305 differentially expressed genes obtained with the ANOVA test (right) and the 2981 

common genes. For further studies we focused specifically on the common list. 

 

Figure S2. Hierarchical clustering. Hierarchical Clustering enabled to observe the relations 

between the tumors of different genotype and to visualize the differentially expressed genes. 

In this clustering, the 2981 transcripts were grouped in two dendogram each of which 

represents a genotype. Each line is a probe and each column is an RNA sample hybridized on 

an array slide. Expression signal intensities are shown in red and green, indicating high and 

low expression respectively. Dotted lines delineate each individual sample; adenocarcinoma 

samples of different genotype are separated by the thick line. 

 

Figure S3. Gene ontology analysis for significantly changed transcripts by Ingenuity 

Pathway Analysis. (A) Bar chart illustrating Biological Functions associated with the 

differentially expressed genes. (B) Table summarizing the top 3 functions, their statistical 

significance and the number of genes present in each category.  

 

Figure S4. Gene ontology analysis for significantly changed transcripts by Ingenuity 

Pathway Analysis. Bar chart of the most significant canonical pathways associated with the 

differentially expressed genes.  

 

Figure S5. Localization of the putative TRα1-binding sites on the murine Wif1 
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promoter. (A) A 5 Kb region upstream of the Wif1 start site was analyzed using NUBISCAN 

software, revealing one putative binding sites. The sequence highlighted in bold (yellow 

background) shows the arrangement of the two half-sites as a typical DR4. The first exon is in 

red, and the first coding ATG is in bold in a yellow background. (B) Results obtained by 

NUBISCAN summarizing the score, the P-value and the sequence of the putative DR4. 

 

Figure S6. Molecular analysis of the Thyroid hormone Responsive Element present in 

the Wif1 gene, by in vivo Chromatin immunoprecipitation. Study by qPCR of the DNA 

purified from the different samples before and after ChIP visualized on agarose gel. The 

picture is representative of two independent experiments. Indicated on the right part of each 

panel is the fragment of Wif1 gene amplified. S: pre-immune serum; TRα1: anti-TRα1; GFP: 

anti-GFP; SI: starting input; Ctrl PCR: negative control for PCR mix.  

 

Figure S7. Increased expression of TRαα1 hyper-activates canonical Wnt/β-catenin 

signalling pathway and potentiates cell proliferation. (A, B) Generation of stably 

overexpressing TRα1 Caco2 cell line. The overexpression efficiency was assessed by 

comparing TRα1 mRNA by RTqPCR (A) or protein by IB (B). **: P<0.01 compared with 

control condition (Ctrl) by Student's T-test. (C, D) Increased TRα1 expression potentiates 

canonical Wnt signalling activity. Bar graphs display quantification of luciferase activity in 

Caco2 cell lines generated in A after transfection with a TopFlash vector (C) or the negative 

control FopFlash vector (D) to monitor Wnt activity using the Dual-Luciferase Reporter 

Assay System. Caco2 cells were maintained in culture medium containing physiological 

concentrations of T3 in the absence (Ctrl) or in presence of co-transfected β-catenin/Tcf4 

complex. Histograms represent mean ± SD (N=6) from one out of three independent 

experiments. **: P<0.01 and ***: P<0.001 compared with the control condition of the same 
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cell line; $$: P<0.01 compared with the β-catenin/TCF4 condition of the control cells. (E) 

Increased expression of TRα1 potentiates anchorage-dependent cell growth. Caco2 cells 

generated in A were analyzed for their ability to form adherent colonies on plastic plates 

during 2 weeks prior to fixation and staining with crystal violet. In the upper panel, 

photograph of the crystal violet-stained 6-well plate is displayed. The number of colonies was 

counted by ImageJ (Colony counter) and the lower panel shows plots displaying the size 

(area) of colony formed (y axis) for each cell line. ***: P<0.001 compared with control cell 

line by Student's T-test.  

 

Figure S8. Analysis of WIF1 mRNA expression in CRC patients. (A) Analysis of WIF1 

mRNA expression in cohorts of tumors. Histograms display WIF1 mRNA expression in each 

tumor represented as fold change relative to the healthy mucosa of the same patient 

(expression value in healthy mucosa=1). The red line delimitates over- or unchanged/low- 

WIF1 expressing tumors; the dotted black line distinguishes the two cohorts analyzed. (B) 

WIF1 mRNA expression values in TGCA (The Cancer Genome Atlas) dataset. Boxplots 

illustrate the distribution of data and the mean (black thick line). Note that WIF1 is 

significantly down-regulation in CRC, as indicated.  

 

Figure S9. Localization of the putative TRα1-binding sites on the human WIF1 

promoter. (A) A 5 Kb region upstream of the WIF1 start site was analyzed using 

NUBISCAN software, revealing one putative binding sites. The sequence highlighted in bold 

show the arrangement of the two half-sites as a typical DR4. The first exon is in red, and the 

first coding ATG (in bold) is underlined. (B) Results obtained by NUBISCAN summarizing 

the score, the P-value and the sequence of the putative DR4. 
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Supplementary Tables 

Table S1. Oligonucleotides used for different approaches.  

 

Table S2. Differentially expressed genes between vil-TRα1/Apc and Apc adenocarcinomas.   

 

Table S3. Differentially expressed genes present within the network "Cellular growth, Cell 

proliferation and Cancer".  

 

Table S4. Analysis of differentially expressed genes by RTqPCR. 

 

Table S5. Analysis of tumors in TRα0/0/Apc versus Apc animals. 
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Entity list: α
Unpaired T-test: P<0.01;FC>2
Entities: 3839

Entity list: α
Oneway ANOVA: P<0.01; FC>2
Entities: 4305

Common list:
2981 genes



αα



Category FunctionsAnnotation P-value Genes
Cellular Growth andProliferation Proliferationof cells 4.35E-22 423
Cellular Development Differentiation 4.51E-18 316
Cancer Tumorigenesis 3.36E-17 558





AATGCTGTAATGCTGTGAAAAAAATGCTCAGAATTTTAGCTGCCAGATTTCCTCTTTGAACTTCTGTCAAAAGTTGCTGTACTCTGCTTTATATCAGGGTTGTGAGGC

GCTTGTCGTCTTAGCGAGCCTGGTGCTCTGAGGGGCTCAAGTTCTGTTTTTTTCTTGCTTTAGGTCAGTGCTGGGCATTCAGTAAATCTTATGGAATGAGTGAA
TAAATTAATAGACAGATGAATGAGGCTAGAAACACAGTGGTCTGGCTGAATCACACAAGGGAAGGAAGCATTCTGGGTTAGACAATGTATGGGAGAATTCTCAAAGCA
AACACAACAACTCCTAACACACTGTAGCCAACATCATGCATGCGACTATATTTTATTAGAAAATTTTAAAAGCATACCTATTCTAAATGAATAAACTTATTTAAAAAG
GGGGGATAAAATTTCAGTTCTTGGATAGATTTCCTATAGAGATACGCTCTATTACTGTTAAGTATCTGACCTGCCTACACAAAGCATGTTTCTTCCCCCTTAAAACCC
AAGTTATTCAAACACAGACTTCTTTAAGACAGGATTTTGCTTTGTAGCTCAACTAGCCATTTAGGCGTCAGAGGACTGAAATTACAAGATGTCACGTGCCACCACAGC
TGGCTTAAATTTAGGTGTGAGTGAGTGTGTGTGTGTGTGACTGCATATGTGAGTGTGTATGAGTGACTGTATATGTGAATGTATGTGAGTGTATGTGAATGTGTGTGT
GTGAGTGTGTATGTGAGTGAATGTGTATGGGTATGTTGGGTGTGGGGGAGTGTGTATTGTAAGCATGTTTGTGTGAGATTTTGTGTTATGAGTGTGTGAGGTATGTAT
ATATGTGTTTGAGTGTGTGAGTGTTTGTGTGTGTTGTGTGTGAGTGTGTATAAGTGTGTGTTGTGAGCATGTATATGTGTGAGTGTGTGTGCATGCGTATATGTTGTG

TGTGAGTGTGCATGTGTGTGTATATGGGTGTGTGTTGTGAGCATGTGCACGTGTGTGTGTTTGTGTGCACACATGTGCATGTGGTGCACACAGGACAGAGGGGACATC
AGCTGTCTTGCTGAATCGCTTTTCAATTACTCCCTGAGGCAGGAGTTCTCACTAACCCAGAGCTAGGCTAGCCACCAGTAAGTCCCAGGCATCCTCCTGTTGCAGCGC
CTCAGCACTAGGGTTACAGGAGCACAATACCTCGGACAGCTTTTTATTTGTTTGCCAGGGATATGAACTCTGGTCCTCGCGCCTGATCAGTAAGGGTAAAGACTCTCA
CCGGCTTAGCTATCTCTCTAGTACCAATAATTTTTAAATAACGTTTTATGTATCTCTAAAAATACAGTATGTTTCCTGTTGGAGAAAAGTGAACAGAAAAATGTAGTT
GGTAGTATTGGTGGTGCTGTTGCTGTGGCCACTGATGATGGTGATGATAATGATGATATAACACAGGCTACTTTCTCTGTAGTCTAAGCTGGACTTGAATTCACTAGT
AGCCTCGGCTGGCCTCATTTTCACTGAAACCCTCCTGCCTTAGCCTCTGAGTGCGGGGATAACAGGCATTTGCCACCACACCTAACAAAACAATTGTCCAGAATTGGG
GAAATTTCTTGATAGCAGGATAAATTGCTGTCTCAACATCAAAGACGACTGCTACGGAAAATCCTCACTTGGAGGAAGCTGTATTATGATAGAATTTGTTCCCCTTTC

AGTTCTCAGCTGGCGTTTGACAAGAACAACCTGTAGAGGGCGTCCTTACACCAAGAGCCATGGAGGTCTGAGCAATACTACGGAAGAAAAACCTTCAACGAAAACCAC
ATTCCAAGTCAAAAAGAGTCTATTGTGTTGCGAAATTATTACCTGTAACTGAATGACACTGTTTTTACAATATTAAAGGGTTATAAGTTTGCCTAATATAGTAAAACA
TTATATAAATTAATATTCACTGCAACAATTAATTAATAAAATAGAATGTTGGGAAAAGATCCTTTTTTGTTTGTTTTTTGTTGTTTTTGTTTTTGTTTTTTTGAGACA
GAGTCCCAGGTAGCCCAGGCTGGCTTCAAACTCCATATGTCGATTAGTATTAACAATGAGCTCCTGATGCCTCTGCCTCTACTTCTTTAGCCCCCAGATTACAGCCTG
TGCTACCACAACCAGTTTAAATGTTTTGTTTTAAAGAAAGAGTAGATGTTAAGCTTTTTTGAGGCAAACCGTCTTAATTGTGATTTGCAAGAAGGGGCTTTGAAGTTA
GAGCGATCGTGATTTGAATTCCTACTCTTGTCACTCACCAGCTGAATATCTGCGGTCAATTTACTAGACTTTTAAAGCTTTGGTTCCCCATCAGTAAAATGAGAGTAG
TAACAGTAGCTGCCTGAGAAGAATTTTTAAAATGAAGCTTCATGGAGTTCACAGTCACAATGGACAGTCTTCGTGTCTAACTCCCAAACACAATACCTTCCTACCAAT
CTGTTAGATACCTACACAGATTTCACAGTTTTAACACATGTTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCT

TCCTCTTCTTCTCCTCTTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTTCTCTCCTCCTCCTCCTCCCTTCCCATTCCTCCTTCTTTTAAAAAAATATG
CTTGTGACCTAACATTTGTTGAACATGTACGCGTCCAAGTCCGGCTTCTATTCTGTAGTTTCTGTTTTTGCCATCCCCTGCTGAGAGACCCACCGCTCTACAAAGGAC
AGAAGGGAACACAGCCCAGCGCCAGAGTCTAGATCCTTGGGGGGCATTTGCTAGAAAGCCACTGGGTGCAAAAAAAAAAAAAAAAAAAAAAGTAAACAAAGCTTTTCC
GGGGTCTGAAAACTTTCTGTGTTTTTGAAAAACCATTTGTTTCTGCTTTCTCTGTACGTTCAAGGAGGCAGGCAAAAAAGCCTTCCGTGCAGAGGTAATGCTGCAAGC
CGCCGCTAGCTAAGTGCTCTCCCACCAGACCCTCAGTCTTACCCTCAAGCGCCTAAGATTTCAGAGACTGGGCGTGAGCCTCCTAATGTTTTCCCCCAAATCCAATTT
TAAGGGGAGTCCTACCGTCGTAGAGCAGGGATGGGGGGAAAGGGATTACAGCTATCATCGAGGTCCTAGGGAACTATTCCGGGTGCAACTGGGTTATCAAGAAGACAA
ACCACGCCACCTGTCGGGTGTCTGTCCAGTGCAGAAATAAATGAACGTCCTGCGAGGACCAGCGCCTGCAGTAGCCCGACTAGCCTGTGGAGTCTCAGTATTTAACTT

CCTAGGAGAGAGAGAGCGAGAGCGCAAACTGTCAGCTAGAGAAGTCAGAGTTTGCAGACAGGCACACAGAGATGCAGTCTGAAATGTAGTTCGAAGAGAAAGGGTGGG
CTGGCTATGTGCTTTCCGTTAGCTCCACTGTTAAACGGAATTTATCTTTGACCACGAATCGAGCCCAGATTTTTTTGTTTGTTTGTTTATAGCACCCCGGCCATCCAC
ACGTGTCTCTTCGGGCGGCAGGAGGCCTGAGTGATGACCCAGAAGTCCCTTTGGGTGTGTTTCTTGGTTGTGTCCCCGTTTTCATTCACCTGGCGCAGGCGAGCGGGG
TCTACCGGGTACCGCGGCCCCGCCCCCGCGGCTCCGCAGCGCTCCCTAGTGGCGACCGCCTGCACACCACCGGCCGCTCTCAGTGCTCGCCTTTTGCCAGCAGTTCCC
GCGGTTCCTCCCTCTCGAGTGTGCTCCTCTAGCTGCTGGCGCTGTGGGACGTGCTGGCATTGCCAGCTTTGCCAGCATCGTGTCTCTGCGTCCCCCTCTCCCTCCAGC
CCCCACCTCTTTCTACGCGGCCGCGCATCCACTCCCTCCTTGCTCCCTCCTCTCCAGCACTCCCAGGCTCACTCGCAACGGAGACTGGAGACTTGCACGCCCAGTCGT
TTAAGTAGGAACAGCTCCAGCCCCGCCAGCTGCAGCCAAGGCGAGAACTTCACAAGCAGCACAGGTTGGGTCGCTGCGGCAGGAGTTGCACCACCAGCGAGAAGGTCC

TGAGCACCATGGCTCGGAGAAGAGCCTTCCCTGCTTTCGCGCTCCGGCTCTGGAGCATCCTACCTTGCCTGCTCCTGCTGCGAGCGGATGCAGGGCAGCCACCTGAG
GAGAGCTTGTACCTGTGGATCGACGCCCATCAGGCTAGAGTGCTCATAG

Species TRE Position
(strand)

Score P-value Site sequence

Mus 
musculus

DR4 -3555(+) 0.756366 0.0237602 AGGTCAgtgcTGGGCA



α α



α

α

β

α

α



Figure S7. Increased expression of TRαα1 hyper-activates canonical Wnt/β-catenin signalling
pathway and potentiates cell proliferation. (A, B) Generation of stably overexpressing TRα1
Caco2 cell line. The overexpression efficiency was assessed by comparing TRα1 mRNA by
RTqPCR (A) or protein by IB (B). **: P<0.01 compared with control condition (Ctrl) by Student's
T-test. (C, D) Increased TRα1 expression potentiates canonical Wnt signalling activity. Bar graphs
display quantification of luciferase activity in Caco2 cell lines generated in A after transfection
with a TopFlash vector (C) or the negative control FopFlash vector (D) to monitore Wnt activity
using the Dual-Luciferase Reporter Assay System. Caco2 cells were maintained in culture medium
containing physiological concentrations of T3 in the absence (Ctrl) or in presence of co-transfected
b-catenin/Tcf4 complex. Histograms represent mean ± SD (N=6) from one out of three
independent experiments. **: P<0.01 and ***: P<0.001 compared with the control condition of the
same cell line; $$: P<0.01 compared with the b-catenin/Tcf condition of the control cells. (E)
Increased expression of TRα1 potentiates anchorage-dependent cell growth. Caco2 cells generated
in A were analyzed for their ability to form adherent colonies on plastic plates during 2 weeks
prior to fixation and staining with crystal violet. In the upper panel, photograph of the crystal
violet-stained 6-well plate is displayed. The number of colonies was counted by ImageJ (Colony
counter) and the lower panel shows plots displaying the size (area) of colony formed (y axis) for
each cell line. ***:P<0.001comparedwith controlcell line by Student's T-test.





Species TRE Position
(strand)

Score P-value Site sequence

Homo 
sapiens

DR4 -760(-) 0.771606 0.0280176 GGATCAcctgAGGTCA

TCTGTTGTTTCTGTTTGTTTTTCCCTCTTGAGGCATCTGCTACTCTATAAAGGACTGATTGAAACACCACGCCCAGCCCCAGACATTTGATCCTTGAGGCATTTGTCA
CAGCTTCGGGTACTAAAGAACAAACACAAGTAAATGAACCTTTTATGAGTCCGAAGGCTAAGTTTTTTAATTAAAAACAAAACAAAACAAAACCCTTTTGCTTCCGTT
TTCTTTGTGCATCCGAGGAATTAGGCAGGAGGCAAAAATCAGTTCTTTCTGCTGGGCCAGGTGGATAGGTTATGCTGCAGCCCACTGCCGGCCAAGCATGCTTCTCAC
AGACGAGGCCAGAGCCTTGGTTTTGCCCCCACGCACCTGTGAATTCGGCAACTTTTAAAAAATTATTTTATTTATTTATTTATATATTTTTTGAGACGGAGTCTCGCT
CTATCGCCCAGGCTGGAGTGCAGTGCCACGATCTTGGCTTAATGCAACCTCCGCCTCCCGGTTCAAGTGATTCTCCTGCCTCAGCCTCCCGGGTAGCTAGGACTACAG

GCCCCCGCCACCATGCCCAGCTAATTTTTGCATTTTTAGTAGAGACGGGGTTTCACCACGCTGGCCAAGCTGGTCTCGAACTCCTGACCTCAGGTGATCCGCCC
GCCTTGGCCTCCCAAAGTGCAGGGATTACAGGCGTGAGCCATCGCGCCCGGCCGAATTCAGCAACTTTTAAAAAATATCAGCAAACGTGAAGATATCCACGATGTTAG
AGGAGCCCTACCCCGGAGGGTCAGGTACAGCTATCGTCCAGGGCCCAGGGCACTCTTCCGGGCACTGCCGGGTTATCAGGGAGACAGACGGGAATCCCCAAATGCTGG
GTGTCGGGCAAGTACCAGCTGGACGCCCTGCGCCTCGAGCCAAGGCCAGCGCCTGCCATCGGCACCATCGGACAGTCGAGCCTCGAGTTTTAACTGCTTGGGAGCGCG

CAAAGTGCCAGCCTATCGCAGAACGGAGCGCATAGGGTTGGCGGAGAGAGGAATCCTACTGGCTGAAAGGGAGACGAAGGGCAATTTGCGCCTTCAGTGAGCGCCGGA
GGAGGAACAGGAGTCATCACCTCATCATCATCATCATCATCATCATCACCATCACCATCACCATCATCAGCACTCAGTCAAGCCCAGCGTTGTCTGCTCTCCCCATTT
CCCTCCCCCGAAGCCTCCCTTGGCCCGAGGAGGTGGCGAGTGATGTCCCAGGGGTCTCTGAGTGCCCTTCTCCGGGTCCGCCAGCCCTACACGCCCACTTCGCGGGCG
CTCCACTGGGCGCACCGCACTGTGAATGCAGCCTCGGGGGTCCCTCGCGGCCCCGCCCCCGGGGGGGCCCCACAGCGCCCCCAAGTGGCGGCCGCCCAGGCCTCGCGG
GCCCCACTCCTCGCTCGCACCTCGCTCGCGCCAGCCCTTCCCGCTCTTCTGTTCTCGCTCTATTTGCCCCGCTGACTGCTGGCCTCGCCAGCTTTGCCAGTCTTACGT
CTCTGCCGCCCCCACTCCCGCCCGCGCCCCATCTTCTTGCGCGACTCGCGCCCGCTGGTCCCCCCCTCCTCCTCCCGCGTCCTGCCTGCCCCCTCCTCCTGCTCTCGC
AGGCTCCTTGGCACCCAGGCCGGGAGGCGACGCGCCCAGCCGTCTAAACGGGAACAGCCCTGGCTGAGGGAGCTGCAGCGCAGCAGAGTATCTGACGGCGCCAGGTTG

CGTAGGTGCGGCACGAGGAGTTTTCCCGGCAGCGAGGAGGTCCTGAGCAGCATGGCCCGGAGGAGCGCCTTCCCTGCCGCCGCGCTCTGGCTCTGGAGCATCCTCCT
GTGCCTGCTGGCACTGCGGGCGGAGGCCGGGCCGCCGCAGGAGGAGAGCCTGTACCTATGGATCGATGCTCACCAGGCAAGAGTACTCATAG



Pr
im

er
s u

se
d 

fo
r 

R
T

qP
C

R
Pr

im
er

s u
se

d 
fo

r 
qP

C
R

 a
ft

er
 C

hI
P 

as
sa

y

G
en

e 
sy

m
bo

l
Pr

im
er

s
Se

qu
en

ce
R

em
ar

ks
Pr

od
uc

t l
en

gt
h

D
N

A
 d

et
ec

te
d

Pr
im

er
s

Se
qu

en
ce

Pr
od

uc
t l

en
gt

h
Sh

-R
N

A
 a

ga
in

st
 T

R
a1

Se
qu

en
ce

Fo
rw

ar
d:

TA
A

C
C

A
A

C
G

G
G

A
A

A
G

A
G

C
A

G
Fo

rw
ar

d:
TA

A
C

C
A

A
C

G
G

G
A

A
A

G
A

G
C

A
G

Sh
1

G
A

G
G

A
TC

A
G

G
A

A
G

TC
TA

A
A

R
ev

er
se

:
C

TG
TG

A
A

G
C

A
A

C
A

TT
C

G
G

TT
T

R
ev

er
se

:
C

TG
TG

A
A

G
C

A
A

C
A

TT
C

G
G

TT
T

Sh
2

A
G

TC
A

TT
C

TA
A

C
TG

C
A

C
TT

T
Fo

rw
ar

d:
A

TG
G

C
C

TA
C

C
C

TC
C

TG
TA

C
TT

Fo
rw

ar
d:

A
TG

G
C

C
TA

C
C

C
TC

C
TG

TA
C

TT
R

ev
er

se
:

C
TT

C
C

C
C

TT
G

C
TT

TC
A

C
TT

C
T

R
ev

er
se

:
C

TT
C

C
C

C
TT

G
C

TT
TC

A
C

TT
C

T
Fo

rw
ar

d:
C

TG
C

TA
C

G
TG

G
TG

A
A

G
A

G
G

A
G

Fo
rw

ar
d:

C
TG

C
TA

C
G

TG
G

TG
A

A
G

A
G

G
A

G
R

ev
er

se
:

A
G

C
G

TA
G

G
A

A
C

A
A

C
A

A
TT

C
C

A
R

ev
er

se
:

A
G

C
G

TA
G

G
A

A
C

A
A

C
A

A
TT

C
C

A
Fo

rw
ar

d:
A

G
G

A
TT

C
TC

A
TC

G
C

C
A

G
A

A
G

T
Fo

rw
ar

d:
A

G
G

A
TT

C
TC

A
TC

G
C

C
A

G
A

A
G

T
R

ev
er

se
:

C
TC

A
TA

G
TG

C
C

C
TG

A
A

G
C

A
A

A
R

ev
er

se
:

C
TC

A
TA

G
TG

C
C

C
TG

A
A

G
C

A
A

A
Fo

rw
ar

d:
G

G
C

A
A

C
TA

C
TC

C
TG

C
TT

TG
TG

Fo
rw

ar
d:

C
C

A
C

TG
TC

G
C

TT
TT

C
G

C
C

G
C

R
ev

er
se

:
A

TG
G

C
TT

TG
TT

G
TT

C
G

TT
C

A
G

R
ev

er
se

:
TG

C
A

A
A

C
A

G
C

TC
G

A
A

G
G

A
G

A
C

G
C

Fo
rw

ar
d:

C
C

TT
A

C
C

G
G

A
A

C
TC

C
TC

TT
TG

R
ev

er
se

:
G

C
TC

TA
G

TT
TC

C
G

C
TT

C
G

TT
T

Fo
rw

ar
d:

C
C

A
C

TG
C

TA
C

C
TA

C
C

C
A

A
C

A
A

R
ev

er
se

:
TC

TT
G

TG
G

TG
A

A
TC

TC
G

TT
C

C
Fo

rw
ar

d:
G

A
TT

TC
C

A
C

C
TC

TC
C

A
TC

C
A

C
R

ev
er

se
:

G
TA

C
A

G
C

C
A

G
TC

C
A

C
C

A
C

A
TC

Fo
rw

ar
d:

G
A

G
C

G
G

A
TT

TT
C

C
TA

TG
G

A
TT

R
ev

er
se

:
TT

A
G

C
C

C
G

G
A

TG
A

C
A

TA
G

TT
G

Fo
rw

ar
d:

TG
TG

TG
TC

A
C

TG
G

G
A

TT
C

TT
G

R
ev

er
se

:
C

A
G

G
G

C
C

G
G

TA
G

TC
TC

A
TA

G
T

Fo
rw

ar
d:

C
TG

C
A

TC
TA

A
G

C
C

TG
C

A
A

A
A

G
R

ev
er

se
:

TA
A

G
G

A
G

G
A

C
C

A
G

C
A

C
TG

A
G

A
Fo

rw
ar

d:
TT

G
TG

TT
TG

C
A

TT
TC

A
G

C
A

A
G

R
ev

er
se

:
G

G
C

C
C

TG
A

A
G

A
A

A
G

TC
C

TC
TA

C
Fo

rw
ar

d:
G

A
C

TA
TC

G
G

A
G

TT
TG

G
G

G
TT

T
R

ev
er

se
:

G
TT

G
TT

G
A

G
A

TG
G

G
A

G
A

C
C

A
G

Fo
rw

ar
d:

C
TG

G
G

TG
G

C
A

A
C

TC
C

TT
C

TA
C

R
ev

er
se

:
G

C
G

A
A

C
TG

A
A

A
G

G
G

A
A

TG
A

C
Fo

rw
ar

d:
G

G
A

C
A

C
TT

C
G

TC
C

A
TA

C
C

TG
A

R
ev

er
se

:
TT

G
G

G
G

A
A

TC
TA

TC
C

TT
TT

G
G

Fo
rw

ar
d:

A
C

C
C

TG
TT

C
TG

C
TT

TG
TG

TG
T

R
ev

er
se

:
A

A
TT

C
TG

A
G

C
C

TG
TT

C
C

C
A

C
T

Fo
rw

ar
d:

TG
TG

G
TG

C
C

TC
C

TA
G

A
G

A
A

A
A

R
ev

er
se

:
C

TT
TG

G
C

A
G

TC
A

G
G

TG
TT

A
G

G
Fo

rw
ar

d:
A

C
C

TT
G

G
G

TT
C

C
TA

C
C

A
G

TG
T

R
ev

er
se

:
G

C
A

G
A

G
A

TG
A

A
A

G
G

TG
G

A
G

TG
Fo

rw
ar

d:
C

A
G

C
A

TC
C

C
A

C
A

C
C

TG
A

TA
C

T
R

ev
er

se
:

TT
G

C
C

TG
TT

TC
G

G
TT

A
C

TC
TG

Fo
rw

ar
d:

TT
G

TC
C

C
TA

C
C

C
A

G
TC

C
TA

C
C

R
ev

er
se

:
C

C
A

A
A

C
A

C
A

TT
G

G
C

TA
C

C
A

TC
Fo

rw
ar

d:
C

C
TT

TG
G

A
A

A
TG

G
A

TG
A

C
A

C
A

R
ev

er
se

:
TT

A
G

TG
C

TT
C

C
A

G
C

A
G

TG
G

TT
Fo

rw
ar

d:
G

G
G

C
A

A
G

TA
C

A
C

C
A

C
G

A
A

C
T

R
ev

er
se

:
C

A
A

TG
C

TG
A

G
C

C
C

TG
TA

A
A

A
C

Fo
rw

ar
d:

C
A

C
C

A
A

TG
G

C
TC

A
C

A
G

TT
C

TT
R

ev
er

se
:

A
TG

A
C

A
TC

C
TT

C
A

G
TG

G
C

TT
G

Fo
rw

ar
d:

TG
C

G
A

A
A

C
TG

TA
C

C
C

TC
TG

A
C

R
ev

er
se

:
C

TC
A

TT
TG

G
G

G
TT

G
G

C
TA

TC
T

Fo
rw

ar
d:

G
C

TG
G

A
G

TA
G

TC
TG

G
TT

C
G

TG
R

ev
er

se
:

TG
A

G
C

A
G

G
TG

G
A

A
A

TA
G

G
A

TG
Fo

rw
ar

d:
TT

TA
TA

C
C

G
C

A
A

TC
C

C
C

TC
TC

R
ev

er
se

:
TC

G
C

A
A

C
G

C
C

TA
A

A
A

TA
A

A
A

A
Fo

rw
ar

d:
C

C
A

C
C

C
C

C
TC

TT
TG

TA
TT

C
TC

R
ev

er
se

:
A

TG
C

TC
C

C
C

TA
A

G
C

TC
A

A
C

A
C

Fo
rw

ar
d:

A
TT

A
C

TC
C

C
A

TG
C

C
A

C
C

TA
C

C
R

ev
er

se
:

C
A

TG
TC

TC
C

C
A

G
A

A
G

TT
C

C
A

C
Fo

rw
ar

d:
A

A
G

A
A

A
G

A
C

C
A

C
C

C
C

G
A

TT
A

C
R

ev
er

se
:

G
C

G
C

C
TT

G
A

A
G

A
TA

G
C

A
TT

A
G

Fo
rw

ar
d:

G
TA

A
A

G
G

TG
A

A
A

G
G

C
G

A
G

G
TG

R
ev

er
se

:
C

TT
TG

G
C

C
C

A
C

A
C

C
A

TA
A

A
G

Fo
rw

ar
d:

TG
G

TT
TT

C
TT

G
TG

C
G

A
TC

TT
C

R
ev

er
se

:
TC

C
C

TG
G

TT
C

A
G

G
C

TT
TA

TT
T

Fo
rw

ar
d:

C
C

A
G

G
C

TG
A

G
G

A
G

TG
G

TA
C

TT
R

ev
er

se
:

TG
TG

G
TC

TC
A

C
TC

TC
C

C
TC

A
C

Fo
rw

ar
d:

C
A

TC
C

TG
A

G
A

G
A

A
C

TG
G

C
TA

C
A

R
ev

er
se

:
C

C
A

G
A

TC
C

A
G

C
C

A
C

A
G

A
A

TA
G

Fo
rw

ar
d:

A
A

G
G

A
C

A
C

C
A

A
G

A
C

A
A

C
C

A
A

C
R

ev
er

se
:

TC
G

A
C

A
G

A
C

TC
C

A
C

A
A

A
C

TG
G

Fo
rw

ar
d:

A
TG

TA
TT

TG
C

C
C

TC
C

TG
G

A
C

T
R

ev
er

se
:

G
A

G
C

A
C

A
G

G
TC

TC
C

TT
G

G
TA

A
Fo

rw
ar

d:
C

TG
G

A
C

C
A

C
A

TG
C

A
C

C
TA

A
A

R
ev

er
se

:
G

G
A

G
G

C
A

C
TG

TC
G

TA
C

TT
G

TC

Fo
rw

ar
d

A
TG

A
TC

C
A

G
G

G
C

G
G

A
G

A
C

TT
R

ev
er

se
G

C
C

C
G

TA
G

TG
C

TT
C

A
G

TT
TG

Fo
rw

ar
d

TG
C

 C
TT

 T
A

A
 C

C
T 

G
G

A
 T

G
A

 C
A

C
R

ev
er

se
TC

G
 A

C
T 

TT
C

 A
TG

 T
G

G
 A

G
G

 A
A

G
Fo

rw
ar

d
TG

TT
C

A
A

A
G

C
C

TG
TC

TG
C

G
A

R
ev

er
se

G
A

G
G

C
TG

G
C

TT
C

G
TA

C
C

TT
T

W
if1

 (T
R

E)
10

0

W
if1

 
N

eg
at

iv
e 

C
on

tro
l

10
0

C
ttn

b-
1 

(T
R

E)
23

6
A

ic
da

M
ou

se
10

4

A
nx

a1
0

M
ou

se
11

7

A
cv

r1
c

M
ou

se
11

4

A
cv

r2
a

M
ou

se
11

0

D
tx

1
M

ou
se

14
9

D
vl

3
M

ou
se

15
0

C
nt

n1
M

ou
se

10
0

C
xc

r5
M

ou
se

10
0

Fz
d6

M
ou

se
13

1

H
es

5
M

ou
se

12
0

Fr
zb

M
ou

se
13

3

Fz
d5

M
ou

se
10

0

Lt
f

M
ou

se
11

5

M
m

p7
M

ou
se

10
3

H
ey

1
M

ou
se

12
0

Ja
g2

M
ou

se
11

9

N
r5

a2
M

ou
se

11
2

N
um

b
M

ou
se

10
6

N
ot

ch
1

M
ou

se
13

2

N
ot

ch
4

M
ou

se
14

7

Pp
ib

M
ou

se
15

6

Se
rp

in
a3

n
M

ou
se

11
3

R
ar

b
M

ou
se

12
7

R
ar

g
M

ou
se

14
9

So
x4

M
ou

se
12

3

So
x7

M
ou

se
13

4

Sm
o

M
ou

se
11

2

So
x1

M
ou

se
14

2

14
9

So
x2

1
M

ou
se

12
6

Sr
c

M
ou

se
11

2

So
x9

M
ou

se
12

4

So
x1

7
M

ou
se

11
8

10
9

Pp
ia

10
4

sF
R

P2
 (T

R
E)

PP
IB

TR
a1

W
IF

1

H
um

an
 

M
ou

se
24

0

10
0

12
2

H
um

an

H
um

an

W
if1

M
ou

se
13

5

W
nt

3
M

ou
se

13
2

Tf
f1

/G
m

30
90

M
ou

se
10

5

Tr
im

29
M

ou
se



Gene symbol Gene Name P-value
Fold

Change
Location Family

Pcp4
Purkinje cell protein
4

9.0323704E-10 12.162 Cytoplasm other

Rit2
Ras-like without 
CAAX 2

5.575777E-7 7.573
Plasma
Membrane

enzyme

Ly6H
Lymphocyte antigen
6 complex, locus H

1.4889147E-7 5.568
Plasma
Membrane

other

Dvl3
Dishevelled, dsh
homolog 3 
(Drosophila)

1.7458719E-5 4.580 Cytoplasm other

Myo1A Myosin IA 1.8318578E-5 4.229 Cytoplasm peptidase

Tspan2 Tetraspanin 2 1.9438273E-8 2.682
Extracellular 
Space

other

Tspan3 Tetraspanin 3 9.76963E-4 2.232
Plasma 
Membrane

other

Trappc8
Trafficking protein
particle complex 8

1.247536E-4 2.217 Cytoplasm transporter

Pcdh11X/Pcdh11Y
Protocadherin 11 Y-
linked

2.0737643E-5 2.179
Plasma 
Membrane

other

Wif1
WNT inhibitory
factor 1

3.4672276E-8 -1371.41
Extracellular 
Space

other

Sfrp2
Secreted frizzled-
related protein 2

2.767383E-4 -26.721
Plasma
Membrane

transmembrane 
receptor

Dppa2
Developmental
pluripotency
associated 2

5.4807522E-8 -26.327 Unknown other

Nkd1
Naked cuticle
homolog 1 
(Drosophila)

6.1196306E-7 -13.087 Unknown other

Wnt3

Wingless-type 
MMTV integration 
site family, member 
3

2.309296E-6 -10.934
Extracellular
Space

other

Trpv4

Transient receptor 
potential cation
channel, subfamily 
V, member 4

1.2442643E-4 -7.394
Plasma 
Membrane

ion channel

Tnfaip8l1

Tumor necrosis 
factor, alpha-
induced protein 8-
like 1

8.699543E-8 -6.543 Unknown other

Pfkl
Phosphofructokinase
, liver

3.0679496E-6 -5.338 Cytoplasm kinase

Trim13
Tripartite motif
containing 13

7.840267E-4 -4.344 Cytoplasm enzyme

Ano1
Anoctamin 1, 
calcium activated 
chloride channel

5.711523E-6 -4.073
Plasma 
Membrane

ion channel

FrzB
Frizzled-related
protein

2.5567264E-4 -3.692
Extracellular 
Space

other

Ctxn1 Cortexin 1 7.485673E-6 -3.510 Unknown other
Myo1B Myosin IB 1.3866271E-4 -3.333 Cytoplasm other

C15orf23
Chromosome 15 
open reading frame 
23

4.0513364E-6 -3.049 Unknown other

Csnk1E
Casein kinase 1, 
epsilon

1.1423813E-7 -3.006 Cytoplasm kinase

Tspan6 Tetraspanin 6 3.1708973E-6 -2.729
Plasma 
Membrane

other

Plod3
Procollagen-lysine, 
2-oxoglutarate 5-
dioxygenase 3

1.314971E-6 -2.531 Cytoplasm enzyme

Table S3. Differentially expressed genes present within the network "Cellular growth, Cell proliferation
and Cancer”



Table S4. Analysis of differentially expressed genes by RTqPCR.



AGE: 6-MONTH

Genotype
Mice

N
Incidence

N-%

Tumors/anim
al

Mean SD

Tumor range
Absolute n of 

tumors

Apc1638N/+
3 3/3

100%
1.33 0.58 1-2

TRα0/0/Apc1638N/+
3 0/3

0%
0* 0

AGE: 8-MONTH

Genotype
Mice

N
Incidence

N-%

Tumors/anim
al

Mean SD

Tumor range
Absolute n of 

tumors

Apc1638N/+
4 4/4

100%
1.25 0.50 1-2

TRα0/0/Apc1638N/+
5 0/5

0%
0** 0

AGE: 12-15 MONTH

Genotype
Mice

N
Incidence

N-%

Tumors/anim
al

Mean SD

Tumor range
Absolute n of 

tumors

Apc1638N/+
6 6/6

100%
2.33 0.52 2-3

TRα0/0/Apc1638N/+
9 9/9

100%
1.56 0.53** 1-2

Table S5. Analysis of tumors in animals of different age and genotype

*: P<0.05 and **: P<0.01 comparedwith Apc mice, by StudentT-test.
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A B S T R A C T

The thyroid hormones, T3 and T4, control several developmental and homeostatic processes. From a molecular
point of view, most of their actions depend on the activity of the thyroid hormone nuclear receptors (TRs),
which are T3-modulated transcription factors. Recent studies have not only highlighted that the physiological
response induced by T3 within a cell depends on the expression of specific TRs, but also that the functions of
TRs are coordinated by and integrated in other signalling pathways. This is particularly the case for the
multilevel interactions between TRs and the Wnt signalling pathway. Interestingly both signals are involved in
development and homeostasis, and their alterations are responsible for the development of pathologies, such as
cancer. Here, we present findings on the complex crosstalk between TRs and Wnt in several organisms and in
different tissue contexts, and speculate on the biological relevance of modulating TR-Wnt functionality in
therapeutic approaches aimed to target cancer cells or applications for regenerative medicine.

1. The thyroid hormones and the nuclear receptors TRs

The thyroid hormones (THs) and their nuclear receptors (TRs) play
various roles in developmental, homeostatic and metabolic processes
(rev. in Tata, 2006; Sinha et al., 2014). These include the activity of
TH-TR alone or in combination with other pathways. In this review we
will focus on their multilevel interaction with the canonical Wnt/β-
catenin pathway and the effects of this complex crosstalk on develop-
ment, homeostasis and cancer.

1.1. TH synthesis, transport and metabolism

1.1.1. TH synthesis
The THs are synthesized by the thyroid gland and this process is

tightly controlled by the hypothalamus-pituitary-thyroid axis (Fig. 1)
(rev. in Wondisford, 2004). The thyrotropin-releasing hormone (TRH)
is produced within the hypothalamus and subsequently secreted and
transported via the axons to the pituitary gland. There it binds to TRH
receptors, which induce the production of the thyroid-stimulating
hormone (TSH) in the anterior pituitary cells. The binding of TSH to
its receptor, located in the thyroid follicular cells, leads to the synthesis
of L-thyroxine (T4, the pro-hormone) and 3,5,3’-L-triiodothyronine
(T3, considered the active hormone) with a 40-fold higher production

of T4 than T3. The TSH is not only the main regulator of the production
of THs, but also plays a key role in thyroid development and growth
(Wondisford, 2004). As mentioned above, all of the processes involved
in the production of THs are strictly controlled, both by positive and
negative feedback regulation steps, given that THs negatively regulate
TSH and TRH production. In addition to this systemic regulation of TH
levels, the local availability and signalling in individual tissues and/or
cell types is also tightly controlled. Indeed, intracellular concentrations
of THs depend on the presence of plasma membrane transporters and
on the presence and activity of multiple TH-metabolizing enzymes
(Fig. 2) (rev. in Bianco and Kim, 2006; Kinne et al., 2011).

1.1.2. Cellular TH transporters
Several studies have described highly specific TH transporters for

T3 and T4 (rev. in Visser et al., 2010; Visser et al., 2011) (Fig. 2A),
among which the monocarboxylate 8 (MCT8) is one of the most
extensively characterized (Kinne et al., 2011). Its inactivating muta-
tions in patients cause the Allan-Herndon-Dudley syndrome character-
ized by normal TSH, elevated T3, and decreased T4 serum levels
(Friesema et al., 2004; Wirth et al., 2009). However, mouse models for
MCT8-deficiency (MCT8-KO mice) only partially reproduce the syn-
drome, since the animals display a 50% reduction in T4 and T3
transport (Dumitrescu et al., 2006; Trajkovic et al., 2007; Wirth et al.,
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2009). This result suggests that other transporters could also be
present and compensate for the loss of MCT8 expression. Indeed,
secondary TH transporters have also been described and it was
demonstrated that THs are ligands for several types of transporters
(rev. in Visser et al., 2010; Visser et al., 2011), including the Na/
taurocholate co-transporting polypeptide SLC10A1, belonging to the
solute carrier family of proteins (Friesema et al., 1999), multidrug
resistance-associated proteins (Mitchell et al., 2005), the heterodimeric

L-type amino acid transporters (LATs), LAT1 and LAT2 (rev. in Jansen
et al., 2005), and various members of the organic anion-transporting
polypeptide (OATP) family (rev. in Hagenbuch, 2007; van der Deure
et al., 2010). Most of these transporters accept a variety of ligands, with
the notable exception of MCT8 (SLC16A2), and to a lesser extent
MCT10 (SLC16A10) and OATP1C1 (SLCO1C1). Despite the extensive
characterization of these different THs-transport proteins, the specific
mechanisms underlying their role in the regulation of the uptake or
efflux of THs remain unknown. Moreover, regarding MCT10 there are
currently no reports describing mutations of this gene in patients, and
its implication in the transport of THs is limited to findings on MCT10-
KO animals (Abe et al., 2012; Muller et al., 2014).

1.1.3. Intracellular metabolism of THs
The intracellular metabolism of T3 and T4 represents another level

of local regulation of the availability of THs. This process is controlled
and regulated by the iodothyronine deiodinase selenoenzymes (DIOs)
(rev. in Bianco and Kim, 2006) (Fig. 2B), which convey different
functions. DIO2 converts the pro-hormone T4 to the active T3 form,
while DIO3 transforms both T3 and T4 into the inactive T2 and rT3
forms, respectively. Finally, DIO1 was shown to have both activating
and inactivating activities (Bianco and Kim, 2006). It was reported that
in physiological conditions, this regulation accounts for the 80% of
circulating T3 levels. Interestingly, in parallel to the control exerted by
circulating TH levels on the central hypothalamus-pituitary-thyroid
axis, responsible for TH synthesis, a similar finely tuned regulation,
involving both positive and negative feedback mechanisms, has been
described in peripheral organs to modulate the expression of DIO
genes (Bianco and Kim, 2006). For instance, the expression of DIO1 is
positively regulated by T3 (Zavacki et al., 2005), which may account for
the increase in DIO1 activity observed in hyperthyroid patients (Abuid
and Larsen, 1974; Laurberg et al., 2007; Ito et al., 2011). Moreover,
DIO2 and DIO3 genes can also be regulated by hypo- and hyperthyr-
oidism, respectively, which is in the case of DIO3 dependent on the
TRα1 receptor (Tu et al., 1999; Wagner et al., 2007). Despite the large
amount of data on the modulation of the expression of DIO genes by
THs, the molecular mechanisms underlying such regulation remain to
be clarified. Indeed, the only detailed descriptions available present the
direct transcriptional regulation of DIO1 by TRs through specific DNA

binding on the promoter (Jakobs et al., 1997; Toyoda et al., 1995).

1.2. Structure of the TRs

The TRs were first cloned in 1986 (Sap et al., 1986; Weinberger
et al., 1986) and were described as T3-dependent members of the
nuclear hormone receptor (NHR) superfamily of transcription factors
(Laudet, 1997). Indeed, T3 is the natural ligand of TRs, with a 10/15-

Fig. 1. Regulation of the synthesis of thyroid hormones. The schematic diagram
represents the complex hypothalamus-pituitary-thyroid regulatory loop. The thyrotro-
pin-releasing hormone (TRH) stimulates the synthesis of the thyroid-stimulating
hormone (TSH) in the anterior pituitary cells, which in turn stimulates the synthesis
in the thyroid of the thyroid hormones (TH), T3 and T4, subsequently secreted into the
bloodstream. Increased levels of circulating THs repress the expression of TRH and TSH,
thus maintaining constant levels of circulating hormones.

Fig. 2. The transport and metabolism of thyroid hormones. A) The thyroid hormones (THs), T3 and T4, enter the cells via specific transporters, belonging to the
monocarboxylate transporter (MCT) and organic anion-transporting polypeptide (OATP) protein families. These same transporters are also responsible for the efflux of the THs from the
cells. B) Both T3 and T4 can be metabolized by the deiodinases. DIO1 and DIO2 catalyse the synthesis of T3, while DIO1 and DIO3 degrade both T4 and T3 into the inactive rT3 and T2
forms.
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fold higher binding affinity than T4, and represents the most abundant
hormone bound to the receptors. The TRs share a similar domain
organization with other NHRs, and present a DNA-binding domain
(DBD) and a ligand-binding domain (LBD) responsible for DNA
binding on specific sequences and for T3 binding, respectively
(Fig. 3A). Two genes in humans, namely THRA (chromosome 17)
and THRB (chromosome 3), encode TRs. Alternative splicing mechan-
isms and/or occurrence of different promoters in both genes are
responsible for the generation of several protein isoforms, with TRα1
and TRβ1 being considered as the main isoforms (Cheng, 2000)
(Fig. 3A). Two TRβ isoforms (TRβ1 and TRβ2) are produced in humans
and mice (rev. in Flamant and Samarut, 2003), with highly homologous
DBD and LBD sequences, but which display different lengths and
amino acid sequences in their amino-terminal A/B domain. For
instance, transcriptional events mediated by tissue-specific promoters
lead to the presence of distinct amino-terminal regions in TRβ2
(Oberste-Berghaus et al., 2000). TRβ1 and TRβ2 endogenously display
a functional specificity for target genes, despite the fact that they
exhibit a similar activity in in vitro transient gene expression assays
(Oberste-Berghaus et al., 2000). A tissue-specific and/or nuclear-
specific environment may account for the differences observed en-
dogenously compared to experimentally altered settings.

The THRA locus in mouse and human genomes encodes five TRα
isoforms. The transcription of TRα1, TRα2 and TRα3 is under the
control of a promoter located upstream of the transcriptional start site
(rev. in Bassett et al., 2003), while that of TRΔα1 and TRΔα2 depends
on an internal intronic promoter (Chassande et al., 1997). Among the
different TRα isoforms, TRα1 alone possesses a complete and func-
tional DBD and LBD, thus representing the only bona fide NHR
(Bassett et al., 2003). TRα2 shares 100% homology with the first 370
amino acids of TRα1, but an alternative-splicing event leads to an
inactive LBD, resulting in its inability to bind T3 (Mitsuhashi et al.,
1988). Although highly similar to TRα2, TRα3 differs slightly since it

lacks the first 39 amino acids (Mitsuhashi et al., 1988). TRΔα1 and
TRΔα2 are truncated TR isoforms transcribed from a promoter located
in intron 7 and, by consequence, they lack both the DBD and LBD
(Chassande et al., 1997). These four isoforms may behave as antago-
nists of TRα1 or TRβ receptors, owing to their complete lack or to the
loss of function of DBD/LBD (Chassande et al., 1997; Koenig et al.,
1989).

1.3. Molecular mechanism of TR action

An increasing amount of data underline the importance of the non-
genomic functions of THs (rev. in Cheng et al., 2010; Davis et al., 2011;
Davis et al., 2008). For the specific aims of this review we will, however,
focus on the genomic actions of TRs.

TRs modulate the transcription of target genes by binding to
specific DNA sequences called thyroid hormone response elements
(TREs) (Fig. 3B). The TREs were identified as a consensus half-site
sequence [(A/G)GGT(C/G/A)A] separated by four base pairs, also
known as direct repeat 4 (DR4) (Yen, 2001). The arrangement of the
half-sites, however, can differ from the canonical DR4 and they can be
organized as palindromes or inverted palindromes (Fig. 3B). In
addition, the number of nucleotides separating the half-sites can vary
depending on their orientation (Yen, 2001). TREs organized as DR4
are more common than the inverted repeats (Chatonnet et al., 2013),
and various types of TREs were shown to be present on target genes,
possibly to optimize the interaction between DNA and TRs (Williams
et al., 1991). On DNA TRs form heterodimers with the Retinoid X
Receptors (RXRs) (Fig. 3C), which are also part of the NHR super-
family (Laudet, 1997). The LBD in addition to its role in the binding of
T3, is also involved in the dimerization of TRs, by increasing the
binding of TRs to TREs and thus the efficiency of the transcriptional
activity (Lonard and O'Malley, 2007; Zhang and Kahl, 1993). The LBD
also ensures the transactivation and basal repression of unliganded

Fig. 3. The TRs and their molecular mechanisms of action on target genes. A) Representation of the isoforms encoded by TRα or TRβ genes and of their modular structure.
The diagram presents the different domains involved in the functions of TRs. These include the DNA binding domain (DBD) and ligand binding domain (LBD) that are specifically
present in the TRα1, TRβ1 and TRβ2 proteins, bona fide T3 nuclear receptors. TRα2, TRα3 and the truncated TRΔ isoforms lack either one or both domains. Other functional regions of
the TRs include cofactor-binding domains (located in A/B, D and E) and dimerization domains (located in C and E). N-terminal and C-terminal domains are important for
transcriptional activation. B) Different arrangements of the Thyroid Hormone Responsive Elements (TRE). The TREs are constituted by the repetition of two half-sites (upper panel) in
different arrangements as indicated. C) Molecular mechanisms underlying the modulation of gene transcription by TRs. In the absence of T3, TR interacts with the TREs present on
target genes and forms a heterodimer with Retinoid X Receptors (RXRs). The complex recruits co-repressor (CoRs) proteins that block transcription initiation. In the presence of T3 the
CoRs are released and co-activators (CoAs) are recruited, enabling gene transcription.
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TRs, through its interaction with corepressors (CoRs) and coactivators
(CoAs) (Lonard and O'Malley, 2007). Additionally, the amino-terminal
A/B domain, the structure of which varies among TR isoforms, is also
important for transcriptional activations and interactions with co-
factors or other transcription factors (Baniahmad et al., 1993; Hadzic
et al., 1995; Oberste-Berghaus et al., 2000). Indeed, it may influence
the conformation of the DBD and the repertoire of TREs to which it can
bind (Judelson and Privalsky, 1996). The binding of T3 to TRs, in the
case of positively regulated genes, induces structural changes causing
the dissociation of CoRs and the recruitment of CoAs, which finally
stimulates transcription (Fig. 3C) (Wagner et al., 1995). However,
some genes are negatively regulated by T3, such as TRH and TSH,
underlining yet again the importance of negative feedback controls on
the production of THs. In both cases the presence of TREs has been
reported in the promoter of these genes (Bodenner et al., 1991;
Chatterjee et al., 1989; Hollenberg et al., 1995), though the binding
of TR to DNA appears to be weaker than in the T3-positively regulated
genes. So far, the detailed mechanisms underlying the active repression
by liganded TRs have been poorly defined, although CoRs and CoAs
may also be involved in the control of negatively-regulated genes.
Indeed, while CoRs behave as activators, CoAs were shown to induce
the repression of TSH and TRH upon T3 binding to TRβ (Hollenberg
et al., 1995; Tagami et al., 1997).

2. The Wnt signalling pathway

The Wnt signalling pathway, named after the Drosophila ligand
wingless (Wg) and its mouse homolog Int-1 (Wnt-1) (Baker, 1988), is
one of the most important signalling pathways that plays an essential
role in embryonic development and tissue homeostasis in adult
organisms (rev. in Croce and McClay, 2008). The complexity of Wnt
signalling is due to the implication of several proteins (secreted,
membrane-bound, intracellular or nuclear), which modulate its activ-
ity. So far, 19 Wnt ligands and 10 transmembrane frizzeld (Fzd)
receptors have been identified in mammals, which can generate, in
theory, 190 potential Wnt-Fzd combinations (Dijksterhuis et al., 2014;
Willert and Nusse, 2012). Moreover, the expression of these proteins is
regulated in a spatio-temporal manner and the ligand-receptor inter-
action forms a specific complex able to initiate an optimal activation of
Wnt signalling (van Amerongen et al., 2008).

The Wnt pathway includes three different signalling pathways, all of
which depend on the binding of Wnt ligands to Fzd receptors (rev. in
Montcouquiol et al., 2006): i) the canonical Wnt/β-catenin involves the
stabilization of β-catenin and regulates embryonic morphogenesis,
development and homeostasis, as well as stem cell biology
(MacDonald et al., 2009), ii) the non-canonical Wnt/Ca++ pathway,
and iii) the dishevelled (Dvl)-C-Jun N-terminal kinase (JNK) pathway
also termed “planar cell polarity”. The non-canonical Wnt pathways are
involved in cell polarity and cytoskeletal (re)modelling, as well as in cell
migration and differentiation (Semenov et al., 2007). Wnt ligands elicit
a canonical or non-canonical response depending on cell type, envir-
onment and receptor milieu. For the aim of this review, we will focus
on the canonical Wnt/β-catenin pathway (Fig. 4).

2.1. The Wnt/β-catenin pathway

β-catenin is a multifunctional protein that was originally described
as an E-cadherin-binding protein implicated in the regulation of cell-
cell adhesion (Nagafuchi and Takeichi, 1989; Ozawa et al., 1989), and
subsequently as a transcriptional regulator of the canonical Wnt
signalling pathway (Kikuchi et al., 2011). In the absence of Wnt ligands
(off-state) (Hurlstone and Clevers, 2002), β-catenin is present in low
intracellular levels, due to its sequestration within a multicomponent
destruction complex. This latter is composed of the scaffolding
proteins, including axin, adenomatous polyposis coli (APC), casein
kinase 1α (CK1α), and glycogen synthase kinase 3β (GSK3β). Upon

phosphorylation, β-catenin is targeted for proteasomal degradation by
the E3 ubiquitin ligase, β-tranducin repeat-containing protein (β-TrCP)
(Aberle et al., 1997; Liu et al., 2002). When the secreted Wnt ligands
bind to the seven transmembrane Fzd receptors and low density
lipoprotein receptor-related protein co-receptor 5/6 (LRP5/6) on the
cell surface (on-state) (Fig. 4), the destruction complex is inactivated
and the protein dishevelled (DVL) is recruited to the cytoplasmic
domain of Fzds. This association leads to the stabilization of β-catenin
and to its migration to the nucleus, where it acts as a transcriptional co-
activator by associating with the T-cell factor (Tcf)/lymphoid enhancer-
binding factor (Lef) transcription factors. Finally, the binding of β-
catenin to Tcf/Lef activates Wnt target genes, such as CCND1 and c-
MYC (He et al., 1998; Tetsu and McCormick, 1999). It is worth noting
that in the Wnt-off state the transcription factors Tcf/Lef bind to
transcriptional inhibitors of the Groucho family and recruit histone
deacetylase enzymes to mediate transcriptional repression (Cavallo
et al., 1998; Hurlstone and Clevers, 2002).

Fig. 4. The canonical Wnt/β-catenin signalling pathway. In the canonical
pathway, binding of Wnt to a frizzled (Fzd) receptor in association with a co-receptor,
namely LRP5 or LRP6, leads to the activation of Dishevelled (DVL). DVL inhibits the
ability of GSK3β to target β-catenin (β-cat) for degradation, leading to an increase in
cytoplasmic β-catenin. Cytoplasmic β-catenin, in turn, is translocated to the nucleus,
where it forms complexes with members of the Tcf/Lef family, leading to changes in
transcription. Several additional proteins also modulate the Wnt pathway. Indeed, R-
spondin (RSPO) proteins interact on the cell surface with members of the LGR4/5/6
family, to enhance Wnt signalling. Secreted inhibitors of Wnt activity include the DKK
and WIF proteins, while members of the sFRPs are considered to be modulators, as they
can both activate or inhibit the canonical Wnt pathway through an action on Wnt ligands
or on Fzd receptors.
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2.2. Wnt ligands and receptors

All of the 19 Wnt ligands are secreted glycoproteins (Smolich et al.,
1993; Tanaka et al., 2002), which also carry a lipid modification in the
form of a palmitate group, necessary for Wnt signalling (Willert et al.,
2003). As mentioned above, Wnt ligands can signal either through
canonical or non-canonical Wnt signalling pathways. For example,
Wnt1, Wnt3a and Wnt10b are considered to be “canonical Wnts”,
whereas Wnt4, Wnt5a, Wnt5b and Wnt11 are known as “non-
canonical Wnts”, while several Wnts have been shown to activate both
canonical and non-canonical pathways, depending on specific Fzd
receptors and LRP co-receptors (Miller, 2002).

Wnt ligands signal by binding to the Fzd receptors, characterized by
a large extracellular structure with a conserved cysteine rich domain
(CRD), which is essential for the interaction with the Wnts (Bhanot
et al., 1996). The cytoplasmic part of Fzds interacts directly with the
PDZ (PSD-95/dics large/ZO-1 homologous) domain of DVL (Chen
et al., 2003), initiating the intracellular cascade of Wnt signalling.
Moreover, Fzd receptors can form complexes with other proteins, such
as R-spondins (RSPO) (Nam et al., 2006), Norrins (Xu et al., 2004) and
secreted frizzled-related proteins (sFRP) (Bafico et al., 1999; Rodriguez
et al., 2005), that can both stabilize or inhibit Wnt signalling. Finally,
RSPO also interacts on the cell surface with members of the LGR
protein family (LGR4/5/6) resulting in enhanced Wnt signalling (rev.
in de Lau et al., 2012) (Fig. 4).

As already mentioned, the transduction of the canonical Wnt signal
also requires the presence of the LRP5/6 co-receptors, which together
form a ternary complex Wnt-Fzd-LRP (Tamai et al., 2000). LRP5 and
LRP6 are single-pass transmembrane proteins with a large extracel-
lular domain containing several potential regions for protein-protein
interactions. In the cytoplasm, LRP5/6 is phosphorylated by the
GSK3β and CKγ, leading to the release of axin from the destruction
complex and its recruitment to the membrane (Herz et al., 2009; Zeng
et al., 2005).

2.3. Wnt modulators

Several secreted proteins can also regulate Wnt signalling by
binding either to Wnt ligands or to Fzd/LRP receptors. These secreted
regulatory proteins may act as antagonists (Wnt inhibitory factor,
Dikkopf), agonists (Norrin, R-spondin) or as negative and positive
modulators (secreted frizzled-related proteins) of the Wnt signalling
pathway in a tissue-dependent manner (rev. in MacDonald et al.,
2009).

Focusing specifically on the secreted frizzled-related proteins
(sFRPs), they were initially and independently identified as secreted
glycoproteins (Leyns et al., 1997; Wang et al., 1997; rev in Cruciat and
Niehrs, 2013). sFRPs were named as such, since their N-terminal
region includes a CRD region highly homologous to that of the Fzd
receptors (Cruciat and Niehrs, 2013). Five mammalian sFRPs (1−5)
have been identified to date, while additional family members
(Crescent, Sizzled, Sizzled-2n and Frzb-2) have been characterized in
Xenopus and chick models (Finch et al., 1997; Salic et al., 1997).
Several studies have shown their involvement in early embryonic
development (Leyns et al., 1997; Wang et al., 1997) and as modulators
of apoptotic events (Melkonyan et al., 1997). For instance, while sFRP2
has an anti-apoptotic function, sFRP1 confers sensitivity to apoptotic
stimuli (Ko et al., 2002; Lee et al., 2004). In addition, sFRP2 has also
been implicated in embryogenesis (Satoh et al., 2006), cell differentia-
tion (Deb et al., 2008; Descamps et al., 2008) and bone development
(Morello et al., 2008).

The first isolated member of the family, sFRP3, was shown to bind
to Wnt ligands and prevents the activation of the canonical Wnt
signalling pathway, suggesting a Wnt antagonist function through
ligand sequestration (Kawano and Kypta, 2003). Additional studies
have, however, complicated this simple scenario (rev. in Bovolenta

et al., 2008) and demonstrated that sFRPs can enhance Wnt diffusion
and positively modulate Wnt signalling (Mii and Taira, 2009). Finally,
different studies have also reported a down-regulation of sFRPs in
various cancers (Suzuki et al., 2004; Zhou et al., 1998), suggesting
potential tumour-suppressor roles. Concerning sFRP2, its effect on the
canonical Wnt pathway is still puzzling. In fact, sFRP2 has been shown
to be both an activator (von Marschall and Fisher, 2010; Yamamura
et al., 2010) and an inhibitor (Alfaro et al., 2010; Suzuki et al., 2004) of
Wnt activity in different cellular contexts. As for other SFRPs, the
SFRP2 gene has been reported to be hypermethylated and, by
consequence, the expression of sFRP2 strongly repressed in several
cancers, including colorectal cancer (Cheng et al., 2007; Huang et al.,
2007). Owing to its hypermethylation and decreased expression in
cancers characterized by an activated Wnt signalling pathway, SFRP2 is
considered to be a tumour-suppressor gene with an inhibitory action
on Wnt activity. Consistently, it was shown to inhibit the Wnt pathway
and maintain the quiescence of hematopoietic stem cells in mice (Cain
et al., 2013). In our group we obtained opposite results and demon-
strated in vitro that in the intestinal epithelium progenitors, sFRP2
behaves as a positive regulator of the canonical Wnt pathway by
stabilizing β-catenin, through the Fzd receptors (Kress et al., 2009a).
More recently, we showed that sFRP2 contributes to the physiology of
precursor cells of the intestinal epithelium by controlling apoptosis and
cell fate decisions (Skah et al., 2015). Moreover, by crossing Sfrp2-/-

mice with the Wnt-reporter mouse model TopGal (DasGupta and
Fuchs, 1999) we observed that the lack of sFRP2 expression reduced
the intestinal Wnt activity in vivo. We also used an in vitro approach
on cell lines and showed that sFRP2 has a positive effect on the Wnt-
reporter TopFlash. Altogether, our studies demonstrated that sFRP2
activates the canonical Wnt pathway both in in vivo and in vitro
models (Skah et al., 2015).

3. Crosstalk between TH-TR and the Wnt pathway

As highlighted in the previous sections, Wnt and TH/TR-dependent
pathways are important modulators of developmental and homeostatic
processes in several tissues and organs (rev. in Clevers, 2006; Tata,
2006). Moreover, emerging data have also underlined the importance
of those signals on adult stem cell physiology (Ishizuya-Oka et al.,
2009; Kress et al., 2008; Lopez-Juarez et al., 2012; Milanesi et al.,
2016; Sirakov et al., 2012; rev. in Clevers et al., 2014). Interestingly,
some members of the NHR superfamily display several levels of
functional and physical interactions with the Wnt pathway (rev. in
Beildeck et al., 2010; Mulholland et al., 2005). For instance the vitamin
D receptor (VDR), the peroxisome proliferator-activated receptor γ
(PPARγ), and the androgen receptor (AR), are found in a complex with
both β-catenin and Tcf/Lef, while others, such as the oestrogen
receptor (ER) and AR can be found in a complex with Tcf/Lef in the
absence of β-catenin (Amir et al., 2003; Cianferotti et al., 2007; El-
Tanani et al., 2001; Jansson et al., 2005; Song et al., 2003). The
functional outcomes of these protein-protein interactions can also
differ depending on the NHR. It is generally assumed that β-catenin
synergistically activates NHR activity, and NHR reciprocally deacti-
vates or even represses the activity of β-catenin (Beildeck et al., 2010;
Mulholland et al., 2005). This effect can be attributed to a large number
of mechanisms, including E-cadherin expression, the competition
between Tcf/Lef and NHRs for binding to β-catenin and/or p300, or
the recruitment of co-repressors, such as TLE, NCoR, and SMRT
(Beildeck et al., 2010; Mulholland et al., 2005). However, these
interactions are highly dependent on the cellular context, which can
create divergent effects. For example, VDR super-activates β-catenin in
keratinocytes (Cianferotti et al., 2007), but attenuates its activity in
colorectal cancer (Easwaran et al., 1999; Palmer et al., 2001; Shah
et al., 2006).

Focusing more specifically on TRs, there are different levels of
crosstalk with the canonical Wnt pathway, including the regulation of
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gene expression, physical interaction and functional synergism in both
physiological and pathological conditions. These functional interac-
tions occur in different tissues and can involve either TRα or TRβ
receptors, the final outcome of the crosstalk depending on the cellular
context, where T3 can either induce proliferation or differentiation
(rev. in Kress et al., 2009b). As a consequence, the interaction can
result in a tissue-specific Wnt activation or repression, which can even
differ in the same cellular context depending on the physiological or
pathological state (summarized in Fig. 5).

3.1. Regulation of the expression of Wnt components

Several in vivo and in vitro studies have described the effects of
THs and/or TRs on the expression of genes belonging to the Wnt
pathway (Table 1). However, this regulation has only been ascribed to a
direct transcriptional control by the TRs on TREs in a limited number
of genes.

In the case of the Ctnnb1 and CTNNB1 genes, encoding the mouse

and human β-catenin, respectively, different transcriptional regula-
tions by THs have been described. Indeed, TRα1 for example stimu-
lates the transcription of the Ctnnb1 gene in precursor cells of the
mouse intestinal epithelium, through its binding to an intronic TRE
element (Plateroti et al., 2006). However, this element has not been
found within the homologous intronic region of the human CTNNB1
gene (personal unpublished observation). In thyrocytes, TRβ1 can bind
to a TRE present within the promoters of Ctnnb1/CTNNB1 and this
binding has a repressive action on transcription (Guigon et al., 2010).
Regarding the gene encoding β-catenin, multiple regulatory elements
exist responsible for the differential regulation by T3 in a TR isoform-,
tissue-, and specie-specific manner. Another directly regulated TRα1
target gene is Sfrp2 (Kress et al., 2009a), encoding a secreted protein,
which as mentioned above, is highly homologous to the CRD domain of
the Wnt receptors Fzd (Cruciat and Niehrs, 2013). The positive
regulation of Sfrp2 gene by TH-TR has been described in both mouse
and tadpole intestine, during postnatal maturation steps (Buchholz
et al., 2007; Kress et al., 2009a), and both in mouse and xenopus a TRE
has been reported in gene promoters (Kress et al., 2009a; Hasebe et al.,
2016).

Recently, a pivotal role for TRα1 was unveiled in the control of
proliferation and differentiation of skeletal muscle myoblasts, as well as
in in vivo skeletal muscle regeneration after injury, which relies on Wnt
signalling (Milanesi et al., 2016). For instance, the role of TR-THs in
prenatal muscle development and/or postnatal muscle growth was
already clear since TR-null mice show smaller muscle fibre size and less
type 2 fast fibre compared with WT, and in the TRα-null mouse this
phenotype is more pronounced than in TRβ-null mice (Yu et al., 2000),
indicating a prominent role for TRα over TRβ in this context. In
accordance with these findings, knockdown of TRα in the murine
skeletal muscle myoblastic cell line C2C12 and in primary skeletal
muscle myoblasts, dramatically reduces the expression of Ctnnb1 and
Wnt10b, as well as the Wnt target, Ccnd1 (Milanesi et al., 2016). In
addition, the concomitant reduction in the level of the β-catenin
protein and of its nuclear localization was reported (Milanesi et al.,
2016), similarly to findings described in precursor cells of the intestinal
epithelium of mice or tadpoles (Plateroti et al., 2006; Hasebe et al.,
2016).

Circulating TH levels can also affect bone mass and bone turnover,
due to the regulation of the Wnt inhibitors Dkk1 and sclerostin
(Tsourdi et al., 2015). This effect is dependent on the TRβ receptor,
given that a mutation in TRβ1 induces advanced bone formation in
mice through the activation of the canonical Wnt signalling (O'Shea
et al., 2012). Another cell type-specific action of THs is on growth plate
chondrocytes, in which the hormones stimulate both growth and
differentiation through the induction of IGF-1 (Wang et al., 2010) or
Carboxypeptidase Z-dependent Wnt stimulation (Wang et al., 2009,
2010). Finally, T3 promotes the in vitro differentiation of mesenchymal
stem cells (MSCs) towards chondrocyte-like cells by activating Wnt.
Indeed, MSCs cultured as spheroids and treated with chondrogenic
medium containing T3, displayed increased levels of β-catenin, Fzd7
and GSK-3β (Fernandez-Pernas et al., 2016).

Another example of gene expression modulation by THs includes
the control of Dkk4 expression by T3 in hepatoma cells, responsible for
inhibiting cell migration (Chi et al., 2013; Liao et al., 2012). The liver is
a well-known TH-TR organ target (rev. in Brown et al., 2013; Perra
et al., 2016), but the broad spectrum of activities conveyed by THs and
their eventual control of the Wnt pathway in this organ remain
puzzling. In fact, T3 acts as a hepatic mitogen on normal mouse and
rat liver cells via the TRβ receptor (Kowalik et al., 2010) and promotes
Wnt signalling through β-catenin activation by the protein kinase A
(Fanti et al., 2014). Despite this pro-mitogenic action on normal liver,
local hypothyroidism favours the progression of pre-neoplastic lesions
into hepatocellular carcinoma in rats (Frau et al., 2015). However, it is
not clear whether this latter process involves or not an effect on Wnt
signalling.

Fig. 5. Current view on the crosstalk between TH-TRs and the canonical Wnt
pathway. The diagram depicts the different levels of TR-Wnt crosstalk and shows how
these complex interactions are responsible for cell-specific control of the balance between
cell proliferation and cell differentiation. Firstly, THs/TRs can modulate the expression
of Wnt target genes by controlling the expression of several effectors of the Wnt pathway
or by having an effect on target genes common to both pathways (striped box). Secondly,
the physical interaction between TRs and β-catenin/Tcf4 proteins can induce the
modulation of Wnt targets, and thus Wnt response depending or not on TH levels.
Intriguingly, the physical interaction can also diminish TR availability for its target genes,
altering their expression levels. Thirdly, a synergistic effect is also possible resulting in an
increased response to both signals. Interestingly, the Dio genes, encoding TH-activating
and inactivating enzymes, are controlled by the Wnt pathway, finally controlling TR
functionality. Importantly, all of these interactions can result in Wnt activation or
inhibition depending on the cellular context.

S. Skah et al. Developmental Biology 422 (2017) 71–82

76



3.2. Physical interactions

As already mentioned, several NHRs can physically interact with β-
catenin and/or Tcf/Lef in a specific manner (Beildeck et al., 2010;
Mulholland et al., 2005). Following this discovery, these interactions
soon became an attractive field of investigation, particularly in the
context of TRs. TRβ1 and β-catenin were for instance shown to interact
directly and to form a complex in thyrocytes (Guigon et al., 2008). This
study, however, did not define the involvement of Tcf/Lef nor the effect
on the activity of TRβ1. Our studies on intestinal epithelial cells
revealed that TRα1 interacts with β-catenin and that this interaction
also involves Tcf4 (Sirakov et al., 2012). There are two major
differences between the interaction of TRα1/β-catenin/Tcf4 in the
intestinal epithelium and that of TRβ1/β-catenin in thyrocytes. The
first is the destabilization of the TRβ1/β-catenin complex by the
hormone T3 (Guigon et al., 2008), while we found no evidence of
any T3-mediated effect on the TRα1/β-catenin/Tcf4 complex (Sirakov
et al., 2012). The second is the action of the complex on the Wnt
pathway. Indeed, TRβ1 induces the degradation of β-catenin (Guigon
et al., 2008), whereas TRα1 stabilizes it and activates Wnt (Kress et al.,
2009a; Plateroti et al., 2006). It is worth noting that TRα1 and TRβ1
often play opposite roles (Cheng et al., 2010; Kress et al., 2009b), and
differences in the cell context may explain the divergences observed in
their functions.

3.3. Functional synergism

A growing body of evidence has emerged from different studies
showing that the function of TH-TRs on the physiology of cells and
tissues may depend on its synergy with other signals to trigger a
context-specific proliferation or differentiation (rev. in Kress et al.,
2009b). Indeed, the response of a cell to THs varies according to the
cell type, its developmental state (progenitor or differentiated), its
pathophysiological state (normal or tumour cell), and, finally, the
cellular context. In the following section, we will present data clearly
highlighting a synergistic interaction between TRs and the Wnt path-
ways, leading to the induction of specific cell responses. We will, also
include studies that describe the TH/TR-dependent modulation of cell
proliferation/differentiation through an action on Wnt targets, such as

Ccnd1 and c-Myc.
It is well known that thyroid status influences skin morphology and

function (Paus, 2010), and it was shown that the topical application of
TH triggers epidermal proliferation and dermal thickening and accel-
erates wound healing in rodents (Safer et al., 2005, 2001). Conversely,
reduced cell proliferation has been reported in TR-deficient animals in
correlation with strongly reduced Ccnd1 levels of expression in the
keratinocytes of the basal layer (Contreras-Jurado et al., 2011; rev. in
Pascual and Aranda, 2013). It is worth noting that the basal cells of the
epidermis express keratin 15 (K15), which is a marker of the reservoir
stem cells of the follicle bulge. In these specific cells, the activation of β-
catenin stimulates K15-positive stem cell proliferation and thus bulge
expansion (rev. in Baker et al., 2010). Interestingly, the promoter of
K15 contains a TRE and the gene is positively regulated by THs
(Radoja et al., 2004), strongly suggesting that these stem cells could be
sensitive to both TR and Wnt pathways.

The TRα1 displays multilevel interactions with the canonical Wnt
pathway in precursor cells of the intestinal epithelium, in order to
control the balance between cell proliferation and cell differentiation
(rev. in Sirakov et al., 2014). Indeed, liganded TRα1 directly regulates
the transcription of Ctnnb1 and Sfrp2, on the one hand, and increased
levels of sFRP2 stabilize β-catenin through a mechanism involving Fzd
receptors, on the other (Kress et al., 2009a). Intriguingly, the Jag1
gene, coding for the Notch receptor JAG1 (rev. in Fre et al., 2011), is
directly regulated by both the canonical Wnt (Peignon et al., 2011;
Rodilla et al., 2009) and TRα1 (Sirakov et al., 2015) signals in the
intestinal crypts. The direct regulation of the Jag1 in both cases, is of
particular interest, since it suggests alternative links and synergies
between these three pathways, each of which play important roles in
intestinal crypt progenitor and stem cell biology (Fre et al., 2009; Kress
et al., 2008, 2009a). In addition, the action of TRα1 on the activity of
Notch also provides an explanation for the effect of TH-TRs on cell fate
(Cvoro et al., 2015; Sirakov et al., 2015).

It is worth underlining that the TRα1 receptor not only interacts at
multiple levels with the canonical Wnt pathway in the precursor cells of
the intestinal epithelium, but this interaction also takes place in
pathologies, such as cancer (Kress et al., 2010; Sirakov et al., 2012).
Indeed, owing to the importance of these interactions in physiological
conditions, and considering the key role of altered Wnt signalling in gut

Table 1
Action of the TRs on the Wnt pathway in different cell types.

Cell Type TR(s) Regulation of Wnt Target Genes References

Hepatocytes TRβ Up Cyclin D1a Kowalik et al., 2010;
Pibiri et al., 2001

Hepatocarcinoma cells TRα, TRβ Down Dkk4a Chi et al., 2013; Liao et al., 2012
Pancreatic β-cells TRα, ND Cyclin D1a Furuya et al., 2010

TRβ
Intestinal epithelium progenitors TRα Up β-catenina, sFRP2a Plateroti et al., 2006;

Kress et al., 2009a
Colon cancer cells/stem cells TRα Down Variousa,b Dentice et al., 2012

Catalano et al., 2016
Skeletal muscle myoblasts TRα Up β-catenina, Wnt10ba, Milanesi et al., 2016

Cyclin D1a

Keratinocytes and Keratinocyte progenitors TRα, TRβ ND Cyclin D1b Contreras-Jurado et al., 2011
Oligodendrocyte precursors ND Down Cyclin D1b, Tokumoto et al., 2001

c-Mycb

Neuroblastoma cells TRβ Down Cyclin D1b, Lebel et al., 1994;
c-Mycb Perez-Juste et al., 2000

Subventricular zone progenitors TRα ND Cyclin D1b, Lemkine et al., 2005;
c-Mycb Hassani et al., 2007

Lopez-Juarez et al., 2012
Tyrocytes TRβ Down β-cateninb Guigon et al., 2010
Mesenchymal stem cells ND Up β-catenina, Frizzled7a, Fernandez-Pernas et al., 2016

GSK-3βa

Chondrocytes and bone-forming osteoblasts TRβ Down Dkk1a, Sclerostina O’Shea et al., 2012; Tsourdi et al., 2015

ND: Not Determined
a Up-regulated
b Down-regulated

S. Skah et al. Developmental Biology 422 (2017) 71–82

77



tumour development (rev. in Clevers and Batlle, 2006), we tested the
hypothesis that TRα1 overexpression may trigger tumour development,
by generating mice (vil-TRα1) overexpressing TRα1 in the intestinal
epithelium (Kress et al., 2010). Our results revealed that TRα1 over-
expression induced crypt hyperplasia and hyper-proliferation, but was
not able to promote cancer development per se. Conversely, it
cooperated with an activated Wnt canonical pathway in vil-TRα1/
Apc+/1638N mice, to induce a more aggressive tumour development and
metastatic dissemination compared with the Apc+/1638N mice (Kress
et al., 2010). In an effort to define the mechanisms involved in this
cooperation, we also reported that the TRα1/β-catenin/Tcf4 complex
in vil-TRα1/Apc+/1638N tumours resulted in the down-regulation of the
TRα1 target genes and in the up-regulation of the Wnt targets (Sirakov
et al., 2012). This latter effect is due to the recruitment of TRα1 to Wnt
targets, as demonstrated by ChIP experiments on the Axin2 and c-Myc
promoter regions containing the Wnt-response elements (Sirakov
et al., 2012).

In some studies, a synergistic effect between TH-TRs and Wnt has
not been directly established, but may be extrapolated from data on the
modulation of Wnt target gene expression. Indeed, an example of
cellular context in which THs via TRs activate proliferation and
enhance Ccnd1 expression is represented by the pancreatic β-cells, in
which T3 acts as a survival factor protecting them from apoptosis
(Furuya et al., 2010; Verga Falzacappa et al., 2006). In the liver, the
proliferation induced by THs is not correlated with an increased
expression of c-Myc (Leoni et al., 2011), but Ccnd1 has been reported
as an early target (Pibiri et al., 2001). An opposite effect has been
reported for the regulation of Ccnd1 and c-Myc by THs in the brain,
where it is well-known that they play a complex role. Indeed, THs affect
many cell types or brain regions at different developmental stages, and
are involved in normal brain functions in the adult (rev. in Bernal,
2007). For instance, THs are crucial for regulating the development
and maturation of the oligodendrocyte lineage (Fernandez et al., 2004).
At an early stage in development, THs in close cooperation with
platelet-derived growth factor (PDGF) induce oligodendrocyte precur-
sors to exit the cell cycle and to initiate the differentiation program
(Raff, 2006); in this case they negatively regulate proliferation and cell
cycle controlling genes, including Ccnd1 and c-Myc (Tokumoto et al.,
2001). A similar negative regulation by THs has also been reported in
the neuroblastoma N2Aβ cell line (Lebel et al., 1994; Perez-Juste et al.,
2000). Moreover, it was shown that the expression of c-Myc and Ccnd1
may be altered by T3 in neural progenitor cells present in the
subventricular zone (SVZ) (Hassani et al., 2007; Lemkine et al.,
2005; Lopez-Juarez et al., 2012), which along with the subgranular
zone of dentate gyrus was shown in vivo to serve as a source of neural
stem cells in the process of adult neurogenesis (rev. in Yamaguchi et al.,
2016).

3.4. Role of the deiodinases in TH-TR and Wnt crosstalk

Finally, we would like to present studies analysing the function of
deiodinases on tissue development and homeostasis, since these
enzymes appear to be important modulators of the local availability
of THs (Bianco and Kim, 2006), and thus of the activity of TRs. Indeed,
a complex interplay between DIO2 (i.e. high cellular T3) or DIO3 (i.e.
low cellular T3) and Wnt has been described in human colon cancer
cell lines, which included cancer stem cells (Catalano et al., 2016;
Dentice et al., 2012). Specifically, DIO2 is down- and DIO3 is up-
regulated by Wnt signalling, resulting in decreased cellular levels of T3;
these effects were accompanied by the alteration of the balance
between cell proliferation and cell differentiation. These data, while
of great interest, highlight differences when dealing with human colon
cancer cells or normal precursor cells of the mouse intestinal epithe-
lium (rev. in Sirakov et al., 2014). Even though a different biological
status (i.e. physiological vs pathological condition) may account for this
divergence, a more precise analysis focusing on the importance of the

DIOs on intestinal epithelial cells is greatly needed. Another study
revealed the pivotal role of DIO2-dependent T3 synthesis in stimulat-
ing the proliferation of muscle precursor cells and in muscle regenera-
tion (Dentice et al., 2010). In that specific work, however, the Wnt
status was not investigated.

4. Conclusions

THs play pleiotropic functions in vertebrates, during developmental
processes and in the maintenance of tissue homeostasis. The same
assumption is true for the Wnt/β-catenin pathway. Interestingly, both
signals are evolutionary conserved (Croce and McClay, 2008; Laudet,
2011) and most of their functions can be directly associated with a
specific role in cell-cell signalling and in precursor cell biology (Clevers
et al., 2014; Fernandez-Pernas et al., 2016; Milanesi et al., 2016;
Sirakov et al., 2014). Indeed, the best-studied example, highlighting
the importance of TH signalling, is the amphibian metamorphosis,
during which THs behave as multi-tissue reprogramming factors: some
organs are lost (i.e. gills), others undergo de novo formation (i.e. lung)
or are remodelled (i.e. intestine), to permit the juvenile animal to
acquire adult features and survive within a new environment (Tata,
2006). It is worth underlining that in most of the organs described as
targets of the TH-TRs, including the nervous system, the bone, the
heart, the skeletal muscle, the skin, the liver and the intestine (Pascual
and Aranda, 2013), the Wnt/β-catenin pathway also plays a pivotal role
(Inestrosa and Varela-Nallar, 2015; Krausova and Korinek, 2014;
Zhong et al., 2014). Studies clearly demonstrated that the crosstalk
between TH-TR and the Wnt is present at several levels, including the
control of gene expression, physical interactions and functional syner-
gism (Beildeck et al., 2010; D'Errico and Moschetta, 2008; Kim and
Mohan, 2013; Mulholland et al., 2005; Sirakov et al., 2014). Of note,
the TRα1 receptor not only interacts at multiple levels with the
canonical Wnt pathway in precursor cells of the intestinal epithelium
in order to control crypt proliferation and stem cell biology, but this
interaction also takes place in pathological conditions (Kress et al.,
2010; Sirakov et al., 2012). However, in other cellular contexts, such as
liver or skin, this cooperation is not as clear, and THs can have different
effects on cell proliferation and tumorigenesis (Pascual and Aranda,
2013).

The TRs are clearly potent regulators of proliferation and differ-
entiation of many cell types (Kress et al., 2009b). Recent findings
suggest that part of their actions could be correlated with the regulation
of stem/progenitor cell function, both during development and in
adulthood. This is of particular interest, since stem cells have unique
functions in organ formation, maintenance and regeneration. Given the
impact of the Wnt pathway on stem cell biology and on cancer
development, this interplay with the TH-TR signal clearly represents
an “intriguing liaison”, which has (i) a dark side, since it may play a role
in the transformation of stem cells into cancer stem cells, and (ii) a
light side, since it may be a key factor involved in stem cell amplifica-
tion and differentiation, which could be exploited in vitro for regen-
erative medicine purposes. Thus, modulating TR-Wnt functionality
could be beneficial for modifying the behaviour of cancer stem cells or
of their associated niche cells refractory to chemo- and radio-therapy
(Borah et al., 2015; Skvortsova et al., 2015). Furthermore, this "liaison"
can also be used to optimize culture conditions of progenitor/stem cells
suitable for cell amplification and transplantation (Fernandez-Pernas
et al., 2016; Lee et al., 2010).
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